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Heritability and genetic correlations of heart rate
variability at rest and during stress in the Oman

Family Study

M. Loretto Mufioz®*, Deepali Jaju®*, Saroja Voruganti¢, Sulayma Albarwani®, Afshin Aslani?,
Riad Bayoumid, Said Al-Yahyaee®, Anthony G. Comuzzie®, Philip J. Millar®9, Peter Picton?,

John S. Floras?, llja Nolte?, Mohammed O. Hassan®’, and Harold Snieder?

Introduction: Individual differences in heart rate variability
(HRV) can be partly attributed to genetic factors that may
be more pronounced during stress. Using data from the
Oman Family Study (OFS), we aimed to estimate and
quantify the relative contribution of genes and
environment to the variance of HRV at rest and during
stress; calculate the overlap in genetic and environmental
influences on HRV at rest and under stress using bivariate
analyses of HRV parameters and heart rate (HR).

Methods: Time and frequency domain HRV variables and
average HR were measured from beat-to-beat HR obtained
from electrocardiogram recordings at rest and during two
stress tests [mental: Word Conflict Test (WCT) and
physical: Cold Pressor Test (CPT)] in the OFS — a
multigenerational pedigree consisting of five large Arab
families with a total of 1326 participants. SOLAR software
was used to perform quantitative genetic modelling.

Results: Heritability estimates for HRV and HR ranged
from 0.11 to 0.31 for rest, 0.09-0.43 for WCT, and 0.07—
0.36 for CPT. A large part of the genetic influences during
rest and stress conditions were shared with genetic
correlations ranging between 0.52 and 0.86 for rest-WCT
and 0.60-0.92 for rest-CPT. Nonetheless, genetic rest—
stress correlations for most traits were significantly smaller
than 1 indicating some stress-specific genetic effects.

Conclusion: Genetic factors significantly influence HRV
and HR at rest and under stress. Most of the genetic
factors that influence HRV at rest also influence HRV
during stress tests, although some unique genetic variance
emerges during these challenging conditions.

Keywords: family study, genetic correlation, heart rate
variability, heritability, Oman Family Study

Abbreviations: CPT, Cold Pressor Test; HR, heart rate;
HRV, heart rate variability; IBI, interbeat intervals; OFS,
Oman Family Study; PNS, parasympathetic nervous system;
RMSSD, root mean square of the successive differences of
normal-to-normal intervals; RSA, respiratory sinus
arrhythmia; SDNN, standard deviation of normal-to-normal
intervals; SNS, sympathetic nervous system; VLF, very low
frequency; WCT, Word Conflict Test
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INTRODUCTION
H eart rate variability (HRV) measures the beat-to-

beat fluctuations in heart rate (HR) over time and

reflects sinoartial responsiveness to fluctuations in
parasympathetic input [1-4]. Prior studies have shown that
a reduced HRV is associated with an increased risk of
coronary heart disease [5], hypertension [6], cardiac mortal-
ity [7], and mortality from all causes [8].

HRYV can be measured noninvasively using time-domain
or frequency-domain methods. Both use the sequence of
time intervals between heartbeats, that is, the time series of
interbeat intervals (IBD or normal-to-normal intervals to
quantify the variability in the timing of the heartbeat. Two
commonly used time-domain HRV measures, both reflect-
ing principally parasympathetic modulation, are standard
deviation of normal-to-normal intervals (SDNN) and the
root mean square of the successive differences of normal-
to-normal intervals (RMSSD). The frequency-domain
method uses power spectral analysis of the IBIs to generate
indirect estimates of both vagal and sympathetic neural

