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Abstract

Purpose The prognostic power of heart rate recovery
(HRR) after exercise has been well established but the
exact origin of individual differences in HRR remains
unclear. This study aims to estimate the heritability of HRR
and vagal rebound after maximal exercise in adolescents.
Furthermore, the role of voluntary regular exercise behav-
ior (EB) in HRR and vagal rebound is tested.

Methods 491 healthy adolescent twins and their siblings
were recruited for maximal exercise testing, followed by
a standardized cooldown with measurement of the elec-
trocardiogram and respiratory frequency. Immediate and
long-term HRR (HRR60 and HRR180) and vagal rebound
(heart rate variability in the respiratory frequency range)
were assessed 1 and 3 min after exercise. Multivariate twin
modeling was used to estimate heritability of all measured
variables and to compute the genetic contribution to their
covariance.

Results Heritability of HRR60, HRR180 and immediate
and long-term vagal rebound is 60 % (95 % CI: 48-67),
65 % (95 % CI: 54-73), 23 % (95 % CI: 11-35) and 3 %
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(95 % CI: 0-11), respectively. We find evidence for two
separate genetic factors with one factor influencing over-
all cardiac vagal control, including resting heart rate and
respiratory sinus arrhythmia, and a specific factor for
cardiac vagal exercise recovery. EB was only modestly
associated with resting heart rate (r = —0.27) and HRR
(rHRR60 = 0.10; rHRR180 = 0.19) with very high genetic
contribution to these associations (88-91 %).

Conclusions Individual differences in HRR and immedi-
ate vagal rebound can to a large extent be explained by
genetic factors. These innate cardiac vagal exercise recov-
ery factors partly reflect the effects of heritable differences
in EB.

Keywords Heart rate recovery - Exercise - Heritability -
Twin study

Abbreviations

A Additive genetic (co)variance

C Common environmental (co)variance
CHRM?2 Catecholamine receptor M2

D Dominant genetic (co)variance

Dz Dizygotic

E Unique environmental (co)variance
EB Exercise behavior

ECG Electrocardiogram

HRR Heart rate recovery

HRV Heart rate variability

LL Log-likelihood

MET Metabolic equivalent task

MZ Monozygotic

PVC Premature ventricular contraction
RSA Respiratory sinus arrhythmia

VA Ventricular arrhythmia
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Introduction

Low resting heart rate is associated with lower risk for car-
diovascular and non-cardiovascular premature mortality
(Greenland et al. 1999; Palatini and Julius 2004; Zhang and
Zhang 2009). Mechanistic explanations for this protective
effect often invoke a key role for the autonomic nervous
system, in particular the parasympathetic branch. The rest-
ing heart rate is predominantly determined by cardiac vagal
control, which can be measured noninvasively by heart
rate variability (HRV) (1996; Berntson et al. 1993). High
cardiac vagal control increases electrical stability of the
heart (Bonilla et al. 2012; Schomer et al. 2014; Schwartz
et al. 2003; Vanoli et al. 1991) and various HRV measures
have been shown to be predictive of cardiac mortality and
morbidity.

High cardiac vagal control further seems paramount
in explaining the predictive effects of heart rate recovery
(HRR) after exercise testing. HRR can be divided into
immediate (1 min after exercise cessation) recovery and
long-term recovery (>1 min after exercise cessation). Dur-
ing immediate recovery after maximal exercise, heart rate
decreases mainly because of increased vagal control while
sympathetic control remains practically unchanged (Imai
et al. 1994; Lahiri et al. 2008; Ohuchi et al. 2000). High
immediate HRR after exercise cessation is associated with
lower cardiac mortality in various patient groups (Big-
ger, Jr. et al. 1993; Diller et al. 2006; Groarke et al. 2015;
Kleiger et al. 1987; Minkkinen et al. 2014; Nissinen et al.
2003; Panaite et al. 2015; Watanabe et al. 2001) but also
in healthy individuals (Cole et al. 1999, 2000; Jouven et al.
2005; Lovallo 2015; Mora et al. 2005; Tsuji et al. 1996).
A recent meta-analysis showed that this relationship is
stronger in persons >45 years of age compared to <45 years
of age (Panaite et al. 2015). Furthermore, they showed that
HRR was most robust in predicting all-cause mortality. In
patients with heart failure, HRR after maximal exercise
remains a significant predictor irrespective of beta blockers
(Arena et al. 2010). HRR after submaximal exercise also
seems to have prognostic power in heart failure patients
(Cahalin et al. 2013).

