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Chapter 9 

In this thesis, I investigated a wide range of factors influencing cardiac 
autonomic nervous system (ANS) indices, such as heart rate variability (HRV) 
and baroreflex sensitivity (BRS), with a focus on new genetic loci for HRV and the 
relationship of HRV with blood pressure (BP) and mortality. In the first part, I have 
comprehensively assessed factors that influence HRV and BRS and in the second 
part, the genetics of HRV and heart rate response to exercise was investigated. In 
this final chapter, I will first summarize the main findings of my thesis. Next, I will 
put these findings into perspective compared to other recent findings in the field. 
Subsequently, I will give some methodological considerations. And finally, I will 
outline potential suggestions for future research.

Summary of main findings
In Chapter 2, I provided population-based reference values of the root mean 
square of successive differences (RMSSD) between inter-beat intervals (IBIs) as an 
index of HRV using baseline data from the Lifelines Cohort Study and Biobank1,2, 
a large sample from the general Dutch population (n=84,772). I showed that the 
median values of RMSSD steadily became lower from a young age until age 60 
and then remained stable in both men and women. Similar results were found 
when RMSSD was corrected for heart rate. These age and sex specific RMSSD 
values constitute benchmarks for application in research and in clinical settings 
for which information on physiologically plausible ranges is highly valuable.

In Chapter 3, I investigated the contribution of a wide range of determinants 
(demographic, lifestyle, and psychosocial factors) of HRV in the same data source 
as used in Chapter 1 (n=149,205). The results showed that demographic factors 
such as age and sex, were the most important determinants, explaining almost 
20% of the interindividual differences in HRV. The study also revealed that the 
contributions of lifestyle and psychosocial factors in explaining differences in HRV 
between individuals from the general population were small. 

Chapter 4 describes the associations of BRS with demographic, environmental, 
and clinical factors. Using a subset of individuals from the Prevention of REnal and 
Vascular ENd stage Disease (PREVEND)3 population-based cohort study (n=901), I 
confirmed prior findings that lower BRS values were associated with higher age, 
female sex, obesity, and hypertension. Age, sex, and their interactions contributed 
most to the explained variance of BRS (15.2%). Additionally, among the various 
measures for obesity tested, percentage of body fat proved to be the one most 
strongly related to BRS levels.
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In Chapter 5, I reviewed and summarized candidate gene, linkage, and genome-
wide association studies (GWASs) that investigated heart rate response to exercise. 
A total of ten genes were associated with the acute heart rate response to exercise 
in candidate gene studies. Additionally, 33 candidate genes were associated 
with acute heart rate response to exercise by GWAS. These genes can be broadly 
categorized into four categories: (1) development of the nervous system; (2) 
prolongation of neuronal life span; (3) cardiac development; (4) cardiac rhythm.

In Chapter 6, I used baseline data of the three-generational Lifelines Cohort 
Study1,2 (n=149,067) to determine the genetic contributions to interindividual 
differences in HRV and BP. Additionally, I estimated the magnitude of any potential 
genetic overlap between HRV and BP. The results showed that contributions 
of genetic factors to the variance of HRV and BP in the general population are 
substantial, ranging from 15.6% to 17.9% for HRV indices and 24.4% to 30.3% for 
BP measures. The significant negative genetic correlations between HRV and BP 
ranging from -0.13 to -0.20 indicate that genes and/or genetic pathways for HRV 
and BP overlap.

In Chapter 7, the prospective relationship between HRV and incident mortality 
during a median follow-up period of seven years was explored in 54,312 adults of 
European ancestry participating in the UK Biobank4. I demonstrated that reduced 
HRV was strongly associated with a higher risk of all-cause mortality (HR=1.32; 
95% CI 1.23-1.43 for SDNN and HR=1.19; 95% CI 1.10-1.28 for RMSSD). To 
determine to what extent this effect is genetically driven I performed a GWAS on 
46,075 individuals from the same cohort. I identified 26 genome-wide significant 
genetic variants associated with HRV in 16 loci of which nine were not previously 
reported. These variants were subsequently used to construct genetic risk scores 
in the remainder of European UK Biobank participants (n= 412,891) to assess the 
association of the genetic risk scores for HRV with all-cause and cardiovascular 
mortality. However, no evidence was found for an association between genetic 
predictors of HRV with mortality. Likely causal genes in the newly discovered 
loci are involved in cardiac development, electrophysiology, and muscarinic 
cholinergic receptor function. The results underscore that HRV is a complex trait 
controlled by multiple genes and pathways. In conclusion, this study emphasizes 
the role of the cardiac ANS, as indexed by HRV, in predicting mortality, but does 
not provide evidence that this is genetically driven. 
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In Chapter 8, I described the collaboration of multiple cohorts across different 
countries in the Genetic Variance of Heart Rate Variability (VgHRV) consortium. 
Within this consortium, I performed a large-scale meta-analysis of GWASs of 
HRV comprising up to 143,269 individuals of European ancestry in 20 cohorts 
to expand our knowledge of the genetic basis and etiology of HRV. I identified 
59 independent genome-wide significant genetic variants in 27 loci associated 
with HRV. Likely causal genes in the novel loci are mainly involved in neural 
development, cardiomyocyte function, cell communication and cell-cell signaling 
in cardiac conduction.

