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INTRODUCTION

Chapter 1

Cardiovascular disease is the leading cause of mortality worldwide and accounts
for a total of 17.8 million deaths per year, which represents 32% of all deaths
worldwide1. Highly prevalent cardiovascular diseases include coronary artery
disease, stroke, heart failure, atrial fibrillation and hypertension1. Improvements
in prevention strategies and health-care interventions have resulted in declining
mortality rates from these cardiovascular diseases over the past 50 years2,3.
Despite these efforts, the total number of deaths is still rising due to a growing
and ageing population and recent trends show that the decline in cardiovascular
disease mortality rate is halted in several high-income countries4. A shift towards
prevention could help in reducing the burden of cardiovascular disease5.
Lifestyle changes are an essential part of primary prevention and are included in
guidelines and impact goals aiming to reduce the cardiovascular disease burden6,7.
These goals include reducing smoking and overweight prevalence, and increasing
physical activity and healthy dietary behaviors in the population7. There is also a
growing amount of evidence that a sedentary lifestyle increases cardiovascular
disease risk independent of physical activity levels, which has resulted in WHO
guidelines recommending the reduction of time spent on sedentary behaviors8,9.
Unfortunately, the prevalence of harmful lifestyle risk factors is still high, despite
the significant efforts to increase adherence to the recommended lifestyle
behaviors10.
Another essential part of preventive strategies includes cardiovascular risk
monitoring. Recent trends in the use of smart wearable have opened new potential
methods to assess a plethora of biometric data in the general population11,12,
including measurements of heart rate (HR) during the day. Resting HR is
considered to be an indicator of cardiovascular health and has been associated
with cardiovascular diseases and all-cause mortality in traditional epidemiological
research13,14. Biological mechanisms that contribute to differences in resting HR
include factors intrinsic to the heart, neurocardiac processes reflected by the
balance between sympathetic and parasympathetic divisions of the autonomic
nervous system, central and peripheral reflexes, hormonal influences, and
electrolyte levels15. These factors interact in complex and non-linear fashion and
neurocardiac regulation is variable over time, which allows for rapid changes in
HR in order to cope with different physiological demands16. HR variability, the
fluctuation in the time intervals between adjacent heartbeats, is considered
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to reflect the ability to quickly adapt to different physiological demands and is
therefore often measured to gain insights in neurocardiac function17. The actual
cardiovascular capability to meet increasing physiological demands can be
obtained through exercise. HR increase during and HR recovery after exercise are
therefore considered to give unique insights in neurocardiac physiology18. Previous
studies have shown that HR variability19,20, HR increase13,21 and HR recovery13,21
are associated with cardiovascular disease risk. These HR measurements could
therefore potentially be used for prevention strategies through cardiovascular
risk monitoring; its longitudinal character allows to assess the deviations from an
individual’s average and might therefore be able to predict cardiovascular disease
before its onset22. An overview of the HR traits assessed in this thesis is provided
in Figure 1.
Both lifestyle and HR traits are complex multifactorial phenotypes that are difficult
to entangle from other cardiovascular risk factors in traditional epidemiological
studies. A deeper understanding of the biology of lifestyle and HR traits and the
pathophysiological mechanisms through which they alter cardiovascular disease
risk is therefore necessary to give additional grounds for their role in prevention
strategies and improve current prevention policies. Further insights in the genetic
architecture of these cardiovascular disease risk factors might aid in this endeavor.
The field of human genetics has rapidly progressed in the past two decades ever
since the first draft of the human genome by the International Human Genome
Sequencing Consortium23. Prior advances in the field of genomics had already
resulted in the identification of several monogenic cardiovascular disorders,
such as familial hypercholesterolemia and long QT-syndrome24. However, the
identification of genes underlying complex multifactorial cardiovascular diseases
had been less successful25. The sequencing of the human genome catalyzed
the introduction of genome-wide association studies (GWASs), which assess the
association of millions of common genetic variants with diseases or traits of
interest.
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◀Figure 1. Overview of the HR measurements investigated in this thesis. A) Schematic
overview of the HR profile before, during and after exercise. The blue parts of the HR profile
denote HR during rest (left side) and HR after cessation of exercise (recovery). The red part
of the HR profile denotes HR during exercise. The dashed black lines denote the mean
resting HR (bottom) and the maximum HR (top). Part II of this thesis focuses on HR during
rest; chapter 4 focuses on mean resting HR or resting HR in short. Chapter 5 focuses on HR
variability and assesses RMSSD and SDNN, further discussed in the second window of this
figure. Part III of this thesis focuses on the heart rate profile during exercise, defined as HR
increase and HR recovery. B) Illustrative example of the distinct information provided by
different HR measurements obtained from the resting electrocardiogram. The RMSSD and
SDNN of example 1 are higher than calculated for example 2, although resting HR is equal
between examples. HR = heart rate, RMSSD = root mean square of successive differences,
SDNN = standard deviation of the normal-to-normal intervals, bpm = beats per minute, ms
= milliseconds.