The prognostic importance of HRR is evident but the ori-
gin of the individual differences in HRR and vagal rebound
after exercise remain unclear. The two main factors creat-
ing individual differences are innate biological differences
and environmental factors. The latter can be subdivided
in influences shared with other family members (common
environmental influences; e.g. upbringing) and unique
environmental influences (e.g. physical activity at work).
Twin studies enable us to decompose the total variance in
traits, e.g. HRR, into genetic, common environmental, and
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unique environmental components. Intrapair resemblance
in HRR is compared between two types of twins; geneti-
cally identical (monozygotic, MZ) and non-identical (dizy-
gotic, DZ) twins. When the MZ intrapair resemblance for
HRR is higher than the DZ intrapair resemblance, this con-
stitutes evidence for genetic influences on HRR. When the
MZ resemblance for HRR is comparable to the DZ resem-
blance, this constitutes evidence for common environmen-
tal influences on HRR. The degree to which MZ twins are
discordant for HRR indicates the influence of unique envi-
ronmental influences on HRR. Structural equation mod-
eling of the MZ and DZ twin covariances allows an esti-
mation of the relative contribution of genetic influences on
HRR to its total variance, an estimate known as the herit-
ability of HRR.

Regular exercise behavior has been cited as a potential
causal source of differences in resting heart rate and car-
diac vagal control and is, therefore, also expected to influ-
ence HRR and vagal rebound (Billman 2002; Bosquet et al.
2007; Buch et al. 2002). Because regular exercise behavior
has been shown to be a heritable trait (de Geus et al. 2014)
it could be an important mediator of genetic effects on HRR
and vagal rebound. Such hypotheses can be tested in twin
models using a multivariate extension of the MZ and DZ
twin (co)variance analysis. Work of Kupper et al. (Kupper
et al. 2005), for instance, has already shown that the cor-
relation between resting heart rate and resting cardiac vagal
control could for a large extent be explained by genetic fac-
tors. Moreover, a large amount (>80 %) of the phenotypic
correlation between exercise behavior and resting heart rate
and between exercise behavior and resting cardiac vagal
control could indeed be explained by genetic factors (de
Geus et al. 2003). Whether a similar genetic contribution is
seen when exploring the association between regular exer-
cise behavior and HRR and vagal rebound after exercise
remains unknown.

The first aim of this study is to estimate the heritabil-
ity of immediate HRR (60 s after exercise cessation) and
also of HRR at 3 min after exercise and the degree of vagal
rebound measured by heart rate variability in the respira-
tory frequency range (RSA) at these time periods. Mul-
tivariate genetic modeling was used to test two further
hypotheses: (1) the genetic factors influencing post-exer-
cise HRR and vagal rebound do not completely overlap
with those influencing resting heart rate and vagal control,
(2) heritability of this ‘cardiac vagal exercise recovery’ fac-
tor in part reflects the heritability of regular voluntary exer-
cise behavior. The latter hypothesis is optimally tested in
a healthy adolescent population where exercise behavior is
known to be highly heritable (72-80 %) (van der Aa et al.
2010).