Discussion of main findings
Cardiac autonomic function indices: Heart rate variability and baroreflex 
sensitivity 
Growing evidence supports the relationship of cardiac ANS imbalance with 
cardiovascular disease risk factors5 indicating that disturbances of the cardiac ANS 
may play a crucial role in cardiovascular diseases’ pathogenesis and clinical course. 
Therefore, assessing autonomic function has become essential in elucidating the 
role of the ANS in cardiovascular diseases. 

More than two decades ago, the Taskforce of the European Society for Cardiology 
and the North American Society of Pacing and Electrophysiology published 
guidelines to standardize the terminology and methodology used to measure 
HRV6. Arguably, the lack of agreed reference values for HRV, unlike other health-
related physiological indices such as blood pressure or heart rate, raised the 
question “what is a normal range of HRV in the general population?” The Taskforce 
reported reference values of HRV from 5-minutes and 24 hours ECG recordings. 
However, some of the values were based on studies involving small sample sizes. 
In their recommendation, the Taskforce stressed the need for large population 
studies involving well-established factors like age and sex6–8, as confirmed 
in Chapter 3 in this thesis. Since then, several studies have reported reference 
values of HRV using different ECG recording lengths ranging from 10-seconds 
to 24-hours9,10. Nonetheless, population-based reference HRV values involving 
the entire age spectrum of both sexes were lacking and in Chapter 2 I aimed to 
address this gap. HRV is a sensitive measure of cardiac ANS function that is known 
to be influenced by several factors (Figure 1), as discussed in Chapter 3. 
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Figure 1: Schematic diagram of factors influencing heart rate variability (HRV). The direction of the 
arrows indicates the assumed cause-to-effect link between related factors. CVDs: cardiovascular 
diseases

The non-modifiable factors age and sex were the major determinants for the 
variation in HRV values among individuals. Even though the exact mechanism 
is still under exploration, the negative relationship of HRV with increasing age is 
well established7,8,11. Aging is associated with changes in the autonomic control 
of several biological functions, and age-related loss of cardiac vagal function has 
been reported12. As described in Chapters 2 and 3, it also seems clear that there is 
a sex difference in the way that the ANS is regulated and thus in the sympathetic-
parasympathetic balance, which manifests itself in differing HRV values for men 
and women. Concurring with the previous studies7,8,13,14, women had higher 
HRV values within the same age bins, and this effect was magnified further after 
considering the impact of heart rate on HRV. Substantial sex differences in the 
autonomic control of the heart have been reported before, which might be a result 
of greater parasympathetic modulation of cardiovascular activity in women15. An 
interesting aspect of the sex difference was that it starts to diminish from age 55 
onwards. The mechanisms that result in such sex related HRV differences with 
aging in cardiac autonomic function is unclear. However, the age-associated sex 
differences are believed to be due to hormonal changes related to adolescence 
and menopause in women16 and other sex-specific structural and functional 
cardiovascular modifications17.
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HRV, like many other physiological parameters, is thought to be influenced not 
only by age and sex but also by different lifestyle, psychosocial, and pathological 
factors (Figure 1). Previous studies showed that smoking cigarettes and low 
physical activity were associated with a lower HRV18–20. Similarly, increased 
psychosocial stress has been shown to be a predictor of lower HRV21. Nevertheless, 
in Chapter 3, I showed that compared to age and sex, the contribution of lifestyle 
and psychosocial factors to the explained variance of HRV is minimal at least for 
explaining interindividual differences. Lombardi and colleagues22 were surprised 
that we did not find an effect of psychosocial factors and they speculated that 
these findings were mainly caused by the use of a single HRV parameter in 
the time domain based on a short recording length. However, the utility of 
ultrashort (10-second) HRV measurements has been demonstrated in a previous 
study to yield valid and reliable HRV indices23. As such, I do not believe that the 
use of ultrashort HRV measurements was the main cause of the insignificant 
associations24.

