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1WoRkinG ToGeTHeR: THe neRVouS And CARdioVASCulAR 
SySTem

The nervous system coordinates all body functions and enables a person to adapt to in-
ternal and external stimuli, like circadian changes, exercise and emotions. It is composed 
of two main divisions: the central and peripheral nervous system (NS). The central NS 
includes the brain and spinal cord while the peripheral NS consists of the cranial nerves, 
spinal nerves and the autonomic nervous system (ANS). The vast ANS innervates all inter-
nal organs and carries messages from the brain and neuroendocrine regulatory center 
to the organs. It has two main subdivisions: the sympathetic nervous system (SNS) and 
the parasympathetic nervous system (PNS). The SNS exits the spinal cord and enters the 
small ganglia near the cord to form a chain that spreads the nervous impulse to the post-
ganglionic neurons, which reaches the organs and glands. The generalized physiological 
response of the SNS is commonly known as “fight and flight”, which is contrary to the PNS 
that controls the body’s “rest and digest” functions [1].

To send messages the SNS and PNS nerve fibers secrete either acetylcholine (ACh) or 
norepinephrine (NE). The fibers that secrete ACh, mostly a parasympathetic transmitter, 
are said to be cholinergic and those that secrete NE, a sympathetic transmitter, are said 
to be adrenergic [2]. The SNS and PNS work together with specialized heart nerves and 
fibers, to propagate electrical impulses throughout the heart’s muscle cell networks, 
which participate in cardiac function control. At rest, the PNS controls the heart by slow-
ing heartbeats through branches of the vagus nerve. In times of stress or activity, the SNS 
stimulates the heart’s nerves and fibers to stimulate conduction and make the ventricles 
contract more forcefully; thereby increasing heartbeats. Normally, the sinoatrial (SA) 
node, located on the endocardial surface of the right atrium near the superior vena cava, 
paces the heart by spreading the electric impulse throughout the right and left atria re-
sulting in atrial contraction. Then the electrical impulse is picked up by the atrioventricular 
(AV) node before traveling through the bundle of His to the Purkinje fibers, causing the 
ventricles to contract [1]. A schematic representation of the electrical pathway from the 
nervous system to the heart is shown as part of Figure 1.1].

HeART RATe VARiAbiliTy

If electrodes are placed on the skin, then the electrical impulse that passes through the 
heart can be recorded – this is known as an electrocardiogram (ECG) (Figure 1.1). The pro-
duction of the first continuous and accurate recording of the heart’s electrical activity (i.e. 
the ECG) was invented in the late nineteenth century by Willem Einthoven (1860-1927). By 
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integrating the galvanometer with photography, Einthoven made it possible to evaluate 
beat-to-beat changes in the cardiac rhythm [3, 4].

A normal ECG is composed of: (a) a P wave caused by electrical potentials generated de-
polarization of the atria, (b) a QRS complex caused by the depolarization of the ventricles, 
and (c) a T wave generated as repolarization of the ventricles [2] (Figure 1.1). In a continu-
ous ECG recording, each QRST complex is detected and the time between heartbeats (i.e. 
the normal-to-normal (NN-) interval or RR-interval) can be easily observed [5]. Heart rate 
is not stable, even at rest the time between heartbeats varies slightly. Consecutive RR-
intervals can be used to calculate the variability in the timing of the heartbeat, i.e. heart 
rate variability (HRV), which is the topic of this thesis [6, 7] (Figure 1.1).

In early times, 1733, Stephen Hales [8] (1677 – 1761) observed and reported a variation 
of arterial pressure during the respiratory cycle in horses [3, 9] followed by Carl Ludwig 
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Figure 1.1: A schematic representation of the effects of external stimuli such as mental or physical stress affect-
ing the central nervous system (CNS) which influences the electrical activity of the heart and the variability of 
the heart rate. The variation in RR interval lengths determines HRV which can be quantified in either the time or 
frequency domain.
Please note that Figure 1.1 is a composite image of the following: (a) The ECG Pedia.org image is attributed to: 
CardioNetworks: Googletrans [44]; (b) The R-R interval image is attributed to: ECG-P+QRSkomplex+T.svg [45] ; 
and (c) The CNS image is of public domain [46]
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1[10] (1816 – 1895) who saw this phenomenon in dogs [4, 9]. The RR-interval variability that 
occurs is synchronous with respiration, whereby heart rate (HR) increases during inspira-
tion and decreases during expiration, was eventually referred to as the respiratory sinus 
arrhythmia (RSA). Today HRV and RSA are often used interchangeably, although they are 
not the same [3]. RSA is the variation of heart rate in the frequency range of respiration, 
which is a component of HRV, and thus its frequency differs with breathing rate.[4]