Eur J Appl Physiol

Methods
Participants

Twin pairs aged between 16 and 18, enrolled in longitudi-
nal survey studies of the Netherlands Twin Register (van
Beijsterveldt et al. 2013) were invited to participate. Sib-
lings within an age range of 12-25 years were also invited.
Participants were excluded when having a history of cardi-
ovascular or respiratory disease, or when being physically
incapable of engaging in exercise activities. Eventually,
491 healthy adolescents participated in the study includ-
ing 225 complete twin pairs: 58 monozygotic male pairs,
36 dizygotic male pairs, 56 monozygotic female pairs, 42
dizygotic female pairs, 33 dizygotic opposite sex pairs and
37 of their singleton siblings (56 % female). Mean age at
time of their visit was 17.1 & 1.1 years (range 12-25). All
participants and, in participants under 18, both (one in the
case of single parent families) of their parents/guardians
provided written informed consent. All study procedures
were reviewed and approved by the Medical Ethics Review
Committee of the VU University Medical Center Amster-
dam (NL35634.029.10).

Electrocardiogram registration

Electrocardiogram (ECG) registration was done using VU-
AMS device (Vrije Universiteit Ambulatory Monitoring
System) (de Geus et al. 1995). R-peaks were scored by an
algorithm within the VU-AMS software package and, if
present, Premature Ventricular Contractions (PVCs) were
scored by a trained researcher under close supervision of
a cardiologist. All further analyses were done using PVC-
free signals. Heart rate was calculated as an average of a
five second period. An overview of calculation of heart rate
measures used is displayed in Table 1.

Thoracic impedance and heart rate variability

In order to obtain breathing frequency, thoracic imped-
ance was measured also using the VU-AMS device. Vagal
rebound was assessed by HRV in the respiratory frequency
range, extracted from the ECG and the respiratory signal
(de Geus et al. 1995; Goedhart et al. 2007; Houtveen et al.
2006). Respiratory sinus arrhythmia (RSA) is defined as
the longest heart period during expiration minus the short-
est heart period during inspiration. RSA was computed on
a breath-to-breath basis. Therefore, it is more robust than
spectral decomposition methods against violation of the
assumptions of stationarity. During exercise recovery such
stationarity is likely low. When no difference in shortest
and longest beats could be detected, RSA was set to be zero
for that breath. An overview of calculation of RSA meas-
ures from the breath-to-breath data is displayed in Table 1.

Exercise tests

Maximal exercise protocol was performed on a bike
ergometer (Lode, type Corival) and consisted of an increas-
ing workload per minute. Participants were encouraged by
a researcher to exercise until exhaustion. Different recov-
ery modes are in use (Barak et al. 2011). Active or supine
recovery is preferred since it facilitates venous return and
to this end reduces the risk of arrhythmias, hypotension and
syncope post-exercise (Carter, III et al. 1999; Johnson et al.
1990; Takahashi et al. 2000). Also, since the participants
were wearing equipment for the measurement of oxygen
uptake on their back, supine recovery was unpractical. For
these reasons, participants were obliged to remain seated
on the bike ergometer for at least 5 min after cessation of
the test for cool down. This cooldown was standardized
as follows: after cessation of the test, the resistance was
immediately decreased to 50 W (girls) or 70 W (boys) and

Table 1 Description of
variables

Variable

Description

Resting heart rate
HRR60

Heart rate in number of beats per minute while sitting quietly
Immediate heart rate recovery

HRR180

Resting RSA

RSA60

RSA300

Calculated as: maximal heart rate—heart rate at 1 min after exercise

Long-term heart rate recovery
Calculated as: maximal heart rate—heart rate at 3 min after exercise

Resting respiratory sinus arrhythmia
Calculated via peak valley method while sitting quietly by averaging RSA
in all breaths during 6 min of quiet sitting

Immediate vagal rebound
Respiratory sinus arrhythmia, an average of the RSA across all breaths in
the first minute after exercise

Long-term vagal rebound
Respiratory sinus arrhythmia, an average of the RSA across all breaths in
minute 2-5 after exercise
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participants were instructed to pedal at a comfortable rate
between 30 and 60 rounds per minute. Resistance at recov-
ery could be slightly adjusted on individual demand based
on the maximally reached wattage during the test.