Another measure that is used to assess cardiac autonomic function, particularly in 
the context of increased risk for high BP and hypertension, is the BRS. Diminished 
BRS may indicate dysregulation of the cardiac ANS co-occurring with the 
development and progression of cardiovascular diseases25. Therefore, revealing 
demographic and clinical factors associated with a decreased baroreceptor reflex 
function is important. The results in Chapter 4 showed that, consistent with a 
previous finding26, age was the most important factor. This is not surprising as 
previous studies showed that loss of arterial distensibility with age27 and age-
dependent reduction in M2 muscarinic receptor density and function28 might 
be responsible for the decrease in BRS in older participants. In addition, aging 
might reduce BRS through minor changes in peripheral nervous pathways, central 
nervous control of the baroreflex system, and sinus node function28. In agreement 
with an earlier study26, women had lower BRS. The mechanism responsible 
for lower BRS in women is not known, potentially sex hormones play a role29. 
Although the contributions to the explained variance of BRS was small, body 
fat percentage and hypertension were other factors negatively associated with 
BRS confirming previous results30,31. Finally, I also investigated the associations 
of lifestyle factors with BRS and found no significant associations. This confirms 
findings by Kardos and colleagues who did not find any associations of BRS with 
lifestyle factors except for smoking, although the contribution to the explained 
variance of smoking was negligible (r2=0.4%)26. 
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Taken together, these results suggest that the influences of age and sex need to 
be considered when investigating autonomic function. Bearing this in mind, I 
included age and sex in all associations tested in this thesis. 

So far, I mainly discussed the role of cardiac ANS regulation of heart rate assessed 
in resting conditions. However, substantial cardiovascular adjustments occur 
during exercise to meet the competing demands of working muscles and skin 
blood flow while maintaining BP and adequate perfusion to other organs32. 
This immediate response to exercise is an increased heart rate attributable to a 
decrease in vagal tone followed by an increase in sympathetic outflow and, to 
some extent, circulating hormones such as catecholamines33. Conversely, recovery 
of heart rate after exercise follows an inverse mechanism, a gradient of increased 
parasympathetic tone and sympathetic withdrawal34. Impaired increase of heart 
rate during exercise and slow heart rate recovery after exercise is specifically 
associated with sudden cardiac death and all-cause mortality in healthy 
individuals35,36. Researchers conducted genetic association studies to investigate 
the possible molecular mechanisms underlying interindividual differences in the 
heart rate response to exercise, as I reviewed in Chapter 5 and discuss in the next 
section. 

Genetics of heart rate response to exercise
Recently emerging evidence, as summarized in Chapter 5, showed that genetic 
studies link components of the ANS to heart rate response to exercise. In total 
43 candidate genes were identified for heart rate response to exercise that can 
be broadly classified into genes that are involved in development of the nervous 
system, prolongation of neuronal life span, cardiac development, and cardiac 
rhythm. One of the reported genes, regulator of G protein signaling 6 (RGS6), is part 
of the regulation mechanism of cardiac vagal function that decreases muscarinic 
type 2 receptor (M2R) signaling in the sinoatrial node by rapidly terminating Gβγ 
signalling37. Interestingly, the involvement of RGS6 in the cardiac vagal function 
was also established in Chapters 7 and 8, in which it was found to be associated 
with HRV. Concerning heart rate increase during exercise, the normal function 
of RGS6 probably facilitates parasympathetic withdrawal, leading to increased 
heart rate. During cessation of exercise, parasympathetic activation is essential 
for heart rate recovery. GWASs replicated previously investigated candidate 
genes, CHRM2 and ACHE, to also be associated with heart rate recovery38,39. The 
cholinergic receptor muscarinic 2 (CHRM2) gene encodes M2R and is known for its 
negative chronotropic and inotropic effects after binding with acetylcholine. On 
the other hand, acetylcholinesterase (ACHE) encodes an enzyme that catalyzes the 
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breakdown of acetylcholine. Therefore, a biologically plausible hypothesis is that 
an increase of acetylcholinesterase causes an attenuated heart rate recovery by 
decreasing parasympathetic activity. Substantial genetic correlations of heart rate 
profiles during exercise have previously been shown with HRV indices and resting 
heart rate38 ranging from 0.42 to 0.63 and from -0.18 to -0.36, respectively. In line 
with this, several of the candidate causal genes that were associated with both 
heart rate increase and recovery were also associated with HRV and resting heart 
rate (Figure 2).

Figure 2: Venn diagram showing the overlap of genetic loci for heart rate variability (HRV), heart rate 
response to exercise (HRR), and resting heart rate (RHR). The candidate genes for RHR were reported 
by Eppinga et al. 201640 and for HRR by van de Vegte et al. 201941.