Journal of Hypertension 2018, 36:1477-1485

“Department of Epidemiology, University of Groningen, University Medical Center
Groningen, Groningen, The Netherlands, °College of Medicine and Health Sciences,
Sultan Qaboos University, Muscat, Sultanate of Oman, “Department of Nutrition and
UNC Nutrition Research Institute, University of North Carolina at Chapel Hill, Kan-
napolis, North Carolina, 9Basic Science Division, College of Medicine, Mohammed Bin
Rashid University for Medicine and Health Sciences, Dubai, United Arab Emirates,
“Department of Genetics, Texas Biomedical Research Institute, Texas, USA,
Department of Human Health and Nutritional Sciences, University of Guelph, Guelph
and 9Division of Cardiology, Department of Medicine, University Health Network and
Mount Sinai Hospital, University of Toronto, Toronto, Ontario, Canada
Correspondence to Harold Snieder, Professor of Genetic Epidemiology, Genetic
Epidemiology and Bioinformatics Unit, Department of Epidemiology, University of
Groningen, University Medical Center Groningen, Hanzeplein 1, PO Box 30001, 9700
RB Groningen, The Netherlands. Tel: +31 50 361 0887; fax: +31 50 361 4493;
e-mail: h.snieder@umcg.nl

*Shared first authors.

fShared last authors.

Received 8 March 2017 Revised 10 January 2018 Accepted 14 February 2018

J Hypertens 36:1477-1485 Copyright © 2018 The Author(s). Published by Wolters
Kluwer Health, Inc. This is an open access article distributed under the terms of the
Creative Commons Attribution-Non Commercial-No Derivatives License 4.0 (CCBY-
NC-ND), where it is permissible to download and share the work provided it is properly
cited. The work cannot be changed in any way or used commercially without
permission from the journal.

DOI:10.1097/HJH.0000000000001715

www.jhypertension.com 1477


mailto:h.snieder@umcg.nl

Munoz et al.

contributions to HR spectral power [1,2,4]. Frequency-
domain HRV measures include: high frequency (0.15-
0.40Hz), low frequency (0.04-0.15Hz), very-low fre-
quency (VLF; 0.003-0.04 Hz), and total power [4,9].

Studies in healthy individuals have reported substantial
individual differences for HRV that could partly be
explained by demographic factors. For example, women
in general have a higher HRV than men, and HRV is strongly
inversely related to age [10—16]. Apart from demographic
influences, genetic factors are another source of individual
differences in HRV as observed in a limited number of
family studies [17,18]. Sinnreich et al. based their study on 5-
min Holter recordings from 451 kibbutz members and
reported heritability estimates (h?) of 41 and 39% for SDNN
and RMSSD, respectively. Singh and colleagues investigated
HRV from 2-h ambulatory recordings among siblings and
found heritability estimates ranging from 13 to 19% for high
frequency, low frequency, VLF, total power, and SDNN. In
twin studies, HRV heritability estimates of up to 74% have
been reported depending on the HRV trait analyzed [19,20].
Moreover, twin studies have indicated that genetic influ-
ences on HRV may be more pronounced during mental
stress [19,21-23]. By applying a bivariate modelling
approach to twin data De Geus et al. [22] found that
heritability estimates of respirator; sinus arrhythmia
(RSA) at rest in both adolescents (h*,csi =31%) and mid-
dle-aged individuals (h%.q=32%) were augmented by
mental stress tests (adolescents: h%gess =354% and mid-
dle-aged: h*ess =44%) through the amplification of the
same genetic factors already present at rest.

Most published studies regarding genetic influences on
HRYV have focused on individuals of European descent with
only a few recent twin studies investigating the heritability
of HRV in other ethnic groups [12,20,23]. For example,
Wang et al. [23] found that heritability estimates of HRV
both at rest and under stress in African Americans were
similar to those of European Americans. In the current
study, we estimated heritabilities and genetic correlations
in the Oman Family Study (OFS) [24], a large study of
multigenerational homogeneous Omani Arab pedigrees
consisting of more than 1300 participants in which HRV
was measured at rest and during stress. Our aims were to
quantify the relative contribution of genes and environment
to the variance of various HRV measurements by univariate
analyses, calculate the overlap in genetic and environmen-
tal influences between HRV at rest and HRV under physical
and mental laboratory stress tests, and discern between new
(emerging) and preexisting (amplified/dampened) genetic
and environmental influences during stress by using a
bivariate quantitative genetic modelling approach of HRV
at rest and under stress.