Voluntary exercise behavior

Participants were queried on their voluntary exercise behav-
ior (EB) as by the use of a short lifestyle interview described
in detail elsewhere (van der Aa et al. 2010). The questions
in this interview were structured similar to the longitudinal
surveys in the Netherlands Twin Register. For each exercise
activity (e.g. swimming, fitness, tennis, jogging, soccer)
they were asked for how many years they have been doing
that particular sport, how many months per year, how many
times per week, and how many minutes each time. Partici-
pants had to have been active for at least 6 months and do it
more than 3 months per year for the activity to be included
as we were interested in regular exercise behavior. Hence,
ski holidays, sailing camps, and similar were excluded.
Also, activity related to transportation (cycling, walking)
were excluded. Compulsory physical education classes
were also excluded as they do not reflect voluntary exer-
cise behavior and exercise activities are poorly standard-
ized across different high schools in the Netherlands. Each
remaining exercise activity was converted into a MET (met-
abolic equivalent task) score (Ridley et al. 2008). One MET
represents the amount of energy needed for sitting quietly.
This MET score was multiplied by the duration of activi-
ties and summed to get a weekly MET score. For instance,
an individual reporting 90 min of field hockey training
(MET score = 8) and a 70 min game each week would yield
(2.67 h*8=) 21.3 METhours/weekly.

Descriptive statistics

A multivariate Saturated model in OpenMx (Boker et al.
2011) under R (R Core Team 2014) was used to estimate
the phenotypic correlations and their 95 % confidence
intervals between EB, resting heart rate, resting RSA,
HRR60, HRR180, RSA60 and RSA300 taking into account
the nested structure of family data. To gain insight into the
expected sources of variance in these measures and the
underlying sources of phenotypic correlation between these
measures MZ twin correlations and DZ/sibling correlations
and cross-twin cross trait correlations were estimated.

Genetic modeling
Genetic structural equation modeling was done with the
raw-data ML procedure for estimation of parameters. For

all analyses, a threshold of p < 0.05 was considered for sta-
tistical significance.
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Because (non-twin) siblings share, like DZ twins, on
average, 50 % of their segregating genes and since the sam-
ple size was rather small, parameter estimates were con-
strained to be equal for males and females and for DZ twins
and siblings. However, main effects of sex and age on mean
levels of the phenotypes were considered in the model.

In multivariate models, the total phenotypic variance
was decomposed into sources of additive genetic (co)vari-
ance (A), dominant genetic (co)variance (D) or common
environmental (co)variance (C) and unique environmen-
tal (co)variance (E). Since C and D effects cannot be esti-
mated simultaneously in the classical twin model, the ratio
of the MZ correlations to the DZ correlations was used to
determine which model (ACE or ADE) is most appropri-
ate. Significance of variance components was tested by
comparing the model including the specific component to
a model in which the component is constraint to be equal
to zero. This nested submodel was compared using hierar-
chic Chi-square tests. The Chi-square statistic is computed
by subtracting log-likelihood (—2LL) for a reduced model
from the —2LL for the full model (x° = —2LL¢y; model —
(—2LL ¢ guced mode))- This x’statistic is distributed with
degrees of freedom (df) equal to the difference in the num-
ber of parameters estimated in the two models (Adf = dfy,,
model — Dfreduced model)- If the difference test is significant
the constraints on the reduced model cause a significant
deterioration of the fit of the model and thus the compo-
nent will be retained. In a multivariate saturated model
(in which all parameters are estimated freely), we started
the genetic model fitting with a Cholesky decomposition
(Neale and Cardon 1992) for these seven variables (model
1). This Cholesky decomposition reveals a first insight into
the etiology of covariances between variables. The model
is descriptive and not driven by a specific multivariate
hypothesis. Next, we tested for the significance of shared
environmental influences by constraining these effects to
be zero (model 2). This AE model is depicted in Fig. 1.