This has led to the identification of large amounts of genetic variants associated
with complex cardiovascular diseases such as coronary artery disease26. Besides
the identification of genetic variants with a disease itself, GWASs can also be used
to identify genetic variants associated with risk factors that underly the disease.
Studying quantitative risk factors can help to identify more disease associated loci
as the power to detect such an association is generally larger for continuous than
binary traits in population samples drawn from the general population in which
the disease prevalence does not exceed 10%27.
One advantage of GWASs is that they can lead to the discovery of novel biological
mechanisms that underly disease development. In contrast to candidate gene
studies, a GWAS approach enables hypothesis-free testing of genetic variants
over the entire genome and therefore does not require a priory knowledge on
a gene’s function in the disease. Downstream gene annotation and pathway
analyses consequently allow for the potential discovery of novel biological
mechanisms underlying cardiovascular risk factors and diseases28. This has led
to the identification of several new or repurpose drug targets for a wide range
of diseases and could improve the future success rate of drug development as
well29,30. Illustrative examples in the cardiovascular field include common genetic
variants of NPC1L and PCSK9, which were found to be associated with reduced
plasma lower-density lipoprotein levels and reduced risk of coronary heart
disease31,32. The clinical validation of drugs targeting these genes followed soon
after33,34.
Another advantage of an GWAS approach is that the identified genetic variants can
be used in Mendelian randomization studies. These studies use genetic variants as
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proxy for a modifiable environmental exposure to investigate the potential causal
relationship between risk factors and diseases35. The foundation of Mendelian
randomization studies is “The Law of Independent Assortment”, which states that
inheritance of one trait is independent of another36. The consequent random
pattern of inheritance from parents to offspring therefore results in population
distributions of genetic variants that are generally independent of confounding
through behavioral and environmental factors that could affect epidemiological
associations between the presumed risk factors and disease35. In addition, the
lifetime exposure to a genetic variants’ effect reduces the chance of reversed
causation compared to classic epidemiological associations35. However, Mendelian
randomization studies are not free from their own pitfalls and can suffer from
several sources of bias as well. Three conditions have to be satisfied for correctly
inferring a potential causal relationship, including a strong and reliable association
between the genetic variant and the risk factor of interest, independence of
unobserved confounding factors influencing the risk factor and outcome, and
association with the outcome only through the risk factor (Figure 2A, please see
Supplementary Information in the appendix for a more extended overview and
explanation of Mendelian randomization assumptions and methods)37. Weakinstrument bias, an unreliable biological association between the genetic variant
and the exposure, or pleiotropy, a single genetic variant directly influencing
multiple phenotypes, would violate these assumptions and could cause potentially
erroneous causal inference37. However, Mendelian randomization studies can be
of great value in combination with classic epidemiological studies as their potential
sources of bias are unrelated (Figure 2B)38. Triangulation of evidence from these
two approaches with different sources of bias can help to provide more reliable
answers to research questions and will be used in the current thesis to gain further
insights in the role of lifestyle and HR traits in cardiovascular disease.
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Figure 2. Overview of the epidemiological study designs used in this thesis. A) Directed
acyclic graph of the core assumptions made in Mendelian randomization analyses. Shown
are the effects of a single nucleotide polymorphism (SNP) as instrumental variable (blue), the
exposure (shown in green, for example resting heart rate as supposed cardiovascular risk
factor), the outcome (shown in red, for example coronary artery disease), and unobserved
confounders (U, shown in grey). Solid lines indicate potential associations, dashed lines
indicate that there should be no association for the MR assumptions to be fulfilled. The
letters correspond to the three conditions that have to be satisfied for correctly inferring
a potential causal relationship, including A) a strong and reliable association between the
genetic variant and the risk factor of interest, B) independence of unobserved confounding
factors influencing the risk factor and outcome, and C) an association with the outcome only
through the risk factor37. Figure B) provides a schematic overview of the main sources of bias
in traditional epidemiological research and Mendelian randomization analyses. Evidence
from these two approaches can be combined to gain more reliable answers to the research
question of this thesis considering their unrelated sources of bias allow for triangulation of
evidence38.