MATERIALS AND METHODS
Study population

The OFS was initiated in 2002 and consists of a homoge-
neous Arab population composed of five large, extended,
and highly consanguineous families living in the Wilayat
(state) of Nizwa, Oman [24]. Each family is currently living
in separate villages. The geographical particularity of this
area is that it is relatively isolated with a topography of
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mountains, oases, and seasonal river beds, which provides
a more homogenous environmental exposure [25,20]. Fur-
thermore, more than 50% of all marriages are first-cousin
marriages with polygamy being widely practiced with some
men marrying up to four wives. Supplementary Table 1,
http://links.Ilww.com/HJH/A911 shows the total number of
relative pairs in the five OFS pedigrees. A total of 1326
individuals were included in the OFS. A written and signed
or thumb-printed rubber-stamped consent was obtained
from each individual. The study was approved by the
Medical Research and Ethics Committee of Sultan Qaboos
University. A more detailed description of the OFS design
can be found elsewhere [24].

Experimental procedure
Using the Task Force Monitor (TFM, CNSystems, Austria),
six-lead ECG recordings were acquired in the supine posi-
tion, in a quiet room with a temperature between 24 and
26 °C. Participants were made to rest for 10 min after which
10min of resting beat-to-beat recordings were obtained,
followed by a 3min recording during the Word Conflict
Test (WCT), and then 3 min of recovery or until the record-
ing returned to baseline. The same procedure was then
repeated for the Cold Pressor Test (CPT). Participants were
monitored throughout to ensure that arrhythmias did not
arise at rest or during interventions. Throughout the study,
tests and measurements were administered by a research
assistant of the same sex as the study participant [25,26]. See
Supplementary for details, http://links.lww.com/HJH/A911.
ECG and HR data were available for 1223 individuals and
HRV data for 1215 participants. Almost all had data for the
CPT (n=1178), but considerably fewer individuals partici-
pated in the WCT (72 = 666) mainly because of the relatively
high degree of illiteracy observed among the older OFS
participants.

Heart rate variability and heart rate
measurements

Beat-to-beat HR was obtained from lead II of the ECG
[25,26,28] with sampling frequency of 1000 Hz. The algo-
rithm used by the Task Force Monitor corrected for artefacts
such as ventricular ectopy [29]. For the time-domain meas-
urements, the normal-to-normal interval time series were
processed in Microsoft Excel (Microsoft Corp., Redmond,
Washington, USA) and only intervals between 300 and
2000 ms in length and with successive normal-to-normal
interval ratios between 0.8 and 1.2 [23,30] were used to
calculate SDNN and RMSSD. For the frequency domain
measurements, the TFM used an adaptive autoregressive
model [29] for power spectral analysis of ECG tracing free of
ectopic beats to decompose the time series of normal-to-
normal-intervals into its frequency components: high fre-
quency (0.15-0.4 Hz), low frequency (0.04—0.15Hz), VLF
(0.003-0.04 Hz), and total power (approximately <0.4 Hz)
according to standard guidelines [4].

Statistical analysis

To obtain better approximation of normal distributions, all
HRV measurements and HR were transformed by natural
logarithm. Participants (72 =10) that had more than 5% of
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their ECG signals outside our criteria (i.e. normal-to-nor-
mal-intervals between 300 and 2000ms and successive
normal-to-normal-interval ratios between 0.8 and 1.2) were
excluded. Measurements (2 = 19) deviating more than 4 SD
from the mean for a trait, were set to missing for the
corresponding trait. A Student’s /-test was used to calculate
the significance of sex differences in means. A paired #-test
(rest versus WCT or CPT) was used to test if trait levels were
significantly different during stress compared with rest (i.e.
stress reactivity).

SOLAR (v7.2.5), a Sequential Oligogenic Linkage Analy-
sis Routines software package for genetic analysis [31], was
used to perform univariate and bivariate analyses. See
Supplementary for details, http://links.lww.com/HJH/
A911. As sensitivity analyses, we also performed both
univariate and bivariate analysis for rest and CPT only
within the younger subsample of participants (7= 0666)
who participated in the WCT and had data on at least
one outcome variable.