To test our hypotheses, the significance of selected path
loadings was tested by constraining them to zero. This was
done in three steps: first, we tested whether all factors influ-
encing resting heart rate and resting vagal tone (see Fig. 1;
A2 and A3) also influenced HRR and vagal rebound after
exercise. All path loadings with zero in their 95 % confi-
dence interval originating from genetic factor A2 and A3
(pathway a22, a32, a42, a52, a62, a72, a33, a43, a53,
a63 and a73 in Fig. 1) were constrained to be zero and the
fit of this reduced model (model 3) was compared to the
Cholesky AE model (model 2). Next, to test the hypothesis
that a single genetic factor influences post-exercise HRR
and vagal rebound overlap, path loadings of A4 through
A7 (pathway a44, a54, a64, a74, a55, a65, a75, a66, a76
and a77 in Fig. 1) with zero in their 95 % confidence
interval were constrained to zero and this reduced model
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Fig. 1 Full Seven variate

Cholesky model (E not depicted
in this figure). HR; resting heart
rate. The path from factor A/ to
EB is named a/, the path from
Al to HR a21; other path names
follow the same reasoning
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(model 4) was compared with model 3. Finally, the over-
lap between the genetic factor influencing regular exercise
behavior and the cardiac vagal exercise recovery factors
was explored by constraining the non-significant path load-
ings originating from A1l (pathway all, a21, a31, a4l, a51,
a6l and a71 in Fig. 1) to zero. The fit of this model (model
5) was then compared to model 4. In the final model only
the significant pathways were retained and all heritability’s
were computed using this final model.

Results
General descriptives

Means and standard deviations for resting heart rate, resting
RSA, immediate HRR and vagal rebound, long-term HRR
and vagal rebound, EB and ventricular arrhythmia (VA) are
shown in Table 2. For the analysis of heart rate and HRYV,
further analyses were done using PVC-free signals; sub-
jects who had ectopic beats were not excluded from the
analysis but ectopic beats were removed from the data. 381
(77 %) adolescents showed no ventricular ectopy during
the entire exercise protocol. 94 (19 %) had at least one but
less than 10 premature ventricular contractions (PVCs) and
16 (3 %) had more than 10 PVCs during the entire record-
ing. There was no difference between males and females
(p = 0.178). Within the group of adolescents with PVCs,
these were polymorph in 10 (9 %), bigeminal in 6 (5.5 %)
and three adolescents showed one or more couplets (2.7 %).
In the 16 adolescents whose ECG showed over 10 PVCs
during the entire protocol, 13 showed one or more in rest,
10 during submaximal exercise and 6 during the maximal
exercise test (see Table 2). Athletes (defined as >50 MET

Table 2 Descriptives

Males Females
Mean SD  Mean SD
Age 17.0 .1 172 1.1
Ventricular arrhythmia (#PVCs) 1.6 8.0 2.7 23.5
None (N, (%)) 183 (76) 198 (79)
<10 (N, (%)) 50 (21) 44 (18)
>10 (N, (%)) 7(3) 94
Resting heart rate (bpm)* 72.4 11.3 757 11.1
Maximal heart rate (bpm) 195.5 9.7 1944 8.9
HRR60 (bpm)* 254 7.8 221 7.2
HRR180 (bpm)* 58.6 10.5 534 10.5
Resting RSA (ms) 74.9 38.0 80.2 41.1
RSA60 (ms)* 8.2 21 70 1.9
RSA300 (ms)* 9.7 4.1 84 39
EB (METs/week) * 26.0 22.6 193 21.7

PVC premature ventricular contraction

* Significant difference between males and females

EB per week, N = 46) showed significantly more ventricu-
lar ectopy compared to non-athletes (p < 0.001). Variance
in the presence of VA in this group could not be explained
by genetic influences (data not shown).

Heritability

Correlations for MZ twins were higher than DZ/sibling
correlations for all phenotypes (see Table 3), suggesting a
genetic effect. The results of the model fitting can be found
in the Table 5. Based on the best fitting model (Fig. 2) we
estimated a heritability of 80 % (95 % CI 73-85) for EB,
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Table 3 MZ twin and DZ/
sibling correlations were
estimated in the multivariate
saturated model and proportion
of variance and confidence
intervals due to A and E, were
estimated from best fitting
multivariate model

vz

Tdzssib

A

E

Resting heart rate
HRR60

HRR180

Resting RSA
RSA60

RSA300

EB

0.70 (0.60-0.78)
0.61 (0.49-0.70)
0.67 (0.56-0.75)
0.64 (0.53-0.73)
0.35 (0.19-0.49)
0.24 (0.08-0.40)
0.80 (0.73-0.85)

