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Zusammenfassung

Der Riickgang der Kognitiven Fahigkeiten ist ein natiirliches Phdnomen der Hirnalterung. Sehr oft ist dieser
ein Vorbote schwererer Krankheiten und fithrt zu Demenz. Durch die globale Erhdhung der Lebensdauer und
Alterung der Gesellschaften leiden Millionen von Menschen an Krankheiten, die mit Gehirn Alterung
assoziiert sind. Die zugrundeliegenden Mechanismen, sind komplex und werden sowohl von genetischen
Faktoren, als auch Umgebung und Lebensstil beinflusst. Diese These stellt neue und eigene Forschung zum
Thema Hirnalterung in drei separaten Kapiteln vor.

In Kapitel I wird der Einfluss von kardiorespiratorischer Fitness im Rahmen der gesunden Hirnalterung
untersucht. Unseren Daten zufolge ist die kardiorespiratorische Fitness mit weniger Lasionen der weillen
Hirnmasse, die Markenzeichen der strukturellen Hirnalterung vaskuldren Ursprungs bei gesunden dlteren
Menschen darstellt, verbunden. AuBerdem beobachteten wir bei hoherer Fitness eine bessere Leistung in
allen kognitiven Doménen sowie Kognition insgesamt in derselben Kohorte.

Kapitel II fasst den aktuellen Stand der Literatur zur Genetik von Lésionen der weilen Substanz und
vaskuldrer Demenz zusammen. Zusétzlich wird Original-Forschung hinsichtlich genetischen
Polymorphismen im NOTCH3 Gen vorgestellt. Seltene Mutationen im Gen sind ursichlich fir CADASIL,
einer familidren Erkrankung, die mit frithzeitigem Schlaganfall einhergeht. Wir priasentieren Daten, denen
zufolge vier hdufigen Polymorphismen in NOTCH3 mit dem Volumen von Lésionen der weilen Hirnmasse
bei hypertensiven dlteren Menschen assoziiert sind.

Kapitel I1I reprasentiert meinen Beitrag zur internationalen Untersuchungen des genetischen Hintergrundes
der Gehirn Alterung. Im ersten Artikel untersuchen wir die Heritabilitét, i.e. die Menge der Varianz in einem
Phénotyp, der durch die Genetik erklért werden kann fiir intrazerebrale Blutungen, einem Untertyp von
Schlaganfall. Unsere Ergebnisse zeigen, dass das Risiko einer Hirnblutung, das Himatom Volumen und
Progression zeigen hohe Vererbbarkeit und signifikante genetische Basiswerte. In einer nachfolgenden
Untersuchung filhren wir eine Meta-Analyse von genomweiten Assoziationsstudie zu Hirnblutung bei
Europédern durch. Wir berichten iiber eine bisher unbekannte Assoziation auf Chromosom 12q21.1
(rs11179580) fiir lobare Hirnblutung und auf Chromosom 122 (rs2984613) fiir nicht lobare Hirnblutung.
Der letzte Abschnitt des Kapitels I1I beschreibt eine Meta-Analyse fiir spit einsetzenden Alzheimer mit iiber
70.000 Personen. Wir identifizierten 11 neue Loci, die neue Einblicke in eine komplexe Krankheit
ermdglichen.

Zusammenfassend sind sowohl Genetik und Umwelt maB3geblich entscheidend fiir gesunde Hirnalterung.
Genetische Forschung ist entscheidend um die Risikofaktoren zu ermitteln und molekulare Pfade zu
ermitteln, fiihren allerdings in den seltensten Fillen zu Behandlungen. Lifestyle-Entscheidungen, wie zum
Beispiel Aufrechterhaltung der Fitness sind leicht adaptierbar und obwohl sie Demenz wahrscheinlich nicht

vollstindig verhindern, haben sie dennoch erhebliche Auswirkungen auf gesundes Altern insgesamt.
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Abstract

The decline in a one’s mental capacities are a natural phenomenon of brain aging. Very often the cognitive
decline precedes more serious diseases and results in dementia.

Due to global increases in life span and aging of societies millions of people suffer from diseases associated
with brain aging. The diseases underlying brain aging are complex, and influence by genetic factors, as well
as many life-style choices. This thesis provides novel and original research on the topic of brain aging in
three separate chapters.

In chapter I the influence of maintaining a high cardiorespiratory fitness is investigated in the context of the
healthy brain aging. According to our data, cardiorespiratory fitness is associated with less white matter
lesions, which are hallmark of structural brain aging of vascular origin in healthy elderly. In addition, we
observed higher levels of fitness to be associated with and better performance in all cognitive domains and
overall cognition in the same cohort.

Chapter II summarizes the current state of literature on the genetic underlying of white matter lesions and
vascular dementia. In addition original research is presented on genetic polymorphisms in the NOTCH3
gene. Rare mutations in the gene are causative for CADASIL, a disease associated with early vascular brain
aging and vascular stroke. We demonstrate data on four common polymorphisms in NOTCH that were
associated with increase amounts of white matter lesions in hypertensive elderly.

Chapter III represents my contribution to international investigations on the genetic background of brain
aging. In the initial article we investigate the heritability, i.e. the amount of variance in a phenotype that is
explained by genetics for intracerebral hemorrhage, a subtype of stroke. Our findings indicate that the risk of
intracerebral hemorrhage, the hematoma volume and progression display high heritability and significant
genetic underlying.

In a follow up investigation, we present a meta-analysis of genome wide association study with intracerebral
hemorrhage in Europeans. We report a novel susceptibility locus finding on chromosome 12q21.1
(rs11179580) for lobar intracerebral hemorrhage and on chromosome 1922 (rs2984613) for non-lobar
intracerebral hemorrhage.

The last section of chapter 111 we provide a meta-analysis to identify susceptibility loci for late onset
Alzheimer’s disease in over 70.000 people. We successfully identify 11 new susceptibility loci, which
provide novel insight into a complex disease.

In summary, both genetics and life-style influence healthy brain aging. Genetic research is crucial to
determine risk factors and pinpoint molecular pathways, but they do not necessarily lead to treatments. Life-
style choices, such as maintaining fitness are easily adaptable and although they might not prevent dementia,

have significant impact on healthy aging overall.
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1. Introduction

1.1 Aging process

The aging process can be described as an inevitable and progressive decline of cellular
function, causing increased vulnerability to death (Lopez-Otin C et al. 2013). It directly
influences a plethora of diseases such as cancer, diabetes, cardiovascular and
neurodegenerative diseases.

Many cellular hallmarks have been identified so far, including accumulation of genetic
damage (Moskalev AA et al. 2013), replication errors (Hoeijmakers JH 2009), mitochondrial
mutations or dysfunction (Wallace DC 2010) (Green DR 2011), telomere attrition (Blackburn
EH et al. 20006), epigenetic alterations (Talens RP et al. 2012), loss of protein homeostasis
(Powers ET et al. 2009), deregulated sensing of hormones i.e. insulin and IGF-1 (Barzilai N et
al. 2012), and depletion of stem cells (Jones DL & Rando TA 2011).

1.2 Brain aging

Due to increase in life-span and aging population in the Western world, aging of the brain has
attracted a lot of interest by public and science over the last years. Similar to other tissues the
brain undergoes several changes in function and structure that are highly variable across
individuals. A certain amount of physiological deterioration is inevitable as age progresses.
These changes may also progress and turn pathological, causing mental dysfunction

(dementia) and loss of motor functions (ataxia) in its final state.

1.3 Aging related functional and morphological changes in the brain

Brain function is described by the term cognition stemming from the Greek words “con” and
“gnsoco” meaning “I perceive” and refers to the entirety of mental capacities. It is assessed by
oral or written tests and can be grouped into domains, namely: motor skills, memory,

executive function and attention. Not all of these domains are equally affected by age-related
15



cognitive decline.

Differences are apparent in selective (Quigley C & Miiller MM 2014) and divided attention
(Tsang PS & Shaner TL 1998); as well as episodic (Kinugawa K et al. 2013), working
(Brockmole JR & Logie RH 2013) and autobiographical memory (Levine B et al. 2002).

The aging brain also exhibits several structural changes, discoverable by post mortem
investigations or brain imaging methods. With ongoing age brains display expansion of
ventricles, (Scahill RI et al. 2003) thinning of the cortex (Salat DH et al. 2004) and overall
atrophy. Longitudinal studies have revealed that not all brain regions age at the same speed. In
fact the hippocampus, cerebellum, prefrontal cortex, caudate nucleus are most affected by

atrophic changes (Raz NN et al. 2005).

1.3.1 Vascular changes

Aging is also accompanied by changes to vasculature, which may also effect the brain starting
in the 3™ or 4™ decade of life and can cause cerebrovascular disease. Both small as well as
large vessels are affected by age-related changes, but through different mechanisms.

Vascular aging may promote the formation of vessel occlusion and ischemia through a
thrombus. If these events occur in small vessels they are referred to as lacunar infarcts, or
ischemic stroke if larger supplying arteries are affected. A different manifestation of aging
vasculature it the occurrence of brain aneurysms, causing vessel rapture and subsequent
hemorrhagic bleeding, and account for~15% of stroke cases.

A stroke 1s the most devastating vascular incident in brain aging and it is often preceded by
subclinical morphological brain changes, such as whiter matter lesions (WML) also referred to
as leukoaraiosis, which are visible on T2-weighted MRI scans (Pantoni L & Garcia JH 1997).
These WML progress and grow with ongoing age, and although they appear asymptotic, they
contribute to the formation of stroke (Schmidt et al. 2003, Prins et al. 2004).

1.3.2 Neurodegenerative changes

The term neurodegeneration describes the pathological and progressive deterioration of nerve
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cell function and structure, which usually manifest in mid to late life. Multiple diseases are
characterized as neurodegenerative, among which Alzheimer’s, Parkinson’s, Huntington’s and
amyotrophic lateral sclerosis. Hallmarks of these diseases are often accumulation of excess
misfolded proteins (proteopathies), such as B amyloid (Karran A et al. 2011) and tau protein
(Small SA & Duff K 2008) in Alzheimer’s disease and a-Synuclein in Parkinson’s disease
(Stefanis L 2012).

1.3.3 Pathology, histopathology and pathomechanisms of brain aging

Both neurodegenerative, as well as vascular diseases contribute to pathological brain aging
through different mechanisms. In the case of Alzheimer’s disease, is characterized by
progressive atrophic cell death and gliosis in the hippocampus, temporal and parietal lobe
(Wenk GL 2003). Histological findings include both amorphous extracellular deposits of Af
protein (amyloid plaques) and intra-neuronal accumulation of unfolded protein tau
(neurofibrillary tangles).

Vascular dementia is the result of accumulated vessel damage, due to progressive cerebral
small vessel damage or a traumatic brain infarct. Atherosclerosis of the large cerebral arteries
is caused by deposits of lipid macrophages and progressive calcification and ulceration (Lusis
AJ 2000). In small vessels, the vessel lumen is constricted by smooth muscle hyperplasia and
deposition of hyaline material, in arteriolosclerosis (Munoz DG 2003).

In case of Parkinson’s disease the histological hallmark are so called Lewy bodies, which are
intracellular protein aggregates which can occur in different brain regions and predominantly
consist of a-Synuclein. In addition the diseases is characterized by death of dopaminergic
neurons in the midbrain substantia nigra, causing shortages and the characteristic movement

disorders (Davie CA 2008).

1.3.4 Epidemiology of Dementia

The risks of age-related neurologic diseases are enormous, with an estimated life-time risk of

1 in 3 of developing either stroke or dementia (Seshadri S et al. 2006).
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The prevalence of dementia, i.e. the proportion of a population that a have a certain condition,
is estimated at 36 million people were affected in 2010, and the number is expected to double
every 10 years (Prince M et al. 2013). In Austria 100,000 are currently suffering from
dementia (Alf C 2006). The probability to develop the condition is referred to as incidence,
which is highly age dependent. In the case of dementia the incidence rate increases from 3.5
affected in the age group of 65-69 to 72.8 per thousand in elderly of 85 years and older
(Kokmen E et al. 1993). The most frequent types of dementia are Alzheimer’s disease (40-
70%) and vascular dementia (15-30%) (Lobo A et al. 2000; Plassmann BL et al 2007).

Well accepted risk factors for dementia and for cognitive decline, besides age, are low
education (Launer LJ et al. 1999), hypertension (Skoog I et al. 1996), white matter lesions
(Prins ND, et al. 2004) diabetes mellitus (Ott A et al. 1999), current smoking (Launer LJ et al.
1999), obesity (Whitmer et al. 2008; Elias MF et al. 2005), or metabolic syndrome (Yaffe K et
al. 2004).

Less established protective effects are exerted by antioxidants-rich foods (Otsuka M et al.
2002), overall caloric restriction (Mattson MP 2003), consumption of fish (He K et al. 2004),
and low to moderate consumption of alcohol (Ruitenberg A et al. 2002).