Genetics of heart rate variability 
In this thesis, I set out to investigate several factors that influence individual 
differences in HRV, including genetics. Therefore, in Chapter 6, I first aimed to 
estimate the heritability of HRV, that is, the genetic contributions to interindividual 
differences in HRV using the unique multi-generational pedigree data of the 
Lifelines Cohort Study and Biobank1,2 containing with >29,000 families. This study 
showed that the contribution of genetic factors to the variance of HRV indices in 
the general population is substantial ranging from 15.6% for SDNN to 17.9% for 
RMSSD. Similar heritability estimates were reported in previous studies42,43. Only a 
study from the Kibbutzim family study in Israel44 reported higher estimates, which 
might be due to a more homogeneous study population. 
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Having extensive evidence on the heritability of HRV, the next aim must be 
identifying the genetic variants responsible for this heritability. A popular 
method of identifying potential genetic factors for any heritable trait is GWAS, a 
data-driven, hypothesis-free approach of skimming the genome for associated 
genetic variants. To date, three GWASs on HRV were conducted45–47. However, the 
availability of genetic data from more cohorts, including large cohorts such as 
the Lifelines Cohort Study and Biobank1 and the UK Biobank4, together with more 
accurate imputation reference panels48 , provided an opportunity for the discovery 
of new genetic variants involved in HRV. Therefore, I performed the largest-ever 
discovery GWAS and meta-analyses of GWASs in Chapters 7 and 8, respectively, 
using participants of European ancestry for the standard deviation of normal-to-
normal intervals (SDNN), the root mean square of successive differences (RMSSD), 
and in the latter also for the high frequency power or peak valley respiratory 
sinus arrhythmia (HF/pvRSA). In these studies, several genome-wide significant 
(p<5x10-8) genetic variants were identified to be associated with one or more HRV 
measures, of which the majority were novel. Importantly, all previously identified 
SNPs for HRV47 were replicated. To identify potential causal genes involved in the 
pathways underlying HRV post-GWAS analyses are needed. Thus, I used the in-
silico pipeline suggested by Vaez et al.49 to annotate functional characteristics of 
all the significant GWAS genetic variants and genes located close by. Interestingly, 
most identified loci for HRV harbor causal candidate genes that are involved in 
cardiac development, neural development, electrophysiological processes, and 
muscarinic cholinergic receptor function. Besides confirming previously reported 
genetic loci (RGS6, HCN4, NEO1, PPIL1, SYT10, GNG11, LINC00477, and NDUFA11) for 
HRV, my analyses identified novel loci (CHRM2, GNB4, KCNJ5, KCNJ3, MYH6, and 
CASQ2) with a potential role in known pathways of cardiac vagal effects on the 
sinoatrial node (Figure 3). Nine of the HRV loci overlap with those previously 
identified in a GWAS for resting heart rate40 and loci for heart rate response to 
exercise41 (Figure 2). This is not a surprise as HRV is highly correlated with resting 
heart rate38,50 and heart rate response to exercise38 both phenotypically and 
genetically. Below I focus on those novel candidate genes that can give us more 
insight into the biological mechanisms underlying HRV.

As can be seen in Figure 3, the parasympathetic branch of the ANS has an 
inhibitory influence on the pace-making activity of the sinoatrial node of the heart. 
Parasympathetic induced effects on the heart result from acetylcholine secretion 
that binds to cholinergic receptors. In line with this, one of the reported loci in 
this thesis harbors the CHRM2 gene, which is the predominant form of muscarine 
cholinergic receptors in the heart. The vagal nerve releases acetylcholine, which 
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binds to the muscarinic receptor and results in negative chronotropic (lower heart 
rate frequencies) and inotropic effects (lower contractility of the heart muscle). 
The binding of acetylcholine to the muscarinic receptor leads to the activation 
and dissociation of G protein heterotrimer (Gαβγ) composed of three subunits (α, 
β, and γ) into Gα and Gβγ subunits. The Gβγ subunits then interact and activate 
the G protein-gated inwardly rectifying potassium (GIRK) channel, which is an 
acetylcholine-activated potassium channel (IKACh) composed of GIRK1 and GIRK4 
subunits. This causes potassium ions (K+) to permeate outwardly, which results in 
a membrane hyperpolarization. In its hyperpolarized state, the neurons cannot 
fire action potentials as quickly subsequently slowing the heart rate. 