Bivariate quantitative genetic analyses were conducted
to estimate the genetic and environmental correlations
between rest and during each stress test (WCT and CPT)
for each HRV trait and HR. With the additive genetic
correlation, 75, the extent of genetic effects common to
the two traits being analyzed is determined. To determine
the significance of shared genetic effects (15 >0), 75 was
first estimated and subsequently fixed to zero in a nested
sub-model allowing for a comparison of the two models
using a likelihood ratio test. Similarly to determine the
significance of incomplete overlap of genetic effects (rg
<D, rg was fixed to one and compared with the more
general model in which it was freely estimated. An 75 =0
means that two traits being analyzed are influenced by
independent genetic factors. If |rs| =1, the genetic factors
are completely shared, that is, complete pleiotropy [32,33].

Considering the OFS characteristic of high consanguinity
between the five pedigrees, all participants in the cohort
were considered as a single family pedigree [26] whenever
calculating heritability. BMI, sex, age, and age’ were
included as covariates. A P value greater than 0.05 was
considered statistically significant.

TABLE 1. Descriptive statistics of men and women of basic characteristics, heart rate variability measurements, and heart rate at rest

HRV heritability and genetic correlations

Linkage analysis

We performed a multipoint linkage analysis in SOLAR [31]
on HRV and HR measurements at rest and during stress (i.e.
WCT and CPT) in the OFS, similar to Hassan et al. [26]. The
thresholds for significant (LOD >3.0) and suggestive (LOD
>2.0) linkage were given by Lander and Kruglyak [34].

RESULTS

Study population

Table 1 shows the descriptive characteristics, HRV and HR
measurements at rest of men and women. Overall, the total
number of 1326 participants had a median age (interquartile
range, IQR) of 28 [21-44] years. Male participants were
significantly taller and weighed more compared to women,
but there was no significant difference in age or BMI
between the two sexes. At rest, men had significantly higher
HRYV values for all measures (but lower HR) compared with
women. Figure 1 shows the difference between rest and
stress (both WCT and CPT) for the HRV and HR measure-
ments. For the WCT, HR showed a significant increase
under stress compared with rest and significant decreases
were observed for all HRV traits, except for VLF, which
showed a nonsignificant increase. For CPT, under stress
versus rest, RMSSD and high frequency showed a signifi-
cant decrease, whereas SDNN, low frequency, VLF, total
power, and HR showed a significant increase.

Heritability and genetic correlation analysis

Univariate narrow sense h” estimates for the HRV measure-
ments ranged from 11 to 22% at rest; from 9 to 38% during
WCT; and from 7 to 22% during CPT (Table 2). HR was
consistently more heritable with estimates of 31+ 6% at
rest; 43 4+ 10% during WCT; and 36 4 6% during CPT. VLF h*
failed to reach significance during WCT but it was signifi-
cant at rest and during CPT. Overall the h” estimates of HRV
for WCT are larger than the ones at rest, whereas those for
CPT are similar to the ones at rest. However, if the analyses
are limited to the younger sample of individuals who
participated in the WCT, we also see a general increase
in HRV heritability estimates for the CPT compared with

Men
Characteristics Statistic®
Age (years) 583 27.0 [20.0-42.0]
Height (m) 571 1.66 (0.73)
Weight (kg) 571 67.0 [58.0-77.0]
BMI (kg/m?) 571 24.6 [20.9-28.2]
SDNN (ms) 540 64.8 [48.1-82.0]
RMSSD (ms) 539 39.5 [28.6-56.1]
InHF (ms?) 503 10.9 (1.4)
InLF (ms?) 504 11.1(1.1)
INVLF (ms?) 504 10.4 (1.1)
INTP (ms?) 504 12 (1.1)
low frequency/high frequency 504 1.13 [0.73-1.64]
HR (beats/min) 543 66.8 [61.3-73.8]

Women
Statistic® P value

743 30.0 [22.0-45.0] NS

729 1.52 (0.55) <.001
729 56.0 [49.6-67.0] <.001
729 24.7 [21.4-28.8) NS

675 51.0 [37.7-65.9] <.001
675 34.1 [22.8-50.3] <.001
615 10.3 (1.5) <.001
614 10.3 (1.3) <.001
614 9.6 (1.2) <.001
614 11.4(1.2) <.001
614 0.97 [0.65-1.48] <.05

680 72.5 [66.0-79.2] <.001

HF, high frequency; HR, heart rate; LF, low frequency; ms,
normal intervals; TP, total power; VLF, very-low frequency.