Cognitive or cerebral reserve is a frequently discussed term, describing education and
challenging occupation (Staff RT et al. 2004), which has been indicated to reduce incidence of
AD incidence (Stern Y et al. 1994) and less cerebrovascular lesions (Del Ser T et al. 1999).
Exercise may represent an important aspect in successful aging. Reports indicate, that physical
activity is associated with lower risks of cognitive impairment and dementia (Laurin D et al.
2001). Regular exercise plays an important role in both prevention of AD in healthy elderly
(Rolland Y et al 2008), as well as in people at high risk of developing AD (Lautenschlager NT
et al. 2008).

1.3.5 Genetic architecture of brain aging related phenotypes

1.3.5.1 Monogenic forms

In some cases, pathological brain aging can be caused by mutations in a single gene.

18



“CADASIL” is the single most common form of hereditary stroke disorders, and results in
cerebral small vessel diseases and stroke at middle age. The causal genetic mutation was
discovered to be on chromosome 19, (Tournier Lasserve E et al. 1993) more specifically on
ch19p13.1 in the NOTCH3 gene (Joutel A et al. 1996), which is involved in signal
transduction and differentiation of cells. The prevalence of CADASIL has been estimated at
1.98 affected per 100000 in the Scottish population (Ravzi SS et al. 2005).

The early onset form of Alzheimer’s disease accounts for a small fraction (1-5%) of AD cases,
with a similar disease progression but much earlier onset. It is caused by dominant mutations

one of three genes, namely APP, PSENI, or PSEN2 (Bertram L &Tanzi RE 2008).

1.3.5.2 Multifactorial forms with previously identified genetic determinants

The proportion in the variability of any phenotype that can be explained by genetic risk factors
is referred to as the heritability, while the remainder reflects the influence of the environment.
Heritability is estimated by investigating relatives of different grades for concordance of
phenotypes (dichotomized traits) or correlations (quantitative traits), such as monozygotic vs
dizygotic. These estimates range from 0 to 1 and importantly are always relative to genetic and
environmental factors in the relative population. Many hallmarks of morphological brain
aging, such as the volume of brain ventricles (Kremen WS et al. 2012), individual lobes
(Geschwind DH et al. 2002) and the brain overall brain (Batouli SA et al. 2014) are highly
heritable. Pathological lesions of white matter, a hallmark for the cerebrovascular diseases, are
highly heritable as well and have been estimated at 0.73 in world war II two veteran twins
(Carmelli D et al. 1998) and in women at 0.78 in a family study (4dtwood LD et al. 2004).
Most of the diseases involved in brain aging have a complex genetic architecture and many
genetic polymorphisms that contribute to a small percentage in the development are referred to
as genetic risk factors. These most commonly investigated genetic risk factors are single
nucleotide polymorphisms (SNPs), which represent changes in a single nucleotide (A G C or
T), and make up for a large part of the inter-individual variability, but there are other genetic
variations such as copy number variations, and large insertions, deletions or rearrangements of
DNA. SNPs are distributed unevenly all over the genome and are usually characterized by
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their location and their frequency across a given population which is referred to as the minor
allele frequency. There are two hypothesis in the field of genetic association, namely that a
large amount of common variants (MAF >5%) explain any common multigenic disease with a
low penetrance (probability the carrier will develop the disease), opposed to the common
disease - rare variant hypothesis in which very few rare alleles with low MAF cause the
disease. These genetic variants especially important when identifying individuals at risk and
determining genetic susceptibility and can act on the disease on their own, or over other risk
factors such as blood pressure, diabetes, or obesity.

Elevated blood pressure is a risk factor for white matter lesions, stroke and Alzheimer’s
disease (Feldstein CA 2012), which is regulated by a wide range of genes and their products. A
frequent polymorphism in the AGT gene (M235T) has for example been identified as risk
factor for WML in a candidate gene investigation (Schmidt R et al. 2001), which was recently
replicated in recent genome wide association (Fornage M et al. 2011).

Polymorphisms in the APOE Gene, involved in lipid metabolism, also carry a substantial risk
for brain aging. Depending on the dosage of the detrimental € 4 allele, the risk of developing
white matter lesions (Schmidt R et al. 1997), late onset AD (Corder EH et al. 1993) and

vascular dementia (Chuang YF et al. 2010) is significantly increased.

1.3.6 Clinical consequences

The advent of dementia is usually preceded by preclinical phase followed by mild cognitive
impairment (MCI) or insipient dementia (Petersen RC et al. 1999). If memory is the only
domain affected referred to as prodromal AD (Grundman M et al. 2004). Already manifested
cognitive decline and MCI increases the likelihood of developing dementia (Dawe B et al.
1992). Assessment of cognitive status is frequently done by using mini mental state (MMSE)
(Folstein MF et al. 1975), or Mattis dementia scale (DRS) (Pedraza O et al. 2010).

Dementia itself has several stages and the experienced symptoms depend on the cause of
dementia.

In the late stages, patients require constant supervision and develop a range of symptoms such
loss of speech, tremor, inability to recognize family members, restlessness, delusion,
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depression and loss of basic body functions. Currently there is no cure for neurodegenerative
diseases and dementia and the functional changes are progressive and irreversible. The late
stages of dementia are accompanied by loss of autonomy and complete dependence, creating
an enormous demand for caregivers that also represents drain on the health system. Given the
overall aging of the society and the increasing incidence rates of dementia with ongoing age,
research on dementia and neurodegenerative diseases will remain a topic of intense research in

the following years.

1.4 Current focus in research

Currently the focus lies on identifying common genetic risk factors involved in complex
diseases using genome wide association studies (GWAS) and meta-analyses of GWAS
datasets. Collaboration between many clinical investigations allow creation of larger cohorts
to create unprecedented statistical power. Using these datasets it is possible to identify large
amounts of common genetic variations associated with a phenotype, with little effect on the
disease. These genetic variations are not causal in most cases but lie in close vicinity to these
variations on the genome and ideally yield genes that do not play roles in previously identified
pathways involved in a disease. Using subsequent pathway analysis of the associated genes in
the regions may yield a deeper understanding of the complex biochemical pathways involved
in the pathogenesis. GWAS studies have replaced candidate gene investigations, using genome
hybridization chips to screen for a large number of polymorphisms. The next step will likely
be a whole exome or genome sequencing approach and even larger cohorts, which allow
detection and research on rare variations (<1%MAF) with large effects, gene-gene interaction

effects or analysis of larger polymorphisms, such as copy number variations.
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2. Aims of the thesis

This works extends previous knowledge on brain aging in several ways, as both genetic as well
as the environmental components of brain aging are investigated and novel insight can be
presented for both topics in three separate chapters. This is achieved using state of the art
scientific conduct and epidemiological and genetic methods.

In the first chapter I aim to ascertain the effect of cardiorespiratory fitness on lesions of white
matter, which are a hallmark of structural brain aging. In a follow up study I determine whether
the beneficial effect of fitness is also present in functional brain measures and whether it is
specific to cognitive domains.

Chapter II contains review articles on white matter lesions and vascular dementia. These articles
aim to summarize the current state of genetic research and previously identified risk factors.
They provide readers with an overview of topic and different methodologies used involved in
dissecting genetic traits. In second part of chapter II and article is presented in which I
investigate genetic polymorphisms in the NOTCH3 gene. Mutations in NOTCH3 can cause a
hereditary disease associated with early onset strokes. The article aims to identify the role of
common variants in NOTCH3 in the development of age-related structural brain aging.

Lastly this thesis also consists of three articles that highlight the author’s contribution to modern
genome wide association studies and meta-analysis of their results.

The first article aims to estimate the heritability of intracerebral hemorrhage, a subtype of
stroke. The last two articles describe meta-analyses on intracerebral hemorrhage and late onset
Alzheimer’s disease in which we aim to validate existing genetic risk factors and identify novel

genes and pathways involved in the development of the disease.
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3. Methods section

3.1 Cohorts relevant to the thesis

ASPS

The Austrian stroke prevention study (ASPS) is a single center community based cohort study
on the effects of vascular risk factors on brain structure and function in healthy elderly (50-75
years of age, mean age 65+7.7) in Graz, Austria (Schmidt R et al. 1999, Schmidt R et al.
2005). 1t s a longitudinal study, which includes 3 year follow up investigations of the
participants.

The enrollment began between 1991 and 1994, during which written invitations were sent out.
The cohort was enlarged in a second panel between 1999 and 2003.

The response rate was 32.4%, but interviews with non-responders yielded no significant
differences to responders regarding demographics and frequencies of vascular risk factors.
(Schmidt R et al 1997).

Out of 2794 replies, 2008 were included in total in two separate panels.

The Inclusion criteria prohibited former history of neuropsychiatric disease such as stroke or
signs of dementia. Evaluations included clinical history, laboratory evaluation, cognitive
testing, and assessment of risk factors. Every 4" participant was additionally invited to
undergo Doppler sonography and brain MRI. In total, 996 genotyped and 829 participants
have 1000Genomes imputation data available using Illumina Human Quad 610 bead chip.

The official website can be found at http://www.gehirnforschung.at/project/austrian-stroke-

prevention-study/ .

ASPS-Fam

The ASPS-Fam is a single center community based family cohort including the initial
members of the ASPS cohort and their healthy relatives and offspring in Graz, Austria.

The Recruitment phase took place between 2006 and 2013, and the same inclusion criteria as
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in the ASPS were applied. In total 381 individuals from 169 families, with 2-6 participants per
family were included. Currently 125 participants have also completed follow up
investigations.

The test protocol is similar to the ASPS, but includes more sophisticated MRI methodology.
388 participants have been genotyped and have 1000Genomes data available, using the
Affymetrix Genome-Wide Human SNP Array 6.0.

PRODEM

PRODEM is an ongoing longitudinal multi-center cohort study, in 12 different neurological
clinics in Austria on demented elderly (Seiler S et al. 2012).

Recruitment started in 2009, 437 subjects were initially included and currently over 700
participants have contribute to the study. Inclusion criteria were, (1) dementia diagnosis
according to DSM-1V criteria (4merican Psychiatric Association 2000), (2) non-
institutionalization and no need for 24 hour supervision; (3) caregiver had to be willing to
provide information on the patient on her /his own condition. Subjects not able to sign
informed consent or with co-morbidities that could interfere with study completion were
excluded.

The investigations includes baseline measurement and 6-months interval follow up
examination for 2 years or until institutionalization, withdrawal, loss of follow up, or death
occurs. The test protocol includes a range of clinical, behavioral and functional evaluation,
including DNA, RNA, plasma, serum sampling, but also MRI scans, medication, caregiver
burden, cognitive tests.

280 participants have been genotyped and imputed 1000Genomes data are available using
Affymetrix Genome-Wide Human SNP Array 6.0.

The official website can be found at http://www.alzheimer-gesellschaft.at/index.php?id=27.

3.2 Used techniques

3.2.1 Statistical analyses using SPSS
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Statistical analysis was performed using IBM software statistics package for social sciences
(SPSS) v20 for descriptive statistics, linear regression and correlation analysis of clinical
datasets which is available at

http://www--01.1bm.com/software/at/analytics/spss/products/statistics/.

3.2.1.1 Descriptive statistics

Normal distribution was tested with the Kolmogorov-Smirnov test, comparison of mean with
median, and assessment of QQ-plots, in order to be able to perform parametric tests.
Normally distributed variables are reported as mean + standard deviation and non-normally
distributed variables as median and interquartile range. Variables with a skewed distribution
were log transformed. In cases of variables containing zero values, f.e. WML volume, the
value 1 was added to the volumes before natural log transformation.

Outliers, deviating more than 1.5 interquartile ranges (IQR) were excluded from the analysis.

3.2.1.2 Linear regression

In order to describe the statistical relationship between a dependent variable and a predictor or
explanatory variable linear regression was performed. Additional variables (so called
covariates), that are possibly predictive of the outcome, were added to the model to evaluate
their effect on the predictor variable. Effect size and direction was given as B plus confidence
intervals and strength of the association as p. An association was considered significant at p-
values<0.5.

Linear regression was also used upon stratification of the dataset (f.e. age groups, sex and
APOE ¢ carrier status). To conclude that effects are restricted to a subgroup, interaction terms
between the predictor and the variable used for stratification were calculated by multiplying
them. Upon addition of the interaction term to the regression model, modulating effects can be
become evident and were considered significant at p-values<0.5.

To determine dose-effect relationships linear regression was performed using a quartile
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distribution of the continuous predictor variable, in which the lowest quartile served as a
reference. To determine significance, the dose-response was tested using a trend test, which

was considered significant at p-values<0.5.

3.2.1.3 Mediation analysis

Simple mediation models were used in order to estimate indirect effect sizes.