Guanine Nucleotide-Binding Protein Subunit Beta-4 (GNB4), a gene in one of 
the novel loci reported in this thesis, encodes for β subunits of the G proteins. 
Likewise, Guanine Nucleotide-Binding Protein Gamma-11 (GNG11), which is a 
known HRV gene46, encodes the γ11 subunit of the same heterotrimeric G protein 
complex Gαβγ where GNB4 is part of. GNG11 is involved in the GIRK channel and 
variations in this gene are believed to lower the availability of the γ11 subunit, 
thereby reducing Gαβγ component induced GIRK activation, which may lead 
to decreased HRV through an attenuated response to changes in cardiac vagal 
activity. Furthermore, two of our novel HRV loci (KCNJ3 and KCNJ5: potassium 
inwardly rectifying channel subfamily J member) encode GIRK1 and GIRK4, 
respectively. Previous studies showed that KCNJ5 has been associated with heart 
rate40, atrial fibrillation51, and diastolic blood pressure52. KCNJ3 has not been earlier 
identified as a risk gene for cardiovascular traits or diseases.

As previously mentioned, the RGS6 gene plays a role in the parasympathetic 
regulation of heart rate37 and is a negative regulator of muscarinic signaling, thus 
decreasing HRV to prevent severe bradycardia. A study in mice showed that RGS6 
knockdown removes the negative feedback regulation of Gβγ leading to enhanced 
GIRK-induced sinoatrial and atrioventricular node hyperpolarization, which is 
characterized by lower heart rate and higher HRV53. A recent study in zebrafish 
did not detect an effect of mutations in the RGS6 gene on HRV54. However, the 
authors acknowledged that their experiment was based on a very small number 
of embryos with 0 or 2 mutated alleles (i.e., for RGS6), resulting in a low statistical 
power to detect a true role for mutations in RGS6.

Another novel candidate gene associated with HRV reported in this thesis is 
Calsequestrin 2 (CASQ2). CASQ2 is a low-affinity high-capacity Ca2+-binding 
protein, located in the junctional sarcoplasmic reticulum of mammalian 
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myocardium, where it is involved in the storage and transport of positively 
charged calcium atoms. A study in mice showed that even modest reduction 
in CASQ2 increase sarcoplasmic reticulum Ca2+ leak and cause ventricular 
tachycardia susceptibility under stress55. Likewise, I hypothesize that the HRV SNP 
in CASQ2 increases permeability of calcium ions to speed up depolarization of the 
pacemaker membrane, thereby increasing heart rate and reducing HRV. This gene 
has also been previously identified to be associated with atrial fibrillation51 and 
hypertrophic and dilated cardiomyopathies56 .

To summarize, the GWAS findings reported in my thesis provide novel biological 
insights into the mechanisms underlying HRV that may help to elucidate  
the biological pathways through which reduced HRV contributes to 
cardiovascular disease risk and facilitate investigation of its potential causal role 
in health outcomes.
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Green colored pathway: The vagal nerve releases acetylcholine (ACh), which 
binds to the muscarinic (M2R) receptor. This dissociates the inactive G protein 
heterotrimer (Gαβγ) composed of three subunits (α, β, and γ) into two 
components, namely the α subunit and a Gβγ component. The Gβγ component 
then interacts and activates the G protein-gated inwardly rectifying potassium 
(GIRK) channel, which is a potassium channel (IKACh) composed of GIRK1 and 
GIRK4 subunits. This causes potassium ions (K+) to permeate outwardly, which 
results in a membrane hyperpolarization slowing pacemaker depolarization and 
subsequently decreasing heart rate. 

Red colored pathway: RGS6 binds with G-protein β5 to create the RGS6/Gβ5 dimer 
complex, which activates GTPase activating proteins (GAPs), regulatory proteins 
that hydrolyze guanosine triphosphate (GTP) breaking a phosphate bond (Pi) 
to make guanosine diphosphate (GDP) on the α subunit. This causes the Gαi/o 
subunit and a Gβγ component to rejoin into the inactive Gαβγ heterotrimer. This 
ends GIRK channel activation and leads to an increase in heart rate.

Purple colored pathway: Catecholamine-mediated activation of β-adrenergic 
receptors also act as a guanine nucleotide exchange factor to dissociate the Gαβγ, 
with the GTP-Gαs then causing adenylate-cyclase to catalyze cAMP production. 
cAMP-dependent protein kinases then activate the L-type Ca,1,2 channels that 
increase depolarization of the pacemaker membrane, which leads to an increase 
in tonic heart rate.