“Data expressed as mean (SD) or median [IQR] in case of skewed distributions.
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FIGURE 1 Stress reactivity of Word Conflict Test (WCT) and Cold Pressor Test
(CPT) for log-transformed heart rate variability measurements and heart rate. HF,
high frequency; HR, heart rate; LF, low frequency; RMSSD, root mean square of
successive differences; SDNN, standard deviation of normal-to-normal intervals; TP,
total power; VLF, very low frequency. Error bars show standard error. #Stress
reactivity = In(STRESS) — In(REST) = In(STRESS/REST).

rest, except for VLF and LFHF ratio (Supplementary Table 3,
http://links.Iww.com/HJH/A911).

The bivariate analyses showed that 75 were positive
(0.52—-0.86 between rest and WCT; 0.60—0.92 between rest
and CPT) and significantly different from zero for all HRV
measurements and HR between rest and both stress tests,
except for VLF (r5=0.52+£0.30), which was not signifi-
cantly different from zero between rest and WCT (Table 3).
Between rest and CPT, all HRV measurements and HR were
significantly different from zero. In addition, 75 between
HRV and HR at rest and under stress appeared to be
significantly different from 1, except for low frequency
(r=0.92£0.07) and total power (75=0.824+0.18) for
CPT and VLF for WCT. The environmental correlation
(re) was found to be positive and significant for all HRV
measurements and HR between rest and WCT (0.58—0.87)
and between rest and CPT (0.29-0.75). From the propor-
tions of genetic and environmental factors contributing to
the phenotypic correlations, it can be seen that for both

stress conditions environmental factors contributed sub-
stantially more compared with genetic factors for all HRV
measurements and HR, which is a reflection of the relatively
large effect of the env1ronmental variance components
compared with the h* estimates. Results of the bivariate
analyses in the smaller and younger subsample limited to
participants who participated in the WCT were very similar
(Supplementary Table 4, http://links.lww.com/HJH/A911).

We also performed bivariate analysis on both stress
levels (i.e. WCT versus CPT) for all HRV measurements
and HR and found the 7g significantly different from zero
ranging from 0.60 to 1.00 (for low frequency, VLF, and
total power: 7g=1), and the 7 ranged from 0.30 to 0.81
(Table 4). The genetic correlations for HR, SDNN, and
RMSSD were significantly different from 1 as well. Results
of the bivariate analyses between WCT and CPT in the
smaller and younger subsample limited to participants who
participated in the WCT were very similar (Supplementary
Table 5, http://links.lww.com/HJH/A911).

Linkage analysis

From the linkage analysis (Fig. 2) we found for SDNN and
high frequency on chromosome 6 overlapping signals for
rest, WCT and CPT — with at rest showing the highest LOD
score (SDNN LOD=2.52, marker between D6S12D05
and DG6S1051; and high frequency LOD =2.06, marker
D6S0327). For RMSSD on chromosome 12 (highest LOD
score = 2.26, marker D12S1294) — and for low frequency
on chromosome 7 (highest LOD = 2.3, marker between
D7S2477 and D7SA119B), we observed single suggestive
linkage signals specific for WCT and rest, respectively. The
only significant linkage signal was for HR on chromosome 3
(LOD: 4.02, marker between D3S1766 and D3ST128),
which was only found for WCT.