In other word, the influence of an independent variable X on the dependent variable Y is
accounted for by a mediator M. This is the case if the value of the direct path coefficient
between X and Y is reduced by the inclusion of M. Perfect mediation occurs when reduction
decreases the value of the direct path to zero, partial mediation occurs if the effect decreases
the value to a considerable amount and no evidence for mediation is present when the
reduction of the direct path coefficient is not significant. Estimation of mediator effect sizes
was calculated using methods with bootstrapped models using a freely available script for

SPSS called PROCESS, which is freely available at http://www.processmacro.org/ (Preacher

KF & Hayes AF 2008). Output was given as total, direct and indirect effect size and

bootstrapped confidence intervals.

3.2.2 Statistical analysis involving genomic data

3.2.2.1 Genotyping

The Illumina Human 610 Quad Bead Chip
http://support.illumina.com/array/array_kits/human610-quad_beadchip_kit.html were used for
the ASPS cohort and the Affymetrix Genome-Wide Human SNP Array 6.0
http://www.affymetrix.com/catalog/131533/AFFY/Genome-
Wide+Human+SNP+Array+6.0#1_1 were used for the ASPS-Fam and PRODEM cohorts.
The data files for ASPS-Fam and PRODEM using the Affymetrix chip data were used for

genotyped in the course of this thesis.
906600 SNPs including SNPS from chromosome X and Y, mitochondrial SNPS, SNPS in
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recombination hotspots and also 946000 copy number variations, which are a larger type of
sequence variation not investigated in the course of this thesis.

The wet lab work which includes preparation of DNA samples and all subsequent steps until
creating chip data was performed by Mag. Anna Maria Téglhofer and Anita Harb.

In brief it is a 5 day protocol, in which a total of 250 ng DNA is digested by two restriction
enzymes, namely NSP and Sty in separate reactions. Secondly a specific adaptor is added to
ligate the separate reactions. After a subsequent PCR step, an aliquot of the product is placed
on an agarose gel for confirmation. In the next step, the NSP and Sty reactions are pooled and
purified using DNA beads. Consecutively, the DNA is fragmented, labeled and loaded in the
CHIP.

Following an overnight incubation, the CHIP data can be read as a fluorescent signal using the
CHIP reader. A more detailed description of the process can be found at

http://media.affymetrix.com/support/downloads/manuals/genomewidesnp6_manual_rev7.pdf.

Genotyping was performed using the Affymetrix Genome console software version 4.1

http://www.affymetrix.com/estore/browse/level seven software products only.jsp?productld

=131535#1_1. The software uses the birdseed® vl and v2 algorithm.

According to software guidelines, genotyping was run in a large batch (min 50 people, half of

which female), and samples on the same plate were genotyped together. Due to differences in

processing of lab samples, namely a step up from low to high-throughput schedule, these

samples were genotyped together. Genotyping was performed for the ASPS-F n=376,

PRODEM n=283 cohort.

Input files created by CHIP reader were *.CEL and *.ARR files.

A pedigree batch file had to be created using the .ARR files and then uploaded using the

AGCC portal in order to receive PLINK genotype files *.map and *.ped.

The batch edit file contained the following columns “Sample File Path, Project, Sample File,

Array Name, Probe Array Type, Barcode, Family ID, Individual ID, Father ID, Mother ID,

Sex, Affection to be filled out. In case of unrelated individuals (all but ASPS-F) a fake family

ID, as well as mother or father ID had to be created.

Before the genotyping step, samples had to fulfill the contrast QC (CQC) step. A CQC value
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of >0.4 was considered inbound by manual and the genotyping console. Outbound samples
were subjected to repeated CHIP analysis. Average of all samples in a batch had to be >=1.7.
After genotyping samples with a birdseed call rate of <97% were discarded.

The *.map output file consisted of columns describing the genetic marker, namely
chromosome (1-22, X, Y or 0 if unplaced) rs# or SNP identifier, genetic distance (morgans),
and base-pair position (bp units). Pedigree files or *.ped give information about the individual,
in particular family ID, individual ID, paternal ID, maternal ID, Sex (1=male; 2=female;

other=unknown), as well as phenotype.

3.2.2.2 Quality control of genotype data

Raw genotyped data had to be subjected to quality control in order to be used.

This was done using the free command based software PLINK for analysis of genome-wide

data called PLINK http://pngu.mgh.harvard.edu/~purcell/plink/ (Purcell S et al. 2007). The

guidelines for these procedures were taken from (Zurner S et al. 2011).

In the first step the palindromic SNPs, f.e. A/T, C/G for which the strand information cannot

clearly be determined are removed, to avoid reduction of statistical power in meta-analyses,

which was done by Dr. Hofer (Winkler CJ et al. 2014).

SNPs lying on the opposite side of the DNA strand were flipped using the --flip command.

The information which SNPs needed flipping was created using the annotation file provided

by Affymetrix.

plink --noweb --file /home/o_freudenb/ASPSF/ASPSF genotyped --flip

/home/ASPSF/SNPsToFlip.txt --make-bed --out /home/ASPSF/ASPS_flipped

This script would flip the SNPs in the original file and create a binary output which is easier

and faster to use for subsequent analysis.

Subsequently SNPs with a low SNP call rate (--geno) of <98% (i.e. low call rate of this

marker across all samples) were removed. In similar fashion to specific markers, individuals

with a low call rate of SNPs (--mind) of < 98% were handled the same way.

SNPs with a low minor allele frequency (--maf) (<5%) were also excluded in this quality

control step. Lastly, a check for hardy Weinberg equilibrium was performed (--hwe). Hardy
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Weinberg equilibrium is a model in population genetics, describing allele frequency in parent
and offspring generation. In this case, a departure from the equilibrium would indicate errors
in genotyping or population stratification (Wittke-Thompson JK et al. 2008).

A sample script would look accordingly:

plink --noweb --/home/ASPSF/ASPS flipped --mind 0.02 --geno 0.02 --maf 0.05 --hwe
0.000005 --make-bed --out plink files/Prodem_flipped QCed

The next step included a sex check, to confirm if the gender of a subject matches with their
number of X-chromosomes. The output compares the information about the given gender in
the original pedigree files to number to the actual number of computed X chromosomes and
states discrepancies.

plink --noweb —bfile ASPS QCed --check-sex --out ASPS sexchecked

Lastly, it is important to investigate the dataset for sample relatedness using the --genome
command. PLINK will then calculate the proportion of loci in which individuals share zero,
one or two alleles that are identical by descent (IBD). Two samples that have two alleles in
common for all loci are identical twins, or, more likely, a sample that has been used twice
erroneously and should be investigated.

plink --noweb --bfile plink files/Prodem_flipped QCed --genome --min 0.05

3.2.2.3 Preparing genotype data for analysis

Handling large amounts of genotyped data can only be performed using command line tools in
UNIX environment. It is necessary to extract files from datasets, merge files, rename and
rearrange files and columns, or change column separators to provide the required input that is
needed for subsequent analysis for GWAS.

In order to perform these actions basic text editing programs are required, such as awk, gawk,

sed or grep. https://www.gnu.org/software/awk/manual/awk.html

https://www.gnu.org/software/sed/manual/sed.html,

https://www.gnu.org/software/grep/manual/grep.html

3.2.2.4 Meta-analysis
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Results GWASs from different cohorts can be combined in a meta-analysis (also called meta-
GWAS), which increases statistical power, often creating combined cohorts with more than
10000 participants. However it is especially important to impute the used data of all
contributing cohorts to the same sample panel. In contrast to regular association studies the
significance threshold for GWAS is set a p-values< 8*10"7.

Meta-analysis was performed using the free software command line tool METAL, which is

available at http://www.sph.umich.edu/csg/abecasis/Metal/download/ (Willer CJ et al. 2010).

First of all, a script summarizing the input files had to be created that METAL would use to
identify the input. SEPERATOR was specified as WHITESPACE (default option), COMMA
or TAB in order to be able to separate the columns of the input files.

The filename and path was given, as PROCESS <filename>, as well as the required names of
the input file columns, namely MARKER <name of marker column>, ALLELE <name of
allele column>, PVALUE <name of p-value column>, EFFECT <name of effect column>.
P-values were weighted by the number of individuals contributing to it using
WEIGHTLABEL N

Additional filtering was performed by ADDFILTER and then a requirement for a value of a
previously specified column in particular imputation quality and MAF a. f.e. ADDFILTER
MAF > 0.01 would only allow SNPS with a MAF of at least 1% to be processed.

Using REMOVEFILTERS in the script would discard above mentioned filters, so the next file
could be described in detail. Upon reading in all files, the commands ANALYZE
HETEROGENEITY would process the input files, allowing for heterogeneity. Addition of
GENOMICCONTROL ON would automatically correct the statistics for population

stratification and or unaccounted relatedness.

3.2.2.5 Visualization and interpretation of output

In order to check for inflation and visualize genome data sets, the free command line interface

software package R version 3.11 was used http://www.r-project.org/. The program allows

handling of large datasets and can create i.e. QQ-plots and Manhattan plots of genome wide
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analyses. QQ plots were used to visualize deviations of distributed of p-values from the null

distribution.

Outcome from GWAS or Meta-GWAS is usually displayed as a Manhattan plot, which is a
scatter plot, which plots —logio of p-values on y-axis and genomic position (Chromosomes 1-
22) on the x-axis. Often an abline is added at the level of GWAS significance, for better
overview.

Ideally “hits” above the threshold are accompanied by a number of hits of lower significance
on the same region, (i.e. SNPs in high LD to the top hit), ruling out a chance finding.
Regional Manhattan plots were drawn using the free tool Locuszoom (Pruim et al. 2010)

available at http://csg.sph.umich.edu/locuszoom/ , which allows plotting of data online, but

can also be downloaded to perform plotting in batch locally. Regional Manhattan plots are
similar to regular Manhattan plots, but “zoomed in” over a region of interest, namely top hits.
In addition to genomic position on the x-axis they also display genes in the region, and show

overlays f.e. with linkage disequilibrium (LD) or recombination rates.

3.2.2.6 Annotation of genotype data

Annotation of genotype data is used to predict effects of individual SNPs based on the
available databases of DNA and protein sequences. In addition, it is also required due to
changes in version of human genome reference panels, such as hg (human genome) 18 to hg19
of the UCSC browse rhttps://genome.ucsc.edu/ and the genome reference panel GRCH38

http://www.ncbi.nlm.nih.gov/projects/genome/assembly/grc/human/.

In our analyses, the annotation was performed using the free command line software

ANNOVAR (Wang K et al. 2010) available at http://www.openbioinformatics.org/annovar.

Outcomes of GWAS and meta-GWAS can subsequently be subjected to pathway analysis
using databases such as KEGG (Kanehisa M & Goto S 2000), which is available at

http://www.genome.jp/kegg/pathway.html.
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3.2.2.7 Prediction of functional effects of non-synonymous SNPS

In rare polymorphisms, a non-synonymous single nucleotide polymorphism (nsSNP) may
affect the function of a protein provided the SNP is located inside of a coding region. The
worst case scenario would be an affected cysteine residue that would affect a disulfide bond
and result in a nonfunctioning protein. In case the amino acid is replaced with a one of a
similar chemical structure, f.e. serine with threonine, the effects would be much less
pronounced. It is also important to point out, that the position of the polymorphism is very
important, the binding site of an enzyme may easily affect its function. Two web based tools
were used, sorting intolerant from tolerant (SIFT) (Ng PC & Henikof S 2001) available at
http://sift.jcvi.org/ and polyphen2 (Adzhubei I4 et al. 2010) available at
http://genetics.bwh.harvard.edu/pph2/.

The prediction was either given as affected or tolerated, in case of SIFT, or benign, possibly

damaging, probably damaging when Polyphen2 was used.
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4. Chapter I - Cardiorespiratory fitness as a predictor of brain aging

4.1 VO:2max and Brain Aging: Cognitive and MRI Findings in the Austrian Stroke

Prevention Study

Introduction: Cognitive decline in the elderly is closely related to quality of life and disability
and may precede more severe neurological deficits. The gradual loss of mental abilities is
influenced by genetics as well as environmental factors, such as life-style.

In the presented study we investigate the association between age-related cognitive changes
and cardiorespiratory fitness represented by maximum oxygen consumption (VO;max) in an
elderly population based cohort. Furthermore we also test if the association is influenced by
age-related morphological brain changes of the vascular or atrophic type. We hypothesize that
people in good cardiorespiratory condition perform better in demanding cognitive tasks.
Methods: Our cohort consists of 887 participants with a mean age of 65 + 7 years and 55%
females from the Austrian Stroke Prevention Study. Cardiorespiratory fitness was assessed by
an exercise stress test on a treadmill. VO,max was then calculated based on weight, maximum
and resting heart rate. Cognition measurements included single tests, composite scores for
memory, executive function and motor skills, and the g-factor, as a measure of global
cognition.

Presence of lacunes, log transformed volume of white matter lesions and overall brain atrophy
represented by brain parenchymal fraction were assessed by magnetic resonance imaging
(MRI).