Aims of this thesis
The aim of this thesis is to increase our understanding of the role of lifestyle factors
and HR in cardiovascular outcomes. Three methodologies were used to achieve
this goal, including 1) multivariable Cox regression analyses in prospective cohort
studies to assess the association of lifestyle and HR traits with cardiovascular
disease; 2) GWASs to identify genetic variants associated with lifestyle and HR
traits and gain additional insights in their biology and; 3) Mendelian randomization
analyses to triangulate evidence with (previous) classic epidemiological analyses
and gain more reliable insights in the potential causal association of lifestyle and
HR traits with cardiovascular disease.

Part I. Lifestyle: genetics and role in cardiovascular disease
In part I of this thesis, the underlying biology of lifestyle risk factors and their role
in cardiovascular disease are studied. In chapter 2, the role of leisure sedentary
behaviors in the development of coronary artery disease is assessed. The genetic
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architecture of three leisure sedentary behaviors is studied and the identified
genetic variants are used in a Mendelian randomization study to evaluate the
potential causal association with coronary artery disease. In chapter 3, a similar
approach is implemented to study the genetic make-up of caffeine intake. Evidence
from observational and genetic epidemiological analyses are used to assess the
role of caffeine intake in the development of coronary artery disease and diabetes
mellitus type II.

Part II. Heart rate in rest: genetics and role in
cardiovascular disease
In part II of this thesis, the role of resting HR measurements in cardiovascular
disease development is studied. In chapter 4, the genetics of mean resting HR and
its association with cardiovascular diseases is investigated. A GWAS meta-analysis
in up to 835,465 individuals was performed to identify resting HR associated
genetic variants and in silico analyses were performed to further our knowledge of
resting HR biology. A two-sample Mendelian randomization approach was used to
study potentially causal associations with a wide array of cardiovascular diseases
and all-cause mortality. In Chapter 5, the association between HR variability and
cardiovascular, non-cardiovascular and all-cause mortality is studied. The root
mean square of successive differences (RMSSD) and the standard deviation of
the normal-to-normal intervals (SDNN) were calculated to assess HR variability.
Although previous reports indicated that RMSSD and SDNN predict cardiovascular
disease and all-cause mortality19,20,39, they depend on resting HR and their
associations with disease outcomes should therefore be entangled from resting
HR40. In this chapter, the association of ultra-short measurements of RMSSD and
SDNN with cardiovascular, non-cardiovascular and all-cause mortality is explored
across a spectrum of corrections for mean resting HR.

Part III. Heart rate during and after exercise: genetics
and role in cardiovascular disease
In part III of this thesis, the role of the HR response to exercise in cardiovascular
disease development is studied. The HR response to exercise offers unique
insights into cardiac physiology and cardiovascular health compared to resting
HR due to the increased demand on a person’s cardiovascular capabilities18. In
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chapter 6, the prognostic role of HR recovery on coronary artery disease and allcause mortality is assessed. HR recovery might be a superior predictor of outcome
at earlier time intervals, since parasympathetic reactivation is the strongest
contributor to interindividual differences in HR recovery and this effect is the most
pronounced in the first 30 seconds after cessation of exercise41. The prognostic
capacity of HR recovery at different time-intervals after cessation of exercise is
therefore evaluated. In chapter 7, the genetic architectures of HR increase and
HR recovery are studied and the identified genetic variants are used to assess
the association with cardiovascular disease risk factors and outcomes in an
independent cohort of individuals. In chapter 8, the genetic architecture of the
heart rate response to exercise is further discussed by reviewing candidate gene,
linkage, and genome-wide association studies, providing a conceptual framework
for the involvement of candidate genes in the heart rate response to exercise, and
suggesting potential directions for future research.
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PART I
LIFESTYLE: GENETICS AND
ROLE IN CARDIOVASCULAR
DISEASE