DISCUSSION

In this study, we quantified the contribution of genes to the
variance of HRV and HR at rest and under mental and
physical stress and the extent to which genes overlap

TABLE 2. Heritability estimates for log-transformed heart rate variability measurements and heart rate during rest and two stress tests
(Word-Conflict Test and Cold Pressor Test)

REST WCT CPT

HRV Proportion of Proportion of Proportion of
measurements variance because variance because variance because
and HR N h? (SE) of covariates N h? (SE) of covariates N h? (SE) of covariates
INSDNN 1215 0.14 (0.04) 0.13 666 0.28 (0.09) 0.09 1178 0.12 (0.04) 0.17
INRMSSD 1214 0.19 (0.05) 0.18 664 0.36 (0.10) 0.03 1178 0.18 (0.05) 0.16
InHF 1118 0.16 (0.05) 0.14 640 0.17 (0.08) 0.05 1068 0.13 (0.05) 0.13
InLF 1118 0.12 (0.04) 0.23 640 0.21 (0.09) 0.10 1068 0.16 (0.05) 0.25
InVLF 1118 0.11 (0.04) 0.13 640 0.09 (0.07) 0.14 1068 0.09 (0.04) 0.12
InTP 1118 0.12 (0.04) 0.16 640 0.13 (0.09) 0.12 1068 0.07 (0.04) 0.15
Ln(low 1115 0.22 (0.05) 0.03 639 0.38 (0.09) 0.07 1066 0.22 (0.05) 0.04

frequency/high

frequency)
InHR 1223 0.31(0.06) 0.09 700 0.43 (0.10) 0.08 1217 0.36 (0.06) 0.16

Covariates BMI, sex, age, and age? were included in the analyses. Bold numbers are statistically significant: P value less than 0.05. CPT, Cold Pressor Test; HF, high frequency; HR, heart
rate; LF, low frequency; RMSSD, root mean square of successive differences; SDNN, standard deviation of normal-to-normal intervals; TP, total power; VLF, very-low frequency; WCT,

Word Conflict Test.
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TABLE 4. Bivariate quantitative analyses of log-transformed heart rate variability measurements and heart rate examining the genetic

(rg), environmental (rg), and phenotypic (rp) correlations between the Word Conflict Test and Cold Pressor Test

h? (SE) Genetic Environmental Phenotypic Proportions

correlation correlation correlation of rp
HRV measurements re (SE) re (SE) re A/E?
and HR
INSDNN 1188 0.22 (0.07) 0.12 (0.04) 0.78° (0.14) 0.61 (0.04) 0.60 0.20/0.80
INRMSSD 1188 0.29 (0.08) 0.18 (0.05) 0.60° (0.13) 0.79 (0.03) 0.74 0.19/0.81
InHF 1096 0.12 (0.06) 0.14 (0.05) 0.99 (0.08) 0.81 (0.02) 0.83 0.16/0.84
InLF 1096 0.13 (0.06) 0.17 (0.05) 1.00 (nc) 0.74 (0.02) 0.78 0.19/0.81
InVLF 1096 0.09 (0.05) 0.10 (0.04) 1.00 (nc) 0.30 (0.05) 0.36 0.26/0.74
InTP 1096 0.09 (0.06) 0.08 (0.04) 1.00 (nc) 0.54 (0.04) 0.58 0.15/0.85
Ln(low frequency/high frequency) 1092 0.30 (0.08) 0.54 (0.21) 0.89 (0.09) 0.59 (0.04) 0.66 0.34/0.66
InHR 1220 0.43 (0.08) 0.36 (0.06) 0.72° (0.07) 0.72 (0.04) 0.72 0.39/0.61

BMI, sex, age, and age® were included as covariates in the analyses. Bold numbers are genetic correlation significantly different from zero. CPT, Cold Pressor Test; HF, high frequency;
HR, heart rate; LF, low frequency; nc, not computable; RMSSD, root mean square of successive differences; SDNN, standard deviation of normal-to-normal intervals; TP, total power;

VLF, very-low frequency; WCT, Word Conflict Test.
“Genetic correlations are significantly different from 1.

In this study, heritability estimates were in general higher
under mental stress compared with those at rest, but this
pattern was not seen under physical stress. These results are
consistent with those from previous twin studies that
observed a similar pattern for RSA [22,38] and for RMSSD
and high frequency [20,23]. This may suggest that genetic
influences on cardiac vagal activity become more pro-
nounced whenever the participant is ‘engaged’ by mental
and emotional challenges [27,40].