Results: We found a significant and positive association between VO2max and the cognitive
domains of memory and executive function, as well as overall cognition (g-factor) that is also
dose dependent manner. Our observations were not influenced by age, sex, education, vascular
risk factors and were not mediated by structural brain changes. Stratification of the results on
by age, weight and APOEe4 genotype weakened the beneficial effect of VO,max and revealed
a confinement of the effect to low risk groups.

Conclusions: Our results support a protective role of VO,max on cognition, regardless of

vascular risk factors. The underlying mechanisms are not related to MRI-detectable
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morphological brain changes. Interventional studies are needed to investigate the potential of

improving cardiorespiratory fitness to ameliorate cognitive decline in the elderly.
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4.2 Association of cardiorespiratory fitness and morphological brain changes in the

elderly

Introduction: Regular physical activity and cardiorespiratory fitness improve cognition in the
elderly. The interaction between fitness and morphological brain changes in the elderly is less
commonly investigated. Therefor we investigate the association between fitness represented
by maximum oxygen consumption (VO2max) and white matter lesion (WML) volume for vascular
changes, as well as brain parenchymal fraction (BPF) for atrophic brain changes, in an elderly
population based cohort. We hypothesize that people in good cardiorespiratory condition
display less morphological brain changes during aging.

Methods: Our study consisted of 715 participants of the Austrian Stroke Prevention Study
with a mean age of 65 £ 8 years and 54% females. For all participants brain MRI with semi-
automated measurement of WML volume (cm?) and automated assessment of BPF (%) was
available.

A maximum exercise stress test was done on a bicycle ergometer. VO2max was calculated
based on body weight, maximum and resting heart rate.

Results: We found a significant negative association between VO>max and WML volume, but
not with BPF. Additional stratification on gender revealed that the observation was only
statistically significant in men.

Conclusion: Our findings indicate a protective role of fitness on age-related morphological
brain changes of the vascular, rather than atrophic type. This might have clinical implication,

since WML are considered a determinant of cognitive decline and disability.
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5. Chapter II - Genetics of physiological and pathological vascular brain

changes

5.1 Genetics of age-related white matter lesions from linkage to genome wide association

studies

White matter lesions (WML) are a common MRI finding in the elderly population and
contribute to the development of more severe neurological disorders including stroke and
dementia.

WML are evidently highly heritable, and age and hypertension are recognized as established
risk factors. Candidate gene studies have discovered variants in the Renin-angiotensin and
NOTCH3 pathways to be important in the development of WML. Novel genome wide
methods have confirmed some of these findings, and discovered a locus in the chromosome
region 17925, in which the TIMR65 and TRIM47 genes are located, to be highly associated
with the disease.

In the article we review the current literature on WML and the different methods that are used

to dissect the genetic background of the disease.
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5.2 Genetics of subcortical vascular dementia

Dementia causes disability and death in the elderly and affects millions of elderly world-wide.
Vascular dementia represents the most frequent causes, second only to Alzheimer’s disease.
Other than protein deposition, a series of small ischemic or hemorrhagic strokes, often
subclinical progressively impairs circulation in the brain consecutively impairs function.
Hallmarks of the disease include small lacunar infarcts, micro bleeds and lesions of white
matter (WML), which can be observed by brain MRI.

Previous findings have reported a high heritability off white matter lesions across different
cohorts, suggesting a substantial contribution of genetic variants in the variance of the
phenotype.

Linkage studies investigate the tendencies of alleles in close proximity on a chromosome to be
inherited together and the probability is given in centimorgans (cM). Significant observations
have been made for WML at 4cM on chromosome 4 in healthy elderly and at chromosome
1924 in hypertensive siblings. Genetic association studies using a set of candidate genes have
found several pathways involved in the disease, namely lipid metabolism APOE, vascular
function NOTCH3 and blood pressure (genes of the renin angiotensin pathway f.e. AGT,
AGTRI, AGTR 2 and ACE) for WML. Micro bleeds were associated with SORLI and lacunes
with APOE.

In a comprehensive genome wide association approach, new genes involved in the etiology of
WML were discovered on chromosome 17, most prominently TRIM65 and TRIM47.

After reviewing the literature it is evident that micro bleeds and lacunes are investigated less
often than white matter lesions and often in studies of relatively small size. At least three
distinct pathways are involved in the development of vascular dementia, but these discoveries
explain only part of the heritability, which would indicate that other genetic factors, such as

rare variants or epigenetic modifications have yet to be discovered.
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5.3 Genetic variants of the NOTCH3 gene in the elderly and magnetic resonance imaging

correlates of age-related cerebral small vessel diseases

Objective: White matter lesions (MWL) are a frequent MRI finding in the elderly that
contributes to the development of disability and dementia. The clinical, radiological and
histopathological appearance bears a high resemblance to the cerebral autosomal dominant
ateriopathy with subcortical infarcts and leukoencephalopathy (CADASIL), a hereditary
disease, which is caused by mutations in the NOTCH3 gene. We hypothesized that the
frequent genetic variations in the gene might also contribute to common form of age-related
WML and not only the rare hereditary CADASIL.

Methods: We sequenced NOTCH3 and its promotor and 3’untranslated region in 195 study
participants with prevalent white matter lesions and in 82 participants without white matter
changes.

We discovered 9 common and 33 rare polymorphisms (20 of which novel). The common
polymorphisms were then genotyped in the entire cohort of 888 elderly participants with a
mean age of 65.2 + 8.0 years and (56.9%) females.

Results: For four of the common polymorphisms (rs1043994, rs10404382, rs10423702 and
rs1043997) we found significant associations with WML volume as well as progression in
follow ups. This finding is restricted to hypertensive participants of our cohort, and we could
successfully replicate the finding in an independent cohort of 4773 stroke free elderly.
Conclusion: Our results are among the first to sequence NOTCH3 variations in a community
dwelling elderly cohort and indicate that the NOTCH3 gene is more variable than anticipated.
At least four common polymorphisms in the gene contribute to the development of age-related

white matter lesions.
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6. Chapter III - International collaborations and GWAS on brain aging

6.1 Heritability estimates identify a substantial genetic contribution to risk and outcome

of Intracerebral hemorrhage

Objective: Intracerebral hemorrhage (ICH) represents roughly a fifth of all stroke cases and is
especially hard to treat, which commonly leads to chronic disability or death. The heritability
of ICH is not commonly investigated because the required large pedigree based family studies
are unavailable. The advent of method allows calculation of heritability in cohort of unrelated
individuals. We hypothesize, that genetic factors explain a considerable part of the variation of
ICH.

Methods: 791 ICH cases and 876 controls from four different studies with mean ages of 73.9
+10.1 and 72.4 +7.8 contributed to our study and had genotype data available. Heritability was
separately estimated for APOE, a recognized risk factor and for the remainder of the genome.
The investigated phenotypes were ICH risk, admission hematoma volume and 90-day
mortality.

Results: Heritability for risk of ICH was estimated at 29% for non APOE loci and 15% for
APOE.

For 90-day mortality the estimation 29% for non APOE loci and 15% for APOE loci.

Lastly, we estimated the heritability of admission hematoma volume at 60% for non APOE
loci and 12% for APOE loci.

Conclusion: Genetic variation accounts for a large amount of the variation in all three
investigated phenotypes (risk, hematoma volume, 90-day mortality). Established risk factors
such as APOE explain part of the heritability, but there are other variants that have yet to be

discovered.
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6.2 Meta-analysis of genome-wide association studies identifies 1q22 as a susceptibility

locus for intracerebral hemorrhage

Objective: Intracerebral hemorrhage (ICH) is considered a particularly deadly manifestation
of stroke. Depending on the location of the hemorrhage ICH can be classified as lobar and
non-lobar ICH and might potentially have different pathologies. According to previous reports
both forms show a high amount of heritability. We therefore conducted a meta-analysis of
previous genome wide association studies of ICH cases and controls to identify novel
susceptibility loci.

Methods: 6 different studies with participants of European ancestry contributed a total of
1545 ICH cases (664 lobar and 881 non lobar) and a control group of participants. The
observations were replicated in another ICH case cohort of 1,681 (484 lobar and 1,194 non-
lobar) and a control group of 2,261 of multiethnic background.

Results: We found two loci for susceptibility, the chromosomal region 12q21.1 (rs11179580,
odds ratio [OR] = 1.56, p = 7.0 x 107®) for lobar ICH, and chromosomal region 122
(rs2984613, OR = 1.44, p = 1.6 x 107®) for non-lobar ICH. Our findings could be replicated
for the chromosomal region 1q22 (p = 6.5 x 10~*; meta-analysis p = 2.2 x 107') but not for
12g21.1 (p = 0.55; meta-analysis p = 2.6 x107).

Conclusion: Our findings suggest a difference between lobar of non-lobar ICH regarding
susceptibility loci, and underline the heterogeneity in vascular pathology. We emphasize that

ICH cases should therefore be categorized accordingly.
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6.3 Meta-analysis of 74046 individuals identifies 11 new susceptibility loci for

Alzheimer’s disease

Objective: Previous investigations have discovered 11 susceptibility loci for late-onset
Alzheimer’s disease (LOAD). Nevertheless these do not explain the entire risk conveyed by
genetic factors for the development of LOAD. Therefore we performed a large, two-stage
meta-analysis of genome-wide association studies (GWAS) in individuals of European
ancestry.

Methods: Stage 1 consisted of genotyped and imputed data (7,055,881 SNPs) from 4
previously published GWAS data sets. A total of 17,008 Alzheimer’s disease cases and 37,154
controls were used to perform our initial meta-analysis on.

Consecutively we used the obtained results (11,632 SNPs) to genotype and test our
observation in an independent set of 8,572 Alzheimer’s disease cases and 11,312 controls.
Results: Apart from the previous the widely established APOE locus, 19 other loci reached
genome-wide significance (P< 5 x 10~%) when we combined both stages of analysis. Elven of
these loci represent novel associations with Alzheimer’s disease.

Conclusion: Our results replicate previous findings such as the amyloid precursor protein
pathway (APP) and SORL1 and CASS4 gene, as well as tau protein (FERMT?2). In addition,
our results point towards other pathways being relevant to the disease etiology, namely
hippocampal synaptic function (MEF2C and PTK2B), cytoskeletal function and axonal
transport (CELF1, NMES and CASS4), regulation of gene expression, post-translational

modification of proteins, and microglial and myeloid cell function (INPP5D).
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7. Discussion

7.1 Main findings

7.1.1 Chapter I

Chapter I focuses on cardiorespiratory fitness, which is assessed as the maximum oxygen

consumption (VO>max) as an important lifestyle factor influencing the brain aging process.

VOmax and Brain Aging: Cognitive and MRI Findings in the Austrian Stroke Prevention

Study

We hypothesized that participants in overall better fitness, and thus higher VO,max display
less morphological brain aging and better cognition.

To investigate morphological correlates of the brain aging we quantified white matter lesions
and determined the extent of brain atrophy by using MRI. Our study consisted of 715 healthy
elderly of the Austrian Stroke prevention study with a mean age of 65 + 8 years and 54%
female participants. We found a protective effect of cardiorespiratory fitness on age related
vascular brain changes in the elderly. Importantly the effect was confined to male study

participants.

Association of cardiorespiratory fitness and morphological brain changes in the elderly

In a next presented study we investigated if VO2max can also be associated with better
cognitive functions in the normal elderly. Indeed we found a highly significant and positive
association between VO2max and the cognitive domains of memory, motor skills and
executive function, as well as overall cognition (g-factor). The effect was dose dependent and
the highest vs lowest quartiles of VOmax corresponded to test results obtained memory,
executive function and global cognition results were typical for participants being 6, 7 and 4

years younger. Our observations were not influenced by age, sex, years of education, or use of
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Calcium-channel antagonist and B-blockers. We observed no influence of vascular risk factors,
with the exception of motor skills. No mediation process on the association between VO;max
and cognition by structural brain changes such as brain parenchymal fraction, white matter
lesions and lacunes could be observed. Stratification of the results on by age, weight and
APOE¢e4 genotype revealed a confinement of the effect to low risk groups. Interaction terms

revealed a nominally significant modulating effect of BMI on VO2max in the memory domain.

Summary

We conclude that high VO;max is beneficial for brain aging and has a widespread effect on
cognition and brain aging. High performers achieve cognitive test scores as if they were 5
years younger in all domains. According to our results life both genes and fitness plays an
important role in determining brain aging, however the effect sizes of genetic factors are much
smaller than that of fitness. Several genetic pathways have been implicated to influence brain
aging, but the direct clinical usage is presently small. In addition these discoveries are seldom
applied in clinical treatments aside from prediction through established risk factors.
Recommendations for life style and fitness still requires guidelines, but the beneficial effects
are much more easily apparent and applicable. Importantly we observe a beneficial effect of

fitness is still present in the in the elderly population.
7.1.2  Chapter 11
In the first part of chapter II, we review the literature on the genetics of age-related vascular
brain changes such as white matter lesions and vascular dementia.
We also provide original research on the topic of WML in the second part of chapter II by

investigating common polymorphisms of NOTCH3 in healthy elderly.