Blue colored pathway: Through this same adenylate/cAMP signaling pathway, 
vagal activation of the M2R also impacts on the funny channels (If) of which the 
hyperpolarization-activated cyclic nucleotide-gated channel isoform 4 (HCN4) 
is the predominant molecular constituent. The If is permeable to K+, Na+ and 
Ca++ yielding a net inward current that plays a key role in the generation of the 
pacemaker potential. The unique property of reverse voltage dependence of the 
funny channel causes a spontaneous gradual depolarization of the pacemaker 
membrane until the action potential threshold, at which potential the systolic 
phase of the next heartbeat commences, whereas the sympathetic Gαs subunit 
speeds up If diastolic depolarization, the vagal Gαi/o subunit counters this by 
slowing the If diastolic depolarization.
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Associations of heart rate variability with blood pressure and mortality: 
exploring the causal role
Findings from previous cross-sectional and prospective studies indicated that 
low HRV was associated with an increased risk of negative health outcomes5. In 
Chapter 6, I determined the genetic overlap between HRV and BP using familial 
relationships in pedigree data. In line with epidemiological studies57,58, I found 
consistently negative genetic correlations between HRV and BP, supporting the 
hypothesis that shared genetic factors might explain the role of low HRV in the 
development of high BP. Additionally, the genetic correlations using bivariate 
linkage disequilibrium score regression on GWAS summary statistics for HRV and 
BP showed broadly consistent estimates. This study provides evidence that shared 
genetic pathways may partly explain the relationship between HRV and BP. 

The results in Chapter 7 suggested that individuals with lower HRV had a higher 
risk of dying from any cause. This finding, based on a large prospective data set, 
is in line with previous epidemiological reports in the general population59,60 and 
among patient population61,62, which reported that in middle-aged individuals 
low HRV is predictive of mortality from all causes. However, no evidence was 
found for an association between genetic predictors of HRV as summarized in 
a genetic risk score to explore a causal relationship of HRV with mortality. This 
implies that the association between HRV and all-cause mortality is not causal 
but likely reflects confounding effects that can independently reduce HRV as well 
as increase all-cause mortality. Future studies are needed to explore the driving 
mechanisms behind the phenotypic association found both in this thesis and 
previous analyses.

Data sources and methodological considerations
This thesis is mainly based on data from large population-based prospective 
cohort studies: the Lifelines Cohort Study and Biobank1,2 (Chapters 2, 3, 6 & 8), 
the Prevention of REnal and Vascular ENdstage Disease (PREVEND)3 (Chapters 4 & 
8), and the UK Biobank4 (UKB) (Chapters 7 & 8) and all the cohort studies included 
in the VgHRV consortium (Chapter 8). 

The Lifelines Cohort Study and Biobank (Lifelines), with >167,.000 participants, is 
a large population-based prospective study in the Northern Netherlands aiming 
to investigate risk factors for multifactorial diseases1,2. Between 2006 and 2013, 
extensive baseline phenotype data were collected. For Chapters 2 and 3, I used 
the baseline data of around 150,000 participants in the age range of 13 to 94 
years with electrocardiogram (ECG) measurements. In Chapter 6, I exploited 
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the pedigree data of Lifelines with >29,000 families and up to four generations 
per family. Currently, genotype data are available for more than 52,000 Lifelines 
participants, of which 37,197 with genotype and HRV data were included in the 
meta-analysis of GWAS in Chapter 8. 

The PREVEND study3 was designed to prospectively investigate the natural course 
of albuminuria secretion and its relationship to renal and cardiovascular diseases 
within a large cohort (n=8,592) drawn from the general population of the city 
of Groningen, in the north of the Netherlands. During the second screening in 
2001-2002, PortaPres and body impedance measurements were performed in 
part of the participants. The Portapres device continuously recorded spontaneous 
fluctuations in beat-to-beat finger BP, and the bioelectrical impedance measures 
were used to estimate percentage body fat. More than 900 participants with BRS 
data were included in the analyses of Chapter 4. PREVEND also contributed HRV 
GWAS data to the meta-GWAS presented in Chapter 8.

Another data source for the analyses for this thesis was the UKB4. The UKB is a 
prospective cohort study of 503,325 individuals from the United Kingdom with 
an age range of 40-69 recruited between 2006 and 2010. A sub-sample of the 
UKB participants underwent a cardio assessment recording ECG during the 
baseline and a follow-up visit. More than 54,000 participants with HRV data were 
included in Chapter 7 to assess the prospective association of HRV with mortality. 
Moreover, UKB participants with HRV and genotype data contributed to the GWAS 
meta-analyses of Chapter 8. 

The VgHRV consortium comprising 20 cohorts (including Lifelines, PREVEND, 
and UKB) is an international collaboration investigating the genetics of HRV47. In 
Chapter 8, I used cohort specific GWAS summary statistics to conduct a meta-
analysis. By meta-analyzing summary statistics, the sample size can be enlarged to 
have more statistical power to find smaller genetic effects without cohorts having 
to share genetic data. This latter is not possible due to privacy and ethical issues.