During the 1960s research on HRV was popularized and focused on: (1) the physiological 
mechanisms mediating HR, (2) the relationship between HRV and clinical status, and (3) 
the relationship between psychological processes and HRV [4]. Since then the recognition 
of HRV as a potentially important phenomenon has increased. This is shown in Figure 1.2, 
where since 1948 until 2014 there have been 11,836 scientific and medical abstracts avail-
able on the www.pubmed.gov search engine under the search term “heart rate variability” 
with a prominent rise in scientific output since 1990.

A reiteration of the significance of HRV is reflected in the numerous scientific articles 
reporting on associations of reduced HRV with non-cardiologic disciplines - for example 
neurology, nephrology, diabetology, obstetrics, psychology, occupational medicine - and 
cardiologic issues such as heart failure, essential hypertension, risk stratification after 
myocardial infarction (MI), etc. [11, 12].

There are two main approaches for analyzing HRV from an ECG: time domain and 
frequency domain methods. The simplest and most commonly used time domain HRV 
measures include the standard deviation of NN-intervals (SDNN) and root mean square 
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Figure 1.2: Number of HRV articles found on www.pubmed.gov from 1948 to 2014
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of the successive diff erences of NN-intervals (RMSSD). Where SDNN refl ects an estimate 
of all the cyclic components responsible for variability in the period of recording (i.e. 
overall estimate of HRV) encompassing both short-term high frequency variations and 
the lowest frequency components [5], RMSSD is a common parameter based on diff er-
ences between the longest and shortest NN-interval and corresponds to short-term HRV 
changes [5, 13] (see Table 1.1 for explanation of calculation) [3, 5]. Other time-domain 
measures are shown in Table 1.2.

In the 70s and 80s several academic groups started to apply power spectral techniques 
(i.e. frequency domain measures of HRV) to expand the current time domain techniques 
[3, 5]. This technique would add insight to the nature of HR fl uctuations by separating the 
overall variability into its frequency components [14]. In power spectral decomposition 
analysis, the RR-interval series is considered as a complex sum of waveforms and by using 
the Fast Fourier transform (FFT) algorithm the total variance of the HR is decomposed 
into underlying frequency bands [15]. The total variance of HR mainly consists of total 
power (TP), which is the variance of all NN-interval at ≤0.4 hertz (Hz), high frequency 
(HF) found between the 0.15 Hz – 0.4 Hz frequency range, low frequency (LF) between 
the 0.04-0.15 Hz frequency range, and very low frequency (VLF) between the 0.003-0.04 
Hz frequency range [5]. TP is similar to SDNN because both represent the overall vari-

Table 1.1: An example of how to calculate SDNN and RMSSD from HR

Time 1 Time 2 Time 3 Time 4

Heart rate (bpm) 70 76 83 80
*R-R interval (ms) 857 789 723 750

Sdnn: standard deviation of the RR-intervals = 50.4

Formula [47]: , where  is the arithmetic mean of RRi defi ned as: 

RRi =  and N is the total number of R-R intervals

Diff erences of
successive R-R intervals 68 66 -27

(Diff erences of successive R-R intervals)2 4579 4356 735

Mean ((diff erences of successive R-R intervals)2) = 3223

RmSSd: square root of the mean squared diff erences of successive R-R intervals = 56.8

Formula [47]: 

*RR-interval = 60,000/bmp.
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ance of the NN-intervals, HF is parasympathetically mediated and represents respiratory 
variation, LF is modulated by both SNS and PNS and is affected by baroreflex feedback 
loops, and VLF may represent the influence of thermoregulatory, peripheral vasomotor or 
renin-angiotensin systems [5, 15-17]. LF/HF ratio is often used as the reflection of either 
the sympatho/vagal balance or sympathetic modulations [5] but the latter interpretation 
has been criticized [18, 19].