Genetics of age-related white matter lesions from linkage to genome wide association studies
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The first article reviews current literature on white matter lesions (WML), which are a
common finding in elderly brains of vascular pathology that contribute to severe brain
pathologies such as stroke and dementia.

In the first manuscript we describe heritability of white matter lesions to describe the
variability in the phenotype explained by genetic influences in several populations.
Consecutively we describe the two main hypotheses used in the explanation of common
diseases. The common disease - common variant hypothesis assumes that many common
polymorphisms with small effect sizes (minor allele frequency MAF > 5%) explain the
majority of the heritability and this hypothesis is applied in the genome wide association
studies, which investigate millions of polymorphisms in unrelated subjects. This is opposed by
the common diseases - rare variant hypothesis according to which rare variants (MAF < 1-5%)
with large effect sizes are predominantly responsible for common diseases and rare variants
are usually investigated using linkage studies in families.

We list findings for significant logarithm of odds scores (LOD) obtained from linkage studies
on WML (4cM chromosome 4 in healthy elderly whites and on chromosome 1q24 in
hypertensive sib ships).

In the next section we describe the traditional approach of genetic association, namely
candidate gene studies. The genes that could be identified in the etiology of WML so far can
be grouped in different groups that govern blood pressure (A7G, ACE, AGTRI and AGTR?2)
and vascular function (MTHFR, NOS1, ETI and NOTCH3) and are described in detail. Lastly
we list findings from novel genome wide investigations on the topic (TRIM47, TRIM 65,
WBP2, MRPL38, FBF1, UNC13D, ACOXI1, MTHFDI and COL25A1).

Genetics of subcortical vascular dementia

In the second article we widened (the) scope to also include small lacunar infarcts and micro
bleeds, which represent other manifestations of vascular dementia in the brains of elderly.

We present the available date in a similar way to aforementioned article, but pay special
attention to APOE, which was the only gene investigated all three morphological hallmarks of
vascular dementia.
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Genetic variants of the NOTCH3 gene in the elderly and magnetic resonance imaging

correlates of age-related cerebral small vessel diseases

Dominant mutations in NOTCH3 are causative for cerebral autosomal dominant ateriopathy
with subcortical infarcts and leukoencephalopathy (CADASIL), whose clinical and
radiological presentation is remarkably similar to age-related cerebral small vessel disease.
Therefor we hypothesized that variations in the NOTCH3 gene are also involved in age-related
cerebral small disease. Thereupon we sequenced all 33 exons, the untranslated region and
promotor of the NOTCH3 gene in a group of 195 elderly with prevalent cerebral small vessel
disease and compared the results to 82 random controls. In the course of the investigation we
found 9 common and 33 rare polymorphisms, 20 of which have not been described in the
literature so far. The common polymorphisms were then sequenced in the entire cohort of 888
elderly. Four polymorphisms were significantly associated with presence and progression of
WML 151043994, rs10404382, rs10423702 and rs1043997, but the observation was confined
to hypertensives. We could successfully replicate the finding in a cohort of 4773 stroke free
hypertensive elderly of European descent. The rare polymorphisms did not affect the
CADASIL specific cysteine residues and presented a radiological profile distinct from

CADASIL as well.

Summary

In summary chapter II provides a solid overview of the genetic backgrounds of white matter
lesions and vascular dementia. We review the current state of knowledge and describe both the
available methodology and identified genetic key players.

In the second part of chapter II we present our results from the first study investigating the
effect of NOTCH?3 variation in the elderly on age-related cerebral small vessel disease
unrelated to CADASIL. We successfully demonstrate the high variability of the gene, and
establish an association between common variants and an increased risk of age-related white
matter lesions in the hypertensives participants of our cohort.
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7.1.3 Chapter 111
Chapter III represents my contribution to international collaborations on brain aging. The
investigated phenotypes include intracerebral hemorrhage and late onset type Alzheimer’s

disease

Heritability estimates identify a substantial genetic contribution to risk and outcome of

intracerebral hemorrhage

In the initial article of chapter III we estimate the heritability of intracerebral hemorrhage
using a novel program called GTCA, which is freely available at
http://cnsgenomics.com/software/gcta/. Using this method heritability estimates can be
calculated based on genotypes of common SNPs, rather than family structure (Yang J et al
2011). Without this approach it is very difficult to assemble a sizeable cohort, due to the high
age of onset and lethality of the disease. Our cohort consists of a set of 791 unrelated cases
and 876 controls once by excluding and once by including APOE4 carrier status in the model.
In the models we also investigated 3 different phenotypes such as intracerebral hemorrhage as
dichotomized variable, and hematoma volume as well as 90-day mortality, as quantitative
variables. We report a heritability estimate of intracerebral hemorrhage risk of 29% and 15%
for non APOE and for APOE loci. Hematoma volume heritability was estimated to be 60%
and 12 for non APOE and for APOE loci. Lastly heritability of 90-day mortality was estimated
at 41 and 10% for non APOE and for APOE loci. In summary, ICH risk, volume and
progression display high heritability in our cohort, but previously identified risk factors do not

fully explain the variation, which may be due to undiscovered risk loci.

Meta-analysis of genome-wide association studies identifies 1922 as a susceptibility locus for

intracerebral hemorrhage:

In the next article we try to unravel some of the genetic architecture of intracerebral
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hemorrhage by identify risk factors. We perform a GWAS meta-analysis of six studies
investigating intracerebral hemorrhage in European individuals. We further distinguish
phenotypes based on the location of hemorrhage, as the pathology is different (lobar vs non-
lobar).The cohort consisted of 1545 intracerebral cases (664 lobar, 881 non-lobar) and 1481
controls. We report a novel finding on chromosome 12q21.1 (rs11179580) for lobar
intracerebral hemorrhage and on chromosome 1q22 (rs2984613) for non-lobar intracerebral
hemorrhage.

We furthermore tried to replicate these findings in a second cohort of multi-ethnic origin of
1681 cases (484 lobar 1194 non-lobar) and 2261 controls. In the second cohort 12q21.1 was
no longer significantly associated with lobar ICH. These results underline the assumption that
the location of the intracerebral hemorrhage is highly important and that the two lobar vs. non-
lobar might be two distinct subtypes. Furthermore we provide novel insight in the genetic
architecture of intracerebral hemorrhage, which might be of interest to subsequent

investigations.

Meta-analysis of 74046 individuals identifies 11 new susceptibility loci for Alzheimer’s

disease

The last section of chapter III we provide a meta-analysis to identify susceptibility loci for late
onset Alzheimer’s disease. The analysis was performed in two consecutive steps. In the first
step, data from four consortia, namely the Alzheimer’s disease Genetic Consortium (ADGC),
the Cohorts for Heart and Aging Research in Genomic Epidemiology (CHARGE) Consortium,
the European Alzheimer’s Disease Initiative (EADI) and the Genetic and Environmental Risk
in Alzheimer’s disease (GERAD), was collected. These consortia previously published GWAS
on late onset Alzheimer’s disease in individuals of European ancestry in a total of 17008 cases
and 37154 controls. This lead to the discovery of 14 regions with genome wide significance (p
<5 x107%), five of which represent novel associations (HLA-DRB5—HLA-DRBI, PTK2B,
SORLI, SLC24A4-RIN3 and DSG?2).

The second step consisted of genotyping the discovered SNPs (n=211632) that reached a
threshold of p < 1 x 1073 in the first step. These were used in second association in a sample of
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European descent of 8572 cases and 11312 controls.

All but two regions implicated in the first step (in vicinity of CD33 and DSG?2) reached
genome wide significance in the second cohort as well and were successfully replicated.

The combined stage 1 and 2 additionally lead to the discovery of 7 new loci (INPP5D,
MEF2C, NMES, ZCWPWI, CELF1, FERMT2, and CASS4). These findings not only confirm
previous findings from GWAS and candidate gene studies (SORLI), but also implicate

completely new pathways involved in the etiology of Alzheimer’s disease of the late onset

type.

Summary

We demonstrate that the risk for ICH its severity and progression are highly heritable. Current
knowledge of risk factors does not fully explain our findings which points towards
unidentified variants that potentially operate in unknown biochemical pathways.

In a joined effort we also discover two novel genetic regions involved in the etiology of ICH.
These are located on chromosome 12q21.1 (rs11179580) for lobar ICH and on chromosome
1922 (rs2984613) for deep ICH.

In the last article we replicate previous findings and successfully identify 11 novel loci
involved in late onset Alzheimer disease. Some of our results point towards pathways the have

not yet been suspected to influence Alzheimer’s diseases.

7.1.4 Summary

In this thesis I present original research on the environmental aspect of brain aging through the
pursuit of an active healthy life-style as well the genetic background of brain aging
phenotypes.

In summary the results displayed in chapter I, II, and III clearly highlight the fact that both
genetic and environmental effects are important in brain aging. We also observe the effect
sizes of common genetic risk factors on brain aging is much smaller when compared to the
large effect of environmental factors such as cardiorespiratory fitness. Clearly subsequent
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genetic investigations might yield more genes involved in the etiology of age related diseases
such as dementia and stroke. The identification of new genes may point towards the
involvement of unsuspected or even undiscovered pathways in the pathogenesis of these
diseases. Nevertheless the discoveries in genetic research so far have little application beyond
the prediction of risk profile. Even undisputed findings of common variants such as APOE
genotype on Alzheimer’s disease have not yet lead to the development of medical compounds.
It is therefore particularly important to develop life-style recommendations and minimize the
environmental risk, which will likely include regular exercise to maintain a physically active

life-style.

7.2 Methodological issues

7.2.1 Definition of phenotypes

Physical activity, exercise and fitness

e Physical activity (PA)

PA is defined as bodily movement by skeletal muscle in order to perform everyday
activities. Depending on life style choices the amount of PA often varies heavily between
individuals. It can be categorized in a number of ways, for example whether PA is
performed during work or leisure time, or by evaluation of the time distribution (weekends
or seasonal changes). Another distinction can be made based on the intensity of the activity
(low, moderate or high f.e) or using the scale of metabolic equivalents (MET), which
categorizes energy cost of physical activities based on energy consumption.

PA can be assessed subjectively by self-reports using either questionnaires or diary entries.
In epidemiological studies wearable activity monitors that count steps (pedometer) or
acceleration (accelerometer) are frequently used to get less biased and more objective
assessment of PA. More precise measures for physical activity can be obtained by using as
direct or indirect calorimetry or doubly labeled water (Freedson P et al.2012), a method

which is however not practicable in epidemiological setting. It comes as no surprise that
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the objective measures of PA often only reveal low to moderate correlation with self-

reported questionnaires (Prince SA et al. 2008).

e Exercise

Similar to physical activity, exercise uses the same muscular activity to generate
movements. Exercise can therefore be described as a subcategory of physical activity,
which explains its frequent synonymous use with physical activity. In contrast to PA,
exercise is planned, structured and repetitive with the intention of maintaining or
improving skeletal movement and physical fitness. Exercise is usually categorized in type,
(aerobic, anaerobic or flexing), intensity, duration and frequency.

Both physical activity and exercise correlate with physical fitness to some extent.
Physical fitness itself, however, does not describe movements itself, but rather the
capability of an individual to perform everyday tasks and activities. In addition to the
bodily function, physical fitness also describes resistance to diseases associated with
sedentary life-style (such as cardiovascular disease, obesity, type 2 diabetes), which are

also referred to as hypokinetic diseases.

e Cardiorespiratory fitness (CRF)

CRF in particular refers to the circulatory and respiratory fitness capabilities to supply
sufficient amounts of oxygen to the skeletal musculature and regulate blood pressure
during exercise. Cardiorespiratory fitness is most often assessed as the maximum oxygen
consumption, also known as peak oxygen uptake or VOmax, which is usually obtained
during incremental exercise tests on an ergometer or a treadmill. It can be directly
measured by analysis of the inhaled and exhaled air during maximal tests. If direct
measurements or maximal tests are not applicable and would be detrimental to patient’s
health VO,max can be indirectly estimated from submaximal exercise tests using the Uth—
Serensen—Overgaard—Pedersen formula, which takes body mass, maximum and resting
heart rate into account. Regardless of the assessment VO;max is either given in absolute

(mlI"'min™) or relative (ml""min""kg") values.
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Correlation between PA and CRF often yield conflicting results, either claiming no correlation
(Tager IB et al. 1998) or moderate correlation (Bowles HR et al. 2004), which can have several
reasons that will be discussed. As described previously, cardiorespiratory fitness can be
regarded as an outcome of frequent physical activity and exercise. In addition, it may also
reflect long term dedication to regular bodily exercise, as well as a healthier life-style (f.e.
smoking abstinence).

Secondly the type and intensity of physical activity and exercise seems to be a key
determinant of improving VO.max (Wenger HA & Bell GJ 1986). High interval training and
other forms of aerobic exercise are more effective at raising VO2max in clinical trials than
moderate continuous training in case of heart failure patients (Wislaff U et al 2007).