Apart from the large sample sizes and broad age ranges, a major strength of 
data sources such as Lifelines, PREVEND, and UKB is their in-depth phenotypic 
characterization offering the opportunity to accurately and precisely address 
the research questions in this thesis. It is however noteworthy to discuss the 
generalizability of the findings in this thesis since a major concern in population-
based cohort studies is selection bias. In Lifelines, the main source of data in 
this thesis, eligible participants between 20 and 50 years, were initially invited 
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through their general practitioners (49% of all participants). After including these 
individuals, their family members were also invited (38% of all participants). 
In addition, 13% of the participants registered themselves online. This kind of 
recruitment may have introduced selection bias. However, after adjusting for 
differences in demographic composition, Klijs and colleagues showed that the 
Lifelines study population is broadly representative of the population in the 
North of the Netherlands63. Hence, the risk of selection bias is low and results of 
studies using Lifelines data are likely representative of the general northern Dutch 
population. 

All analyses in this thesis were restricted to data obtained on individuals from 
European ancestry, which may reduce the generalizability of the results to other 
ethnicities. A recent meta-analysis reported that African-Americans have higher 
resting HRV values compared to European-Americans64. It is well documented 
that patterns of genetic variation among populations can differ65. However, most 
studies are still conducted in populations with European ancestry, which is also 
true for the GWASs I reported in Chapters 7 and 8. Furthermore, a genetic risk 
score (GRS) based on data from European populations may not be transferable 
across other ethnicities. Indeed, inconsistencies in the directions of the effect of 
risk variants have been observed across ethnic groups64. Future inclusion of diverse 
ethnic populations may give additional insights into the genetic architecture of 
HRV. 

Another point to discuss is the recording length of ECGs from which the HRV 
values are estimated. In several studies reported in this thesis, HRV was calculated 
based on ultra-short 10 to 15-second ECG recorded in a supine or sitting resting 
position. The validity and reproducibility of such ultra-short HRV recordings 
caused extensive discussion in the past66 . However, Munoz and colleagues set out 
to extensively test this in the PREVEND study and showed that 10-seconds ECG 
recordings capture the actual HRV well and yield a valid and fairly accurate HRV 
estimation23. 

Because of the established relationship between HRV and heart rate, it is 
recommended to adjust HRV for heart rate67,68. The relationship includes a 
mathematical dependency of the variance on the mean IBI that is difficult to 
separate from the combined vagal effects on IBI and HRV. As such, I provided 
additional analyses in each of the studies by adjusting HRV for its dependency 
on the mean IBI of consecutive R-peaks using coefficients of variation69. After 
adjustment, most of the results showed consistent effects and remained significant. 
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In Chapter 3, even stronger effects were observed as correcting the effect for the 
mean IBI led to an increase of explained variance by the determinants. Similarly, 
a more pronounced effect was observed for our most significant SNP associated 
with HRV in Chapter 8. These findings confirm that there are (genetic) factors on 
HRV measures that are independent of heart rate.

Suggestions for future research 
Large-scale GWASs have led to the discovery of thousands of genetic signals 
across the human genome associated with human diseases and quantitative 
traits70. Although most GWASs still focus on data assessed in European ancestry 
populations, genotype data from diverse populations have become increasingly 
available and begin to play an important role in genomic medicine71. As a result, 
trans-ethnic meta-analyses of GWASs are increasingly being used to increase the 
power to detect novel genetic variants. As an additional benefit, this approach 
is also helpful to improve the resolution of fine-mapping of causal variants by 
leveraging differences in local linkage disequilibrium structure between ethnic 
groups72. Thus, the future inclusion of diverse ethnic populations may give 
additional insights into the genetic architecture of HRV. 

With the GWAS studies presented in this thesis, several candidate genes were 
identified to be associated with HRV and the heart rate response to exercise. 
Functional follow-up will be the next step to gain insights into how likely these 
genes are causal. Most genes that were prioritized using bioinformatics-based 
approaches so far have a plausible biological mechanism explaining their 
influence on heart rate. Nonetheless, the exact effect of these genes on heart 
rate and cardiac conduction could be validated in functional, ideally in vivo, 
experiments. Although mouse models have been commonly used in cardiac 
research, zebrafish have become an important model for in vivo experiments for 
several reasons. First, they develop quickly post-fertilization, and are transparent 
during the earliest stages of development73. Second, the ECG of the two-
chambered adult zebrafish’s heart is like those observed in humans and PNS and 
SNS branches of their ANS regulate cardiac output74,75. Moreover, the zebrafish 
genome has been well annotated, with orthologues of at least 70% of human 
genes76. Leveraging all these characteristics, the group from Den Hoed at Uppsala 
University in Sweden has established an experimental pipeline to systematically 
characterize previously identified candidate genes for HRV and heart rate in live 
zebrafish embryos. In their recent paper they confirmed the role of RGS6 and 
HCN4 and showed that ivabradine - an open channel blocker of hyperpolarization-
activated cyclic nucleotide-gated channels - reduces heart rate and increases HRV 
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in zebrafish embryos, as it does in humans54. Similar future work for prioritized 
novel candidate genes in this thesis will likely increase our understanding of the 
underlying biology of cardiac rhythm and rate.