0.49 (0.36-0.59)
0.38 (0.23-0.51)
0.40 (0.27-0.51)
0.19 (0.04-0.32)
0.22 (0.06-0.37)
0.15 (=0.04-0.33)
0.48 (0.35-0.59)

0.68 (0.58-0.76)
0.60 (0.48-0.67)
0.65 (0.54-0.73)
0.58 (0.45-0.69)
0.23 (0.11-0.35)
0.03 (0.00-0.11)
0.80 (0.73-0.85)

0.32 (0.24-0.42)
0.40 (0.31-052)
0.35 (0.27-0.46)
0.42 (0.31-0.55)
0.77 (0.65-0.89)
0.97 (0.89-1.00)
0.20 (0.15-0.27)

Fig. 2 Reduced Cholesky
model (E not depicted in this
figure). HR; resting heart rate.
Factor A/, A2 and A4 represent
genetic influences which are 7
partly shared. Tentatively, A/ 253
can be labeled as an exercise/
heart rate factor, A2 as a rest-
ing vagal tone and A4 as the
cardiac vagal recovery factor.
The numbers next to the arrows
represent the unstandardized
path coefficients and their 95 %
confidence intervals. Heritabil-

Al

(8'L1-2°77)
9°6T-

ity can be computed by dividing
the summed genetic variance by EB HR
the total variance

68 % (95 % CI 58-76) for resting heart rate, 60 % (95 %
CI 48-67) for HRR60, 65 % (95 % CI 54-73) for HRR180,
58 % (95 % CI 45-69) for resting RSA, 23 % (95 % CI
11-35) for RSA60 and 3 % (95 % CI 0-11; not signifi-
cant) for RSA300 (see Table 3). The remaining variance in
these variables could be explained by unique environmental
factors.

Genetic contributions to covariances

Phenotypic correlations are shown in Table 4. Resting heart
rate was moderately correlated to resting RSA (r = —0.39,
95 % CI —0.47, —0.30) and showed a small inverse corre-
lation to HRR and vagal rebound (—0.17 < r < —0.29).
HRR was moderately correlated to vagal rebound, even
when short- and long-term recovery was cross-correlated
(0.24 < r < 0.58). EB was significantly correlated to resting
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heart rate and HRR180 only. Table 4, therefore, suggest the
existence of a general cardiac vagal factor that influences
resting heart rate and resting RSA but also HRR and vagal
rebound; dark gray shaded area) and a specific cardiac
vagal exercise recovery factor (including HRR60, HRR180,
RSAG60 and RSA300; light gray shaded area).

The existence of these factors were confirmed by the
Cholesky model. Pathloadings a62, a72, a43, a53, a63,
a43, a53, a63 and a73, a65, a75, a76, a77, a3l, a4l, a6l
and a71 were constrained to zero as zero was in the 95 %
confidence interval. The final model is shown in Fig. 2.
Factor A2 loaded on resting heart rate and resting vagal
tone, as well as HRR60 and HRR180 and might be consid-
ered as a general cardiac vagal factor. The majority of the
phenotypic correlations between these variables could be
explained by genetic factors (72-99 %). Factor A4 can be
considered as a recovery factor, as significant path loadings
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Table 4 Phenotypic correlations (95 %CI) and in significant correlations % explained by overlapping genetic factors (*) estimated in multivari-