Moreover, in our study, we did not consider the underly-
ing genetics of normalized units (nu) for high frequency,
low frequency, and LFHF ratio because relevant genetic

influences captured by the magnitude of total power’s
dynamic range — which could be of several orders of mag-
nitude — would disappear with such normalization. In other
words, individual 1 (who is young and healthy) has a restin;
low frequency of 4000 ms? and a high frequency of 5000 ms?;
and individual 2 (who is older but healthy and still with
considerable sinus arrhythmia) has resting low frequency
and high frequency values of 40 and 50 ms®, respectively.
Both individuals would then have the same normalized units,
but with vastly different magnitude of oscillations.

We also observed striking differences in stress reactivity
patterns to the two tests amongst the different HRV
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FIGURE 2 (a—f) Multipoint variance component-based linkage analysis plots for HRV parameters and HR with suggestive (>2.0) and significant (>3.0) logarithm of the

odds (LOD) scores. Reference line: dashed line is for suggestive LOD scores; orange straight line is for significant LOD scores. Chr, chromosome; cM, centimorgan; CPT,
Cold Pressor Test; HF, high frequency; HR, heart rate; LF, low frequency; LOD, logarithm of the odds; marker(s), nearest marker/flanking markers; RMSSD, root mean
square of successive differences; SDNN, standard deviation of normal-to-normal intervals; VLF, very-low frequency; WCT, Word Conflict Test.
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measurements in contrast to an almost identical HR reac-
tivity to mental and physical stress. SDNN, low frequency,
and total power significantly decreased in response to
the WCT, but increased in response to the CPT, whereas
RMSSD, high frequency, and HR showed directionally
consistent and significant effects to both stressors. The
clustering in reactivity patterns among HRV variables might
be expected because both SDNN and total power reflect
total variability in HR encompassing both short-term high
frequency and lower frequency components [4,41], which
are influenced by both the parasympathetic (PNS) and
sympathetic (SNS) nervous system [42]. In contrast, RMSSD
and high frequency encompass short-term HRV changes
only [4,41] and reflect only the PNS [42]. Therefore, based on
our HRV data, the reactivity to mental stress appears pre-
dominantly because of vagal withdrawal, whereas the
reactivity to physical stress appears characterized by a
decrease in PNS activity accompanied by a simultaneous
increase in SNS activity. These diverging response patterns
eventually resulted in virtually identical reactivity of HR to
mental and physical stress. Our results confirm those from
Snieder et al. [19] who also observed a stronger reduction
in respiratory sinus arrhythmia (i.e. vagal withdrawal) in
response to mental stress as compared with the CPT and
those from Fonkoue and Carter [43] who, conversely,
observed a stronger increase in muscle sympathetic nerve
activity in response to the CPT than in response to
mental stress.

Interestingly, our bivariate modeling results were con-
firmed by the genome-wide multipoint linkage analyses.
We found significant linkage for HR on chromosome 3 and
suggestive linkage on chromosomes 6, 7, and 12 for some
HRYV traits. Moreover, we observed indeed that some loci
were shared between rest and stress whereas others were
specific for either rest or stress. However, a downside of
using linkage analysis for a complex phenotype such as
HRYV, is that the effect sizes of the individual causal variants
are likely too small to allow for detection via co-segregation
[44]. Therefore, the power to detect genes for complex
traits with linkage analysis is minimal [45] and mapping
resolution is low [46], which could explain why most of
our linkage results for HRV were only suggestive. A more
suitable approach that we recently used for gene identifi-
cation of HRV is the hypothesis-free genome-wide associa-
tion study [47].

Notably, our study is the first to use an Arab population
to examine the genetic contribution to HRV variables and
HR at rest and stress in a family design using univariate and
bivariate analyses. The OFS cohort has a number of major
strengths: it is geographically isolated, which provides a
more homogenous environmental exposure; the socioeco-
nomic status is similar among OFS participants; the partic-
ipants have similar health-related habits (e.g. religious
abstinence from alcohol); and genealogical records are
authentic and well accessible. At the same time, this homo-
geneity may limit the generalizability of our results. Further
investigation in families of other ethnicities could be
warranted.