In general, the evaluation of CRF using VO2max is a gold standard in determining fitness and
allows easy comparison with other studies due to the wide spread of its application.

In addition, due to submaximal testing protocols the method can also be applied to elderly and

frail study participants.

Structural correlates of the aging brain

e White matter lesions(WML)

The most frequent finding in brain magnetic resonance imaging of elderly population are
WML. They appear as that appear as white matter hyperintensities (WMH) on FLAIR and
T2 weighted scan sequences.

These lesions can be assessed qualitatively based on their severity using the Fazekas scale
or their volume can be quantified. Quantification can either be performed visually by
operators, automatically or semi- automatically, with operators outlining and evaluating
computer-generated images. Especially at low volumes of WML the different methods
yield incomparable results (Olsson E et al. 2013). Additionally, grading by personal
investigators also inevitably introduces bias and inter-rater variability, which needs
adjustment. Recent reports claim, that correlation between qualitative grading using the

Fazekas scale and quantitative assessments of white matter lesions is high (Valdés
51



Hernandez Mdel C et al. 2013). Secondly, the assessment of white matter lesions is also
dependent on the MRI sequence that is applied. The results can be comparable in case of
FLAIR and T2-weighted images (Piguet O et al. 2005).

Depending on their origin in the brain WML are often dichotomized as periventricular or
deep (subcortical) lesions, depending on their location (KIM W et al. 2008).

The underlying assumption is that the two types have different pathomechanisms. Deep
WML are considered to be more closely related to small vessel disease and high blood
pressure, whereas periventricular lesions are more determined by chronic hemodynamic
insufficiency, smoking and hypercholesterolemia (Khan U, et al. 2007). How deep and
periventricular WML are classified varies between studies and whether the classification is

suitable is subject to some debate among current studies.

e Lacunes

Lacunes are an entity of cerebral small vessel disease and appear as cavities filled with
cerebrospinal fluid in FLAIR imaging. This is the result of a previous small ischemic
incident in the region. Lacunes are not as commonly investigated in MRI investigations,
which has several reasons. The terms lacune, lacunar stroke and lacunar infarct and lacunar
infarct syndrome are used interchangingly, but have different meanings, which are being
debated in current literature (Wardlaw JM 2008). Lacunar stroke refers to a subset of
ischemic stroke caused by occlusion of the brain arteries with the typical stroke
presentation. Lacunar acute syndrome refers to patients that display the same symptoms,
which were not yet confirmed by imaging methods. Lacunar infarcts, which are also likely
to be clinically silent, are generally thought to precede the development of lacunes. These
lacunar infarcts show high amounts of similarity in appearance with WML in FLAIR
imaging. This can potentially lead to misclassification unless diffusion tensor imaging is
applied. The initial infarct can progress into the liquid filled cavity referred to as lacune,
but this is not necessarily the case (Potter GM et al. 2008).

Naturally the location of the lacune is important in order to predict cognitive outcomes

(Benjamin P et al. 2014), but this is not always taken into account. Instead presence of
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lacunes or number lacunes are often used in epidemiological investigation.

e Intracerebral hemorrhage (ICH)

ICH is a subtype of stroke that accounts for approximately 15% of the total stroke cases
and shows particularly dire outcomes for patient recovery (lkram MA et al. 2012). 1t is
usually detected using computer tomography (CT), but magnetic resonance imaging can
also be applied (Fiebach et al 2004). Before the advent of novel imaging techniques ICH
was often difficult to classify and often identified as ischemic strokes or subarachnoid
bleedings.

Two forms of ICH are usually distinguished depending on location of the hemorrhage
(Biffi A, et al. 2011). Lobar and non lobar (also referred to as deep) ICH differ in terms of
etiology and risk factors. Lobar ICH is strongly associated with cerebral amyloid
angiopathy, age and alcohol consumption (Matsukawa H et al. 2012). Deep ICH is
associated with high blood pressure vasculopathy (Tkram MA et al. 2012).

ICH is additionally classified as primary or secondary depending on the causes (Sahni R &
Weinberger J 2007). The more common primary form is caused by hypertensive
arteriolosclerosis and amyloid angiopathy in over 80% of the cases (Sutherland GR &
Auer RN 2006). Secondary causes for [CH include vascular malformation, previous

ischemic stroke that transforms or presence of intracranial tumors.

Cognition

Cognitive assessment in the elderly is important for identifying impairments, as well as

assessing their severity and predicting their outcome (Woodford HJ & George J 2007).

e Single tests

There is a wide range of tests that can be applied. These tests can take anywhere from a

minute to several hours to complete. The outcomes of cognitive tests can be
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dichotomous or continuous outcomes. Clinicians often tend to rely on single tests in
clinical settings, rather than specialized ones for reasons of feasibility (Cullen B et al.
2007). One such method is the mini mental state exam (MMSE), which allows
diagnosis of cognitive impairment in minutes.

In general, there is no uniform single test to evaluate every cognitive aspect. To
accurately determine the cognitive status of an individual an array of single tests is
required. Widely used examples include the Wisconsin card sorting test (WCST) or the
digit span backwards (DSB), or Stroop test. Many cognitive tests are language-based,
which causes differences in results across cultures (Reilly D 2012). Several cognitive
tests, such as the cognitive abilities screening instrument (CASI) (Teng EL et al. 1994)
or the Rowland Universal Dementia Assessment Scale (RUDAS) (Nagvi RM et al.
2015) are available that allow cross-culture comparison. This is not sufficient to fully
reduce bias created by participants with low education, and non-native English
speakers (Jones RN 2001).

Due to cultural and regional differences in the performances in cognitive test, z-scores
are often used in standardized testing. It is a statistical method in which the mean
values of the test results is subtracted from the obtained test value, and then divided by

the standard deviation.
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Domain scores

Individual tests scores from single tests are often grouped into domains for specific
functions, since they fall into same categories of cognitive function. There are different
ways to group cognitive abilities into domains. In the research presented in this thesis a
system with three domains, namely memory, executive function and motor skills was

used using the z scores from individual tests.

Global cognition, g factor
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At the highest level, a single common factor of cognitive ability can be calculated
using all domain scores. This summary measure is referred to as the general factor, g-

factor or g (Deary IJ et al. 2010).
In summary, definitions of phenotypes investigated in this thesis are demanding and their
assessment are highly heterogeneous among studies. International efforts to harmonize these
phenotypes are of major importance in the field and would allow cross study comparison.

7.2.2 Genotyping

Human sequence variation

Human inter-individual genomic variation is in the range of 0.5% (Levy S et al. 2007). There
are different types of genetic polymorphisms that require different approaches and are not

equally well represented in current research.

e Types of polymorphisms

There are two main types of sequence variation.

Single nucleotide polymorphisms (SNP) are the most commonly investigated type. They

are biallelic variations in DNA that affect a single nucleotide (A, T, C, or G). For each
genetic locus two alleles are present, one from each parent. The less frequent allele in any
given population is called the minor allele and its frequency is referred to as the minor
allele frequency (MAF). Large databases, such as dbSNP of human in which collective
data from sequencing is stored report more than 140 million in the human genome so far

(http://www.ncbi.nlm.nih.gov/SNP/ ; Sherry ST et al. 2001).

Structural variation refer to polymorphic DNA regions the size of 1kb and larger (Freeman

JL et al. 2006). These variations can be copy number variants (CNVs) such as insertions or
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deletions of DNA segments. In contrast structural variations can be copy neutral variation,
which includes inversions and translocations of entire sections.

Structural variations are very common (/tsara A et al. 2009), but nevertheless
underrepresented in current research. This was caused by the inability of commercial
genotyping arrays to assess structural polymorphisms. Nevertheless databases on structural

variation exist and more than 10000 are known to date (Conrad DF et al. 2010).

Genotypes can already be very accurately determined by products from companies such as
[Mlumina, Affymetrix, Life Sciences or Agilent. For studies on genetic epidemiology,
gneotptyping is usually performed using genome hybridization chips, which target a
predetermined set number of polymorphisms. These polymorphisms (usually SNPs), are easy
to genotype and frequent enough in the genome making them an ideal research target.

Whole exome (WES) or genome sequencing (WGS) in contrast allows complete sequencing
of a person’s exome or genome. These methods capture every polymorphism in the genome,
both SNPs and structural variations. Although the benefit might be immediately apparent the
data can easily be of use for later analyses. In any case the method should be chosen based on
research question, storage capacity and cost efficiency. The genotyping technology that was
used in the conduct of the research presented in this thesis are further explained below and in

the methods section in chapter 3.2.2.1.

Genome Hybridization chips

Genome hybridization chips use a strategic set of single DNA strands corresponding to the
SNPs that are mounted on a surface. Labeled DNA from the sample will then hybridize to a
complementary strand and can be detected. The Affymetrix Genome-Wide Human SNP Array
6.0 was used in the conduct of this thesis and allowed detection of ~900000 SNPs and 90000
CNVs. Genome hybridization chip technology typically use variations that span the entire
genome, can also be customized to fit specific investigations.

One such example is the exome chip by [llumina, which is available at
http://www.illumina.com/products/infinium_humanexome_beadchip_kit.html. It allows the
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investigation of exonic (protein coding) markers that have been established as risk factors for
common diseases, such as cancer, diabetes type 2, cancer and metabolic and psychiatric

disorders.

Imputation of genotypes

A common method to increase statistical power of genome hybridization chips is to impute the
dataset. SNPs are inherited in blocks, so called haplotypes, with high linkage disequilibrium
(LD) which can be interpreted as likelihood to be jointly inherited together. The imputation
process allows statistical “bootstrapping” of genotypes from already known haplotypes in a
given population. As an example, 1-2Million SNPs are genotyped using a hybridization chip
and ~ 30 Million SNPs are imputed (Scheet P & Stephens M 2006). The requirement for the
imputation are reference haplotype for the respective population. These haplotypes or
haplotypes maps are available for many different populations from the two comprehensive
catalogues of human sequence variation.

These catalogues are called the Hapmap Project, and the 1000Genomes Project which can be
found at http://hapmap.ncbi.nlm.nih.gov/ (International Hapmap Consortium et al. 2005), at
http://www.1000genomes.org/ (1000Genomes Project Consortium et al. 2010). Both

catalogues are free and are frequently used in genome wide association studies. They allow
easy comparison similar sets of polymorphisms and overall increase the power and likelihood

to observe causal associations.

7.2.3 Genetic association studies

Genetic association is used to investigate associations between one or more genetic
polymorphisms and a trait (Cordell HJ & Clayton DG 2005). The trait or phenotype can be a
continuous variable (f.e. height) or a dichotomous outcome (diseases vs non diseased).
Importantly, genetic associations are possible because human populations share common
ancestry. There are several possibilities in the conduct of genetic associations, namely indirect
and direct associations. Association can occur directly with a causal variant or with a surrogate
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of the causal variant. The two approaches used in this thesis are explained below.

Candidate gene studies

Candidate gene approach in genetic association investigates association between genetic
variants in specified set of genes with a specific phenotype. The set of genes is usually
selected based on available knowledge of biochemical pathways the phenotype is related to.
Candidate gene approach is subject to some criticism, because the selection of genes also
introduces a certain amount of inevitable bias. In addition the results from candidate gene

studies do not necessarily replicate well in follow up studies (Patnala R et al. 2013).

Genome wide association studies

Current research focus lies on the genome wide association studies (GWAS), in which millions
of variants all over the genome are associated with a certain phenotype. In contrast to
candidate gene approaches, GWAS are not driven by hypothesis and represent an unbiased
approach. Since their advent in 2005 GWAS could successfully identify thousands of risk
factors for many diseases. (Haines JL et al. 2005). There are two distinct hypothesis regarding

the genetic architecture of multifactorial diseases.

e The common disease—common variant hypothesis suggests that large numbers of

common genetic variants additively contribute to disease susceptibility of complex
polygenic diseases (Botstein D & Risch N 2002; Pritchard JK & Cox NJ 2002). Alleles
are referred to as common, when the frequency of the least common allele in a
population, the minor allele frequency (MAF) is >5%.

e The common disease-rare variant hypothesis predicts that very few rare (MAF of <1%)

with larger effect size represent the major contributors to the disease (Schork et al.
2009). Variants implicated in GWAS usually fall in the category of common disease —
common variant. Association of common diseases with rare variants demands

sufficient statistical power, which is only achieved by very large sample sizes (Peloso
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GM et al. 2014).

Both of these hypothesis are illustrated in figure 1. Common alleles are easy to genotype and
detect through statistical methods on the right side. Common alleles with low effect size
represent the current interest of genome wide association studies in the bottom right corner.
Common alleles with high impact on common diseases in the top right are very rare by
themselves, but represent ideal targets for research of pharmaceutical compounds. Rare alleles
with low effect, which are displayed on the left side of rare which are hard to pinpoint, but
ultimately not particularly interesting. Whereas the rare alleles with high effect size typically
follow a Mendelian type of inheritance, similar to hereditary diseases. The low frequency
(MAF<5%) with intermediate effect in the middle of the figure are likely a future research

topic.