ate models
EB Resting heart rate Resting RSA HRR60 HRR180 RSA60 RSA300
EB 1.00
Resting heart rate ~ -0.27 (-.36, -.17) 1.00
*91%
Resting RSA 0.10 (.00, .20) -0.39 (-.47, -.30) 1.00
*72%
HRR60 0.10 (-.00, .20) -0.26 (-.36, -.16) 0.13 (.04, 23) 1.00
*67% *99%
HRR180 0.19 (.09, .29) -0.29 (-39, -.20) 0.14 (.04, .23) 058 (5165) 1.00
*88% *76% *78% *68%
RSA60 0.10 (.00, .20) -0.17 (-.26, -.07) 0.11 (.01, .21) 0.37 (.28, .45) 0.24 (.14, .33) 1.00
*0% *0% *56% *51%
RSA300 0.06 (-.04, .16) -0.18 (-.27, -.08) 0.10 (.00, .19) 0.33 (.23, .41) 0.33 (.24, 42) 0.56 (.48, .62) 1.00
*0% *45% *27% *9%
Table 5 Model fitting results Model OLL df Comparedto X2 Adf p
1 Cholesky ACE 23,466 3257
2 Cholesky AE 23,488 3285 1 22 28 0.816
3 Cholesky AE—HR and resting vagal tone 23,500 3291 2 12 6 0.063
4 Cholesky AE—HRR and vagal rebound 23,506 3295 3 6 4 0.193
5 Cholesky AE—vagal exercise recovery and EB 23,512 3299 4 6 4 0.186

were detected between this factor and all four recovery
variables. 9-68 % of the phenotypic correlations between
these recovery variables could be explained by genetic fac-
tors. Finally, the same genetic factor (A1) that influenced
regular exercise behavior also influenced resting heart rate
and long-term heart rate recovery. Almost all (88-91 %) of
the observable phenotypic correlation between these vari-
ables could be explained by this common genetic factor.
Model fitting results can be found in Table 5.

Discussion

Heart rate responses to (maximal) exercise exhibit impor-
tant prognostic power for cardiovascular and total mortal-
ity. Immediate HRR (1 min after exercise cessation) is an
easy to measure and potentially very valuable predictor
and a measure of cardiac vagal function in patients as well
as in healthy individuals. This study in a group of healthy

adolescent twins and their siblings estimated the herit-
ability of HRR and vagal rebound after maximal exercise.
In this group, estimated heritability of immediate HRR60
was 60 % (95 % CI 48-67). The immediate vagal rebound,
measured by RSA60 in this study, showed a heritability
estimate of 23 % (95 % CI 11-35). The long-term vagal
rebound showed heritability estimates of 65 % (95 % CI
54-73) for HRR180 but only 3 % (95 % CI 0-11) for
RSA300. Another limitation of this study is that matura-
tional age may influence both heart rate and HRV and mat-
uration is likely to be more synchronous in MZ than in DZ
twins which may have inflated heritability. In contrast, the
broad age range of the siblings could have acted to inflate
the environmental effects.

Previous studies had already firmly established the herit-
ability of resting heart rate with estimates varying from 26 to
68 % (An et al. 1999; de Geus et al. 2007; Singh et al. 1999;
Wang et al. 2015; Zhang et al. 2014). Likewise resting RSA
is substantially heritable with estimates ranging between 25
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and 71 % (de Geus et al. 2015; Neijts et al. 2014). We rep-
licate these findings in our sample (heart rate 68 %, RSA
58 %) with the heritability of resting heart rate very similar
to a recent meta-analysis done by Wang et al. (Wang et al.
2015) and the heritability of resting RSA very similar to that
found in a large non-overlapping study in adult Dutch twins
(50 %) (Neijts et al. 2015). To our knowledge, only one previ-
ous study has been done on the heritability of HRR and none
on other vagal rebound measures. Ingelsson et al. (Ingelsson
et al. 2007) found a heritability of 34 % for slow HRR (3 min
after cessation of exercise), which is much lower compared to
our results (65 %). This is probably due to the different meth-
ods used; participants did not exercise until exhaustion as in
our study but until they reached 85 % of their estimated maxi-
mal heart rate. Also, recovery was in supine position, whereas
our participants had an active recovery.