HRV: WHAT iS knoWn And unknoWn?

In the early 1960s, Norman Holter (1914-1983) developed the portable ECG that could 
record over a long period of time, which further sparked interest in the relationship 
between beat-to-beat variation in heart intervals and disease. [3, 4]. In today’s practice 
most studies still use 24-hour (hr) ECG recordings from an ambulatory Holter monitor; 
however sometimes these measurements may not be feasible, or necessary. In 1993, 
Bigger and colleagues [20] introduced short-term HRV measurements. This alternative 

Table 1.2: Overview of different HRV measurements in both time and frequency domain [3, 5]

Variable acronym Variable name Units

Time domain

Sdnn Standard deviation of NN-intervals

ms

SDANN Standard deviation of the averages of NN-intervals calculated over short 
recording periods

SDSD Standard deviation of differences between NN-intervals

RmSSd The square root of the mean of the sum of the squares of differences between 
adjacent NN-intervals

NNx* Number of interval differences of successive NN-intervals greater than x*ms

pNNx* The proportion derived by dividing NNx by the total number of NN-intervals %

Frequency domain

HF High frequency (frequency range: 0.15-0.4Hz)

ms2

lF Low frequency (frequency range: 0.04-0.15Hz)

VlF Very Low frequency (frequency range: ≤0.04Hz)

ULF Ultra-low frequency (frequency range: ≤0.003Hz)

TP Total power (approximate frequency range: ≤0.04Hz)

HFnu Normalized high frequency (HF/LF+HF) nu

LFnu Normalized low frequency (LF/LF+HF) nu

LF/HF Ratio of the low to high frequency power -

*x commonly it is 50ms, but it is defined by the user, ms. milliseconds, %. Percentage, ms2. Milliseconds squared, 
nu. Normalized, -. Not applicable. HRV measurements used in this thesis are in bold.
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uses and calculates HRV from 2 to 5 minute(min) recordings [5], which have been used to 
accurately assess cardiac autonomic activity for example in coronary heart disease inci-
dence [21]. However, it is routine to collect ECGs of 10s and 20s, i.e. ultra-short recordings, 
because they are easier to collect for clinical, physiological and epidemiological purposes. 
A limited number of studies have used ultra-short recordings of 15-30s [22] and 10s [23] 
to report on the association between decreased HRV and risk of death from all causes 
[22] and cardiac mortality [23] in older men and women. Currently no prior studies have 
evaluated whether these ultra-short recordings actually manage to capture the true HRV 
of subjects. Answering this question could potentially provide evidence for using ultra-
short HRV recordings in large-scale epidemiological studies. Therefore, in Chapter 2, we 
investigate to what extent (ultra-)short recordings capture the “actual” HRV and thereby 
explore the applicability of routine 10s ECG recordings for time-domain HRV calculations.

It is already known that low HRV may be an indicator for current disease or a warning 
sign about impending cardiac disease, psychopathologies or other diseases. In the general 
population, reduced HRV is associated with mortality after myocardial infarctions [24], an 
increased risk of coronary heart disease [21], hypertension [25], cardiac mortality [23], and 
mortality from all causes [22]. Furthermore, low HRV is found to be a risk factor for patho-
physiology and psychopathology [26, 27]. In other diseases, low HRV has been shown 
to be associated with end-stage renal disease [28] and it has been found that diabetic 
subjects have a lower SDNN and RMSSD than non-diabetic subjects [29]. More recently, 
it was reported that persistently high HRV in healthy, elderly populations supports the 
hypothesis that healthy longevity depends on the preservation of HRV-parasympathetic 
function [30].