Effect size
50.0

Low-frequency
variants with
intermediate effect

Vil Rare variants of )
small effect
very hard to identify
1.1 by genetic means
Low

Very rare

Allele frequency

Figure 1 Relationship of allele frequency and effect sizes (relative risk) of risk variants in genetic association
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studies. Image reproduced from Manolio et al. 2009

It is important to emphasize that candidate gene approach and genome wide association
studies are both equally valuable and complement each other. GWAS can be used as a means
to replicate previous findings from candidate gene studies. This is the case for a common
variant in AGT, which was identified as a risk factor for WML in a candidate gene
investigation (Schmidt R et al. 2001) and was recently replicated in GWAS. (Fornage M et al.
2011). Vice versa, if a specific chromosomal region or gene has been implicated in a GWAS,
candidate approach can be used to sequence the region or gene of interest to potentially find a

causal variant.

Missing heritability

Despite the valuable insight into many diseases provided by these genetic association studies
on common variants, only a small amount of the heritability is explained by them. The
remainder of genetic contribution to the variation in an observed phenotype is referred to as
the missing heritability (Eichler EE et al. 2010). Several factors are suspected to contribute to

missing heritability in genetic epidemiology.

e Rare variants (Frazer KA et al 2009; Lee S et al. 2014)
Genetic association of rare variants requires large sample sizes and are very often
specific to populations.

e Structural variations (Stankiewicz P & Lupski JR 2010)

Research on structural variation was hindered for several years because they used to be
difficult to genotype with previous genome hybridization chip technology.

e Epigenetic inheritance (Slatkin M 2009).

Epigenetics represents a relatively novel field of research. Current epidemiological
studies mainly focus on histone methylation, not acetylation patterns.

e Interactions between genes and environment (Kaprio J 2006).

The sensivity to an environmental risk can be heritable as well and individuals might
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not be similarly afftected to the exposure.

e Epistatic effects, gene-gene interaction(Zuk O et al. 2012)

Epistatic effects occur when effects of one gene depend on one or more modifier
genes. It can occur between different loci but also at the same locus between the two

alleles of a gene. Epistasis is expected to lead to inflation of the heritability estimates.

7.2.4 Interpretation of findings

Genetic association studies must be carefully interpreted (Campbell H & Rudan I 2002). A
positive association may implicate that the variant by itself is causally involved in the disease.
It could also mean that it is in LD with a yet unidentified causal variant (indirect association),
the association is biased due to population admixture or substructure or it is a false positive

chance finding.

Causal Association

The most valuable and least likely finding in genetic association studies is the discovery of a
causal mutation. In this case, the variant is directly responsible for the development of the
disease and alters the functionality or expression of associated protein. Replication of the
findings in a different unrelated cohort provide further support for a true association, however
it can be also due to LD. Failure to replicate might be caused by differences in the phenotype
definitions or genetic and environmental factors that interact with the causal variant, which are
simply absent in the follow up investigation. Pinpointing the causal variant is difficult and
possibly expensive and usually done by fine-mapping experiments using custom arrays or
sequencing (Wang K, et al. 2010). Nevertheless, the final proof for causality requires
experimental studies. These are preferably performed in small animal models that allow high
throughput screening. Possible candidates include the rodent Mus musculus, the nematode

Caenorhabditis elegans, the fruit fly Drosophila melanogaster, and the fish Danio rerio.

Marker due to linkage disequilibrium
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Much more commonly, an observed significant association between the polymorphism and the
phenotype is due to in LD and are very likely to be jointly inherited in blocks of haplotypes.
The physical range of LD is subject to debate from a few kilobases (kb) to more than 100 kb,
but it differs from one population to another and from the chromosomal region as well as

between the sexes (Reich DE et al. 2001).

False positive or negative due to bias

Genotype phenotype association can also yield false positive findings due to population
stratification or population admixture. In case of population stratification systematic
differences in the frequencies of genetic variants can be observed due to different ancestry
(Cardon LR & Palmer LJ 2003). Population admixture occurs when individuals from formerly
separated populations start mating. In both cases, this may can lead to false positive findings
or masking of genuine associations (false negative) especially in large GWAS (Marchini J et
al. 2004). Since stratification cannot be completely ruled out by careful planning of studies
(Freedman ML et al. 2004), it is important to adjust accordingly. This can be done using
statistical methods by investigating genomic controls (Cardon LR & Freedman ML 2004) or

performing principal component analysis (Price AL et al. 2006).

False positive due to chance

Finally a positive finding can occur simply by chance, as vast amounts of polymorphisms in
large cohorts are investigated at the same time. Due to that reason GWAS are adjusted for
multiple testing using a Bonferroni correction, and generally p-values below 5x10”-8 are
considered significant due to an assumed million independent variants (Johnson RC et al.

2010).

Guidelines for genetic epidemiological studies
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Several findings from genetic association studies could not be replicated due to unaccounted
population stratification (Colhoun HM et al. 2003). However, successful replication of the
genotype-phenotype associations is needed in order to avoid reporting of false positive
findings in the (NCI-NHGRI Working Group on Replication in Association Studies et al.
2007). Therefore Guidelines on the conduct of studies have been established for candidate
gene studies (Tabor HK et al. 2002) and GWAS (Barsh GS et al. 2012). Candidate gene
association studies require evaluation of biological plausibility and dose-response
relationships.

For GWAS controlling for multiple comparisons, population stratification, relatedness by
statistical methods are required (Bouaziz M et al. 2011). In both cases critical selection of

cases and controls and overall homogeneity is a requirement to ensure replication of results.

Another key factor in epidemiological research is the inference of causality from established
associations. A cross sectional study observing elderly citizen will likely find an association
between disability an depression, but from this observation it is impossible to determine if one
is causal to the other. Longitudinal observations can help understanding the temporal
relationship between outbreak and progression of diseases and can provide further evidence.
Clinical trials on the other hand can establish causality but findings from observational studies
are required for their design and conduct, which highlights their complementary role

(Guralnik JM & Kritchevsky SB 2010).

7.2.5 Bias in epidemiology

In any epidemiologic study several sources of bias have to be considered and are discussed

below (Rothman J 1998, Delgado-Rodriguez M & Llorca J 2004).

Selection bias

Selection bias is introduced into study through subject selection in a way that influences both

the exposure and outcome. In case control studies the control groups might not be represent
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healthy counterparts of the case group. This can be considered as a systematic failure to
equally represent all classes of cases or people that are supposed to be represented in a sample
(some are more likely to be included than others). In prospective studies loss to follow up bias
can occur if one group is more likely to develop the outcome. Another example of selection
bias is related to the response rate of the invitations. Participants often differ from non-
participants due to the “healthy volunteer or healthy worker” effect. People who respond to
invitations are, in general, more concerned about their well-being and lead different life-styles
and are more likely to be female. A study can be referred to as community dwelling if the
response rate to the randomized invitations is >50%. In the case of the ASPS this was not
achieved and the correct term would be population based.

Selection bias is not be confused with representativeness. If the selected study population is
not representative for a general population but instead represents a certain subgroup the results

cannot be generalized. They are nevertheless valid in the observed subpopulation.

Information bias

Secondly, information bias can occur when measurement flaws influence outcome, covariates
or exposures between comparison groups. It occurs when sensitivity and specificity of the
measurements are not insufficient. This can result in misclassification of
exposed/affected/diseased participants. Misclassification can occur non-differential if the error
rate is similar in all observed groups. In case of differential misclassification the error
frequency differs among the observed groups. Examples for information bias are underreport
of information, f.e because the use is considered morally condemnable (alcohol consumption
or drug use). Other examples include lack of memory to remember disease or exposition
history in recall bias. Study participants that willingly collaborate with investigators in a way
they perceive to be helpful can also cause reporting bias. Opposed to this, observer bias can
occur in situations, in which the interviewer is not blinded and unwillingly influences data
recording. A certain amount of information bias can also occur by random error and is

ultimately unavoidable.
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Confounding

Lastly, confounding is an attribute that refers to variables that correlate with both dependent
and independent variable. Ideally this is taken care of at the design stage of research. When
performing analysis, confounders have to be taken into consideration and added to statistical
models to minimize their effect. The remainder of bias after confounding has been taken into
account as much as possible by adjustment is referred to as residual confounding (Rothman KJ
et al 2008). Some investigations further differentiate between and refer to confounding caused
by errors in measurement as residual confounding, and confounding caused by variables not

considered or omitted in a model as unmeasured confounding (Fewell Z et al 2007).

7.3 Implications

7.3.1 ChapterI

VO;max and Brain Aging: Cognitive and MRI Findings in the Austrian Stroke Prevention

Study

Our obtained results might have important implications in non-pharmaceutical treatment and

preventive medicine in the elderly.

e We demonstrate the importance of having a high VO>max, which was associated with
higher cognitive scores in memory, motor skills and executive function, as well as
overall cognition (Colcombe S & Kramer AF 2003), which is in line with literature.

e We also report a dose dependent association between VO>max and cognition, which
translates to participants from the highest quartile of VO,max achieving results similar
to being 4, 6, and 7 years younger for global cognition, memory and executive
function. Taking the rising incidence of Alzheimer’s disease, which is expected to
double every 5-6 years, into consideration, our observed effects are large and

potentially relevant for preventing or delaying dementia (Mayeux R & Stern Y 2012).
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To our knowledge, we are the first study to report mediation effects of white matter
lesions, lacunes and brain parenchymal fraction on cognitive measures. Other age-
related brain changes such as caudate nucleus volume have been identified as
mediators between fitness and cognitive function in older adults (Verstynen TD et al.
2012).

These findings underline the importance to maintain a healthy and active life-style,
including maintenance of low BMI, being physical active and not smoking, which are
associated with higher cardiorespiratory fitness throughout life (Jackson AS et al.
2009)

A recent longitudinal study in children found no protective effect of cardiorespiratory
in midlife. The authors suggest that children with better cognitive functioning instead
choose a healthier life-style (Belsky DW et al. 2015). In healthy older adults
cardiorespiratory fitness was associated with preservation of cognitive function over a
6-year period (Barnes DE et al. 2003).

According to a recent study, episodic memory and executive function are attenuated by
cardiorespiratory fitness in older, but not younger adults (Hayes SM et al. 2014).
Taking these findings, as well as our own into consideration there seems to be no
diminishing effect of fitness interventions in the elderly. The type intensity and
frequency of exercise that is required to ameliorate cognitive decline and brain aging

should be studied in future investigations would benefit from guidelines.

Association of cardiorespiratory fitness and morphological brain changes in the elderly

We demonstrate the importance of having a high VOomax, which is associated with
reduced volume of WML in the elderly, which is in line with previous observations
(Tseng BY et al 2013).

Interestingly our findings were confined to male participants. Sex differences in
cardiovascular aging and adaptive responses to physical activity have been implicated

in literature (Parker BA et al. 2010).
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7.3.2 Chapter 11

Genetic variants of the NOTCH3 gene in the elderly and magnetic resonance imaging

correlates of age-related cerebral small vessel diseases

e We present a study to investigate the relationship between the NOTCH3 gene and age-
related morphological brain changes in a healthy elderly cohort, which was a novelty
by the time of publication.

e We found no mutations affecting cysteine residues, which have been reported to be
directly responsible for CADASIL (Chabriat H et al 2009).

e We reported a high variability of the gene and found four common SNPs that are in
linkage disequilibrium, that enhance the risk of presence and presence of white matter
lesions. This led us to hypothesize that common variations in NOTCH3 substantially
influence the risk of sporadic small vessel disease.

e The finding of the SNP with the strongest effect on white matter lesions in our cohort
(rs10404382), could also be replicated in 4773 participants from 6 independent studies
on stroke free elderly. When we stratified our results we noticed a confinement of the
effect to hypertensives. A recent review suggests that risk factors such as smoking and
hypertension may exacerbate white matter lesions in those with an innate genetic
vulnerability (Wardlaw JM et al. 2013), which explains some of our findings.

e Contrary to our observations, a recent study could not replicate our findings for the
SNPs associated with white matter lesion presence and progression, even adjusting for
hypertension (Rutten-Jacobs LC 2015). However, this is likely due to the cohort being
stroke patients compared to the healthy cohort in our investigation and differences in
the assessment of WML.

e In addition we detected 9 rare non-synonymous SNPs in participants with extended
white matter lesions, but they did not display clinical presentation specific for
CADASIL. When we applied bioinformatics tools to these SNP we predicted 3 of them

be functional.
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7.3.3 Chapter 3

Heritability estimates identify a substantial genetic contribution to risk and outcome of

intracerebral hemorrhage

e In the third chapter we first investigate the heritability of intra-cerebral hemorrhage to
predict its risk and severity. We have used a novel approach to estimate heritability in a
large case-control study setup of unrelated individuals and are the first to perform this
type of investigation for ICH. The obtained results for the heritability confirm previous
findings from twin studies (Alberts MJ et al. 2002).

e According to our findings, APOE variants differentially affect intracerebral
hemorrhage depending on the location (lobar or deep), which has been reported (Woo
D et al 2002).

e The differences in heritability are likely caused by different pathogenesis, lobar ICH
being related to cerebral amyloid angioptathy opposed to the deep ICH being related to
hypertension. As a consequence the deep ICH, which shows less heritability is more
influenced by the environment. When genetic risk factors established from former
investigations for ICH and hypertension were removed, the heritability estimates
remained the same, which might be caused by missing heritability.

e The analysis of the heritability for the hemorrhage volume was estimated at 60%, but
when the location was considered in the estimation the effect vanished, likely due to
location being a key determinant for ICH volume (Falcone GJ et al. 2013).

e Lastly we estimated that 90-day mortality for ICH has a high heritability of 40% in our
dataset. This suggests that unidentified genetic variants play a major role in the

outcome of ICH.