Previously, Kupper et al. (Kupper et al. 2005) showed
that the phenotypic correlations between heart rate and
RSA measured in an ambulatory setting (ranging between
0.35 and 0.45, measured at different times of day) was for
up to 52 % determined by common genetic factors. We
here replicate this finding for resting levels of heart rate
and RSA in a more standardized setting. In our study, the
phenotypic correlation between resting heart rate and rest-
ing RSA was —0.39, and 72 % of this correlation could
be explained by a common genetic factor influencing
both resting heart rate and resting RSA. We now further-
more, show that the general cardiac vagal factor influenc-
ing resting heart rate and RSA also influences HRR and
vagal rebound to exercise. This could not simply have been
assumed a priori. Dewland et al. have suggested that dif-
ferent physiologic determinants probably underlie resting
heart rate and HRR (Dewland et al. 2007) and this was
further reinforced by the findings of Duarte and colleagues
(Duarte et al. 2015). Participants to their training study
were divided based on their resting vagal control being
high or low. Post-exercise vagal rebound showed no change
in a control group, but training 3 days per week for 40 min
at 75-85 % of their heart rate reserve led to a significant
increase in maximal oxygen consumption and post-exer-
cise vagal rebound. Resting vagal control, however, only
increased for the group with low resting vagal control at
baseline but not in the group with high resting vagal con-
trol at baseline. Phenotypic correlations between the heart
rate and RSA variables in our study were in keeping with
the existence of two different factors: a ‘general cardiac
vagal factor’ (including resting heart rate, resting RSA and
the vagal rebound effects after exercise; dark gray shaded
area in Table 4) and a more specific ‘cardiac vagal exer-
cise recovery’ factor (including immediate HRR and vagal
rebound and long-term HRR and vagal rebound; light gray
shaded area in Table 4).

@ Springer

Voluntary exercise behavior is a highly heritable trait,
80 % in our study corresponds well to an earlier study in
an unrelated adolescent cohort (van der Aa et al. 2010).
Heritability of EB increases from childhood to adolescence
(Huppertz et al. 2016) meaning that the likelihood of suc-
cess of family based interventions is largest in children and
less in adolescents. For adolescents, focus should shift to
individually based interventions.

Regular exercise behavior and HRR have been reported
to be significantly associated in patients (Rodrigues et al.
2015; Sato et al. 2005) and in healthy persons (Carnethon
et al. 2005). In our study, the correlations between regular
exercise and HRR60, HRR180, RSA60 and RSA300 were
low (0.06-0.19) and only HRR180 reached significance
(r = 0.19). Albeit small, the correlation between EB and
HRR180 was almost entirely explained by genetic fac-
tors (88 %). Such a finding can be ascribed to (a combina-
tion of) three possible explanations. First, regular exercise
behavior may causally influence long-term cardiac vagal
recovery, in which case the genes for exercise behavior
are part of the heritability of cardiac vagal recovery. In
this scenario, changing exercise behavior would positively
influence this phenotype. Second, the reverse may also be
true in that long-term cardiac vagal recovery may caus-
ally influence regular exercise behavior. Third, there may
be genetic pleiotropic effects that independently influence
exercise behavior and vagal recovery. The latter two expla-
nations are less likely, as in that case intervention on exer-
cise behavior would not be expected to change vagal recov-
ery. EB also correlated significantly with resting heart rate
(r=-0.27,95 % CI —0.36, —0.17), of which 91 % could
be explained by genetic factors. The well-known phe-
nomenon of bradycardia in athletes is mostly due to low-
ered intrinsic heart rate, although vagal control also plays
a minor role (Katona et al. 1982; Smith et al. 1989). This
is in accordance with our current results, as EB shows a
significant correlation with resting heart rate and HRR180
but not with the other variables. A possible explanation
for the bradycardia is increased stretch of the right atrium
and thereby the sino-atrial and the atrio-ventricular node
induced by the chronically increased stroke volume.

In conclusion, individual differences in HRR can to a
large extent be explained by genetic differences. Because
our results reveal partly different genetic determinants for
general and post-exercise cardiac vagal control, we suggest
that for heart rate and HRV, both resting and post-exercise
values should be considered when evaluating differences in
autonomic nervous system control as predictors of cardiac
and all-cause mortality.
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