Although direct clinical applications of the GWAS results in my thesis are not 
likely in the near future, the knowledge gained on the role of likely causal genes 
impacting sinoatrial node function shows promise in terms of therapeutic 
potential. In addition,  . Like HRV, substantial contributions of genetic factors 
to variation in BRS have been reported previously in twin and family studies 
(heritability estimates between 20 and 55%)77,78. However, no GWAS has been 
performed yet in search of genes explaining the variance in BRS. This might be 
due to the lack of available large scale BRS data as measuring BRS is more labor 
intensive and complex. Identifying genes influencing BRS in future studies may 
improve our understanding of the role of the ANS in short term blood pressure 
regulation and cardiovascular disease risk.

One of the main aims of this thesis was to explore the underlying mechanism 
for the association of HRV with BP and mortality. Consistent with observational 
studies, the negative genetic correlations between HRV and BP reported in this 
thesis are in line with a causal effect of cardiac vagal control in the development 
of hypertension. However, the results may also be explained by pleiotropic 
genes (that is, the same genetic variant may impact multiple phenotypes) or 
reverse causation (meaning an increase in BP causes compensatory changes in 
cardiac ANS activity that leads to decrease HRV). For these reasons, Mendelian 
randomization (MR) may be considered in future studies to investigate causality 
based on observational data. MR is a statistical approach for testing the direction 
of causality79 by using genetic variants or genetic risk scores as instrumental 
variables to make causal inferences about risk factors (HRV in this case) for disease 
and health-related outcomes (hypertension). More robust MR methods, like the 
MR-Egger regression80 and bidirectional MR81, have been developed to better 
control the effect of pleiotropic genetic variants and to distinguish the direction 
of causality between exposure and outcome, respectively. If a causal effect of HRV 
were to be confirmed in future studies, this would have potential implications for 
the prediction of new onset hypertension in combination with other risk factors. 

Although prospective analyses clearly demonstrate the role of the cardiac ANS, 
as indexed by HRV, in predicting mortality, I showed in this thesis that the genetic 
variants associated with low HRV combined in a GRS did not predict mortality. The 
association between HRV and all-cause mortality may therefore not be causal but 
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reflect confounding (environmental) effects such as chronic stress or a high body 
mass index, that could independently reduce HRV as well as increase mortality. 
Similarly, prior observational studies showed a strong association of diminished 
heart rate increase during exercise and heart rate recovery after exercise with all-
cause and cardiovascular mortality35,36. These studies all suggested that cardiac 
autonomic impairment and imbalance increase susceptibility to mortality. In 
this light, it would be interesting to see whether adding the GRSs for heart rate 
response to exercise could improve detection of individuals at high risk for 
cardiovascular disease. However, recent studies reported that GRSs of heart rate 
response to exercise were not associated with cardiovascular mortality risk38,39. 
The lack of association in these studies might originate from the fact that a small 
replication cohort consisting of a relatively young and healthy population was 
used. Further research is therefore needed, preferably in a larger independent 
population-based cohort, to explore the driving mechanisms behind the 
reported phenotypic association of HRV and heart rate response to exercise with 
cardiovascular and all-cause mortality. 

Concluding remarks
The results from the studies described in my thesis are based on big data bases 
and corroborate the role of environmental and genetic factors in influencing 
cardiac autonomic function indices. Age and sex were the most important factors 
associated with HRV and BRS confirming the need to be considered when studying 
these measures. In addition, I provide novel biological insights that broaden 
our understanding of biological pathways underlying HRV with a potential role 
in cardiac vagal effects on the sinoatrial node. The newly discovered HRV genes 
in this thesis play a key role in regulating cell-cell signaling in the heart and in 
cardiomyocyte function which may yield potential drug targets for cardiovascular 
diseases. Finally, the genetic markers for HRV and heart response to exercise can 
be used as instrumental variables to test a potential causal role of the cardiac ANS 
in cardiometabolic disease. 
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