Therefore, unravelling the factors determining HRV proves to be of importance, and is 
currently in active exploration [26]. Previous studies [31-35] have reported inter-individual 
variation for HRV in healthy subjects and showed that it can partially be attributed to 
genetic factors. This is supported by Singh and colleagues [33] who found that 13% - 23% 
of the phenotypic variation of HRV measurements could be ascribed to genetic compo-
nents. Also other heritability studies using twins and family data [32, 35] found heritability 
of HRV to be 35% - 47% for SDNN and 28% - 48% for RMSSD. Moreover, in previous twin 
studies [31, 36-38] the genetic component has been shown to be more pronounced in 
subjects under stress. However, whether and to what extent genes influencing HRV at 
rest and under stress conditions are shared has not been investigated in family studies. 
Therefore, in Chapter 3 we set out to estimate and quantify the contribution of genes 
to the variance of HRV (and HR) and to unravel the overlap in genetic and environmental 
factors that contribute to HRV measurements under rest and during both mental (word 
conflict or Stroop test) and physical (cold pressor test) stress test.

Many genetic studies have tried to identify the genetic variation responsible for HRV 
heritability [7]. One type of gene identification strategy are candidate gene association 
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1studies. These studies test whether selected genes are related to a disease/phenotype 
based on prior knowledge about the gene function [39]. Genes involved with ACh trans-
port or breakdown are obvious choices for such studies. One such study [40] reported 
evidence of polymorphic variation in the CHT1 gene, a choline transporter gene, which 
may be associated with HRV [40]. A more comprehensive list of candidate gene studies 
has been reported elsewhere [7]. In Chapter 4 we assessed whether common genetic 
variants in eight key genes of the ACh pathway were associated with variation in RMSSD 
using a two-stage approach with 3,429 individuals from four cohorts in the first, discovery 
stage and 3,311 individuals from three cohorts in the second stage aiming at replicating 
the findings from the first stage. The main disadvantages to using the candidate gene 
approach are: (a) its reliance on prior knowledge of the function of the studied genes from 
the biology of the phenotype or from animal models, (b) the choice of the candidate gene 
could be biased and dependent on the researcher’s specific interest, and (c) the influence 
of causative variants outside the region of study may be missed [41]. An alternative to 
candidate gene studies are genome-wide association studies (GWAS). The GWAS ap-
proach is hypothesis free and hence requires no prior knowledge or assumptions on the 
biology of the genetic variants that are analyzed [42]. Only one prior study [43] performed 
a GWAS on HRV traits. In this study they [43] tested 70,987 common genetic variants 
for association to the HRV phenotypes LF/HF ratio, TP, SDNN, and SDNN/TP ratio using 
2-hour ambulatory ECG recordings in 548 subjects from the Framingham Heart Study. 
They found an association for six single nucleotide polymorphisms (SNPs) with SDNN (p-
value < 0.05), one SNP for SDNN/TP (p-value < 0.05), and one SNP for TP (p-value < 0.05). 
However, none of their results reached genome-wide significance (p-value < 5 x 10-8). This 
could have been attributed to low sample size, which implies low power to detect true 
positive signals. To detect significant SNP contributions in GWAS, large consortia have to 
be formed to exchange association results and perform an across-study meta-analysis [7]. 
Consequently, we launched the VgHRV consortium in order to perform a two-stage meta-
analysis of GWASs aiming at identification of loci associated with HRV at rest and follow up 
of these associations with various post-GWAS analyses as described in Chapter 5.

THeSiS AimS

The ultimate aim of this thesis is to find genes for HRV. To support this purpose we tested 
in Chapter 2 to what extent HRV measurements from routinely collected (ultra-) short 
ECG recordings capture the “actual” HRV from 2- to 5-minute ECG recordings that are 
typically used for HRV measurements. If answered positively it would mean, we could 
subsequently use HRV based on e.g. 10s ECGs in our gene finding studies. In Chapter 
3, we investigated if HRV is heritable, unraveled the genetic factors from environmental 
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factors that contribute to the HRV phenotype at rest and under two stress tests in a family 
study, and determined whether the same or unique genes are involved in HRV at rest and 
under stress. In Chapter 4, we focused on identifying genetic variants involved in the 
ACh pathway by assessing the association of SNPs in eight key ACh pathway genes with 
RMSSD. In Chapter 5, the search for the genetic factors involved in HRV by identifying ge-
netic loci that are associated with three HRV culminated into a large-scale meta-analysis 
of GWASs in SDNN, RMSSD and HF/RSA.
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