In our analyses, we limited our covariate adjustment to
sex, age, age®, and BMI (Table 2), which we found are the
most important in terms of explained variance. This has
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been confirmed in our ongoing [48] work using more than
150000 participants from the Lifelines Cohort Study and
Biobank [49] where we found that age and sex were the
major contributors to variance explained of HRV. In as far as
(non-included) potential covariates are primarily environ-
mental, their effects will end up in the environmental
variance component, which will not have biased our heri-
tability estimates in any way. Similarly to our recently
published large meta-analyses of genome-wide association
for HRV (N=53 174 individuals) [47], which only used sex
and age as covariates, we did not want to adjust away the
pleiotropic effects on HRV heritability by including addi-
tional heritable covariates. Regarding commonly used HRV
covariates of smoking and/or alcohol use, at the time of our
analyses, we did not have this information available to us.
This is because it is deemed offensive to ask participants for
their smoking and alcohol habits as this is religiously and
socially prohibited in this religious part of Oman. However,
the numbers are likely to be small. Nonetheless, we did ask
participants to refrain from smoking and alcohol use for
2 days prior to their measurements.

Another limitation of our study is that we only investi-
gated one type of mental and one type of physical stress.
For future studies, using a variety of stress tests to represent
mental and physical stress could be of interest such as a
bicycle exercise challenge to represent physical stress and a
virtual reality car driving challenge [23] to represent mental
stress. Using CPT as a representative of physical stress could
be considered a drawback because its stress response is
largely driven by the experience of pain in response to
exposure to cold, which is influenced by an individual’s
pain tolerance. Individual variations in pain tolerance have
been shown in other studies [50].

Addressing the full complexity of the neural underpin-
nings of HRV was beyond the scope of our study, given that
each RR interval (or IBD) depends on the interaction of vagal
and sympathetic efferent activity within its humoral envi-
ronment and molecular structures [51] and RR variability
does not provide direct measures of autonomic (parasym-
pathetic/sympathetic) activity (i.e. neural firing) but only
indices of regulatory modulation [52,53]. However, we do
believe that gene-finding studies of HRV may provide novel
insights into vagal heart rhythm regulation as shown in our
recent meta-analyses of genome-wide association studies
for HRV (N=53174) [47].

In conclusion, we showed that genetic factors signifi-
cantly influence HRV measurements and HR; the heritability
estimates of HRV under mental stress, in particular, for
SDNN and RMSSD, are higher than those at rest, whereas
those during physical stress are similar to the ones at rest;
there is evidence for a large overlap of genetic factors
influencing HRV at rest and during mental or physical stress;
SDNN, RMSSD, and HR also show genetic effects that are
specific to one of the stress conditions; and environmental
factors contribute more than genetic factors in explaining
the phenotypic correlation between HRV and HR at rest and
under stress conditions. In addition, our linkage-based
gene-finding approach suggested some loci to be shared
between HRV and HR at rest and under stress, whereas
others were specific for either rest or stress, which con-
firmed our bivariate modelling results.
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Perspectives

Our results provide more information regarding the contri-
bution of the genetic factors of HRV at rest and under
physical and mental stress conditions and emphasize the
importance of carefully defining the trait and standardizing
its conditions in future gene-discovery efforts. Uncovering
genes for HRV, for example, in GWASs, would facilitate
investigation into their underlying function and impact on
clinical outcomes.
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ings cannot be extended to other ethnic groups.
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Reviewer 2

This paper has two major objectives: a genetic study and a
neural one. They are both complex and require simplifi-
cations, but nevertheless convincingly show an interaction
between genes and HRV (as a proxy of autonomic regula-
tion).

In addition, simplifications carry the risk of becoming
over-simplifications or impossible to understand, particu-
larly in the case of issues still being debated, such as the
mechanisms explaining HRV.
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