Meta-analysis of genome-wide association studies identifies 1922 as a susceptibility locus for

intracerebral hemorrhage

e Consecutively to the estimation of the heritability of ICH we performed a meta-
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analysis on 3223 cases and 3725 controls and identified and replicated a novel
susceptibility locus for deep ICH at chromosome 1q22. Importantly, this region was
implicated as a suggestive finding in a GWAS on white matter lesions in healthy adults
(Fornage M 2011).

e This highlights the differences in pathology between deep and lobar ICH and suggests
that deep ICH shares a pathogenesis similar to cerebral small vessel diseases, which
has been proposed (Rost NS et al. 2010).

e The associated variants are located in a region harboring the PMF1 and SLC25444
genes. Polyamine-modulating factor (PMF1) is a core protein, involved in
chromosome alignment during mitosis and catabolic polyamine metabolism.
Polyamines metabolites such as acrolein appear to be present in the plasma of stroke
patients in higher concentrations, which is why they have been proposed as a
predictive biomarker (Tomitori H et al 2005; Igarashi K & Kashiwagi K 2011).

e A second region 12q21.1 was suggestive for lobar ICH, but did not reach the required
p-value threshold even though the effect was observed in all discovery cohorts, which

makes the region potentially interesting for subsequent investigation.

Meta-analysis of 74046 individuals identifies 11 new susceptibility loci for Alzheimer’s

disease

e Here we present the findings from a two stage approach meta-analysis to illuminate the
genetic underlying of late onset Alzheimer disease. We could successfully replicate
previously discovered variants and discovered 11 new susceptibility loci.

e The most significant observation was in the HLA-DRB5—DRB]I region, which code for
major histo-compability complex II. Interestingly, the major histocompatibility
complex has been assumed to be determinants in Alzheimer’s disease ago (Candore G
et al 2004). In addition, there has been a long standing debate over the involvement of
microglial cells, which express the major histocompatibility complex II on their
surfaces of microglia, in the formation of Af plaques (Weitz TM & Town T 2012).

e The next strongest signal was found in the SORLI gene, and plays a major role in the
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etiology of Alzheimer’s disease as SORL1 directly binds to the amyloid precursor
protein (APP) and prohibits the accumulation of Af aggregates (Rogaeva E et al 2007).
Unsurprisingly, it has been implicated to be a key player in both the familial (Pottier C
et al. 2012) and late onset sporadic type of Alzheimer’s disease (Vadarajan BN et al
2015).

e The third new locus lies in PTK2B, which encodes a protein kinase that plays a crucial
role in the long-term potentiation and depression of the hippocampus and thus the
creation memory (Hsin H et al. 2010) and has been found as a suggestive locus in a
much smaller investigation on Alzheimer’s disease (Kamboh MI et al. 2012). In
addition, PTK2B is also frequently investigated due to its cancer signaling properties,
along with C4SS54, which was also significantly associated with late onset Alzheimer’s
disease in our meta-analysis (Beck TN et al. 2014).

e We also reported a finding in the locus of SLC24A44, a solute carrier, which is
associated with eye and hair pigmentation (Sulem P et al. 2007), the development of
amelogenesis imperfecta (Parry DA et al. 2013) and hypertension in African
Americans (Adeyemo A et al. 2009).

e Importantly the obtained findings may point towards previously unidentified pathways
involved in the etiology of Alzheimer’s disease. These could revolve around
hippocampus (PTK2B and MEF2C), cytoskeletal (CASS4, CELF'I, and NMES), and
microglial and myeloid cell function (/NPP5D).

7.4 Future research

7.4.1 New phenotypes and biomarkers

Brain aging progresses with ongoing age. It is therefore important to detect diseases at the

earliest time point, since prevalent dementia will likely remain incurable.

e Future phenotypes in brain aging will probably be subclinical, in order to reverse or

ameliorate abnormal aging before clinical onset, earlier than MCI. One possibility to
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achieve this is by longitudinal observation of healthy elderly patients over long time
periods to identify potential high risk targets and key determinants.

e Advent of new MRI technology might also allow detection of more subtle age-related
changes. Longitudinal studies have shown that white matter lesions are preceded by
changes in normal appearing white matter, which are quantifiable (de Groot M et al.
2013). Diffusion tractography allows localization of tracts in white matter and can
consequently predict progression of white matter lesions (Maillard et. al. 2015). The
method of tractography imaging is still its infancy without widespread clinical
application (Dell’Aqua F & Catani M 2012) and little correlation with other imaging
methods such as Fluid attenuated inversion recovery (FLAIR) (Zhan W et al. 2008).

e Relevant topics in future brain aging research will also likely include circulating
markers, some of which have already been successfully identified. Blood inflammatory
markers are associated with risk of vascular dementia (Ravaglia G et al. 2007). The
brain derived neurotrophic (BDNF) factor and the vascular endothelial growth factor
(VEGF) in serum are associated with stroke risk (Pikula A et al. 2013). In addition low
blood red blood cell count and ®-3 fatty acid concentrations have been associated with
accelerated brain aging and cognitive impairment (7an ZS et al. 2012).

Other biomarkers such as microRNAs might be predictive of brain aging as well, given
their importance in neuron homeostasis (Persengiev SP et al. 2012). This is further
highlighted as expression patterns of microRNAs display age-related differences in
mouse brains (/nukai S et. al. 2012).

7.4.2 New techniques and approaches in genetic epidemiology

e Whole genome sequencing is becoming a more feasible option, since prices for an
individual genome recently hit the 10008 threshold in 2014. The major drawback is the
creation of huge amounts of unwanted data (Baker M 2010), which represents a
challenge for both analysis and interpretation (Xuan J et al. 2013).

Given the necessity for high priced machinery for the conduct of NGS studies, there

are several companies that provide whole genome sequencing services to customers.
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The problem of data storage can be alleviated using cloud based solutions in which the
generated data can be stored as well as analyzed online by providers such as Globus

Genomics (Madduri RK et al. 2014) available at https://www.globus.org/genomics/ .

Based on the success of previous GWAS on common variants, more effort will be
undertaken to investigate rare variants with MAF <5% (Lee S et al. 2014). This
requires investigations with large sample sizes, which can typically only be achieved
through collaborative effort in consortia. A major benefit from these collaborations is
that an analysis plan can be established for prospective studies, which in turn helps to
minimize inter study heterogeneity. The results from the conducted GWAS can then be
used for further research in a meta-analysis of study. In this type of study results from
the primary investigation can be combined to achieve large enough statistical power to
detect small effects as well as associations with rare polymorphisms (Munafo MR &
Flint J 2004).

A promising sector of upcoming genetic epidemiology is research in epigenetics.
Research in the field is still in its early stages, as traditional approaches and study
design in genetic epidemiology might not be applicable and need rethinking (Mill J &
Heijmans BT 2013). Epigenome wide studies (EWA) s are currently underway and
predominantly investigate DNA methylation patterns of common diseases (Rakyan VK
et al 2011). The investigated phenotypes so far include the influence of high BMI
(Dick KJ et al 2014) and multiple sclerosis on (Huynh JL et al. 2014).

Findings from GWAS typically associate a phenotype and a genotype in the form of a
SNP, which is both valuable and valid. The benefit, however is not necessarily
apparent from a molecular or biochemical point of view. Therefore pathway analysis is
performed subsequently to identify the biological pathways behind the genes housing
polymorphisms (Wang K et. al.2010). On has to consider that SNPs can also fall into
pathways by chance or through linkage disequilibrium (Peng G et al. 2010). However,
many of the observed genotype-phenotype associations cannot be significantly
associated with any known pathway (Brodie A et al. 2014). This is likely caused by our
limited knowledge of existing pathways. Future genetic association studies may well

help unravel new pathways, but not necessarily so, as the molecular underpinnings of
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any disease are limited.

e Another example of likely future genetic research will be better prediction of diseases.
More and more risk factors for common diseases are being discovered, which allow the
estimation of risks, f.e. in the case of stroke (/brahim-Verbaas CA et al. 2014).
Consecutive price drops in genotyping will easily allow detection of these risk factors
or genotyping the broad majority. Knowledge of genetic risk factors will allow early

interventions before the potential outbreak of the disease.

7.4.3 Application of findings

Findings from genetic association studies do not easily transition into clinical therapies. This is
especially evident in the case of APOE 4. The risk allele is associated with late onset
Alzheimer disease (LOAD) and increases the risk of onset dramatically, depending on the
amount of alleles. Homozygotes €4 have a relative risk of 14.9 to develop LOAD (Farrer LA
et al. 1997). Population attributable risk (PAR), which is the reduction in incidence that would
hypothetically be observed without an exposure or risk factor is 50% in case of Alzheimer and

APOE genotype (Ashford JW et al. 2004).

This discovery has been made well over two decades ago (Corder EH et al. 1993) and is
indisputably accepted across the scientific community. Nevertheless no medical compound has
been launched on the market for therapy of APOE €4 carriers. This is especially bewildering as
the APOE &4 allele is very common and one in five individuals carrying the risk allele.
Furthermore prevalence of dementia is estimated at ~36 million in 2010 (Prince M et al.

2013), which highlights the lucrative prospect for pharmaceutical companies.

It is therefore preferable to recommend a healthier life-style including regular exercise than to
wait for development of therapeutic agents. Fitness obviously plays an important role to play
in non-pharmacological therapeutic strategies in brain aging (Philips C et al. 2014). In contrast
to genetic research benefits, these benefits are much more easily available for the individual
and may also carry beneficial side effects, f.e. prevention of depression and disability,
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strengthening of muscles and bones.

There is also indication that physical activity yields differential outcomes depending on
genetic risk score (GRS) through gene x physical activity interactions (Kilpeldinen TO et al.
2008; Ahmad S et al. 2013). Medicine is becoming more personalized in general and life-style
recommendations could also be tailored towards individuals depending on their general risk

score (GRS) profile.

Age-related neurological diseases cannot be reversed in the near future, and changes in life-
style are also becoming more difficult to handle with increasing age.

This raises the question at what age intervention should be considered in order to establish
guidelines. According to recent observations there is no indication of neuroprotective effects
of CRF in midlife and children with better cognition simply choose to lead healthier life’s
(Belsky DW et al. 2015). Several reports claim that moderate intensity physical exercise at
later adulthoods is recommended for the prevention brain aging, especially for people who
lead a sedentary life-style (Middleton LE & Yaffe K 2010).

The intensity, duration and type of exercise that is suitable for the individual to conserve

cognitive function in the individual is uncertain and will remain a subject in studies to come.
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8. Summary

This thesis provides novel insight into the complex topic of brain aging and brain aging
associated diseases. Both environmental influences and genetic architecture is investigates.
We collect novel evidence for a beneficial effect of maintaining cardiorespiratory fitness,
which is protective of functional and structural brain aging. In addition we summarize genetic
literature on vascular dementia and white matter lesions. Several state of the art approaches in
genetic research are applied in the presented papers. We highlight the role of common
polymorphisms of the NOTCH3 gene in the development of age-related white matter lesions
in a candidate gene approach and direct sequencing. In a separate article we estimate
heritability of intracerebral hemorrhage in unrelated individuals using a novel method.

In two separate meta-analyses of data we find novel genetic susceptibility loci for intracerebral
hemorrhage and late onset Alzheimer’s disease.

Additional detail is paid on how findings of the investigations can be applied and how genetic
research transition does not necessarily transition to treatments. Much more importantly life-
style recommendations, including an active life-style and high cardiorespiratory fitness are
important in alleviating symptoms of brain aging. The findings of cardiorespiratory fitness on
brain aging are robust, and the effect sizes are considerable. Participants perform a minimum
of 5 years better in all cognitive domains than their peers.

Importantly, all the work presented in this paper represents a starting point for future
investigations. Given the global aging of the populous and the rise in age-related diseases,

brain aging is likely to stay a public and scientific interest.
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9. Appendix

9.1 Course participation

e  Linux for scientists* Erasmus MC, Rotterdam

e  Family based genetic studies* Erasmus MC, Rotterdam
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