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a b s t r a c t

Objectives: Individual differences in adolescent exercise behavior are strongly influenced by genetic
factors. The affective response to exercise is a potential source of these genetic influences. To test its role
in the motivation to exercise, we estimated the heritability of the affective responses during and after
exercise and the overlap with the genetic factors influencing regular voluntary exercise behavior.
Design: 226 twin pairs and 38 siblings completed two submaximal exercise tests on a cycle ergometer
and a treadmill and a maximal exercise test on a cycle ergometer. Affective responses were assessed by
the Feeling Scale (FS), Borg's Rating of Perceived Exertion (RPE) and the Activation-Deactivation Adjective
Checklist (AD ACL).
Methods: Multivariate structural equation modeling was used to estimate heritability of the affective
responses during and after submaximal and maximal exercise and the (genetic) correlation with self-
reported regular voluntary exercise behavior over the past year.
Results: Genetic factors explained 15% of the individual differences in FS responses during the cycle
ergometer test, as well as 29% and 35% of the individual differences in RPE during the cycle ergometer
and treadmill tests, respectively. For the AD ACL scales, heritability estimates ranged from 17% to 37%
after submaximal exercise and from 12% to 37% after maximal exercise. Without exception, more positive
affective responses were associated with higher amounts of regular exercise activity (0.15 < r < 0.21) and
this association was accounted for by an overlap in genetic factors influencing affective responding and
exercise behavior.
Conclusions: We demonstrate low to moderate heritability estimates for the affective response during
and after exercise and significant (genetic) associations with regular voluntary exercise behavior. These
innate individual differences in the affective responses to exercise should be taken into account in in-
terventions aiming to motivate adolescents to adopt and maintain regular exercise.

© 2016 Elsevier Ltd. All rights reserved.
1. Introduction

Regular physical activity is a key contributor to adolescents’
health (Janssen & Leblanc, 2010). However, the majority of
youngsters does not engage in regular exercise at the
Psychology, Faculty of Psy-
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recommended level, despite efforts of governments and health care
organizations promoting exercise (Martinez-Gonzalez et al., 2001;
Troiano et al., 2008). To create a successful intervention, one must
have knowledge about the underlying predictors of a physically
active lifestyle. One of the potential motivational mechanisms un-
derlying exercise behavior is the affective response immediately
during exercise and shortly after cessation of an exercise bout
(Ekkekakis, Parfitt, & Petruzzello, 2011, 2013).

Affect refers to an individual's core of all valenced states: good
versus bad, pleasure and displeasure, positive and negative
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(Ekkekakis et al., 2011, 2013). In contrast to the persistent general
belief that exercise is enjoyable for everyone, strong individual
differences are found in the affective responses during and after
exercise. Whereas some individuals indeed report an increase in
pleasure or no change, others report reduced pleasure or negative
changes in affect (Ekkekakis, Hall, & Petruzzello, 2005, 2011; Van
Landluyt, Ekkekakis, Hall, & Petruzzello, 2000; Welch, Hulley,
Ferguson, & Beauchamp, 2007). Based on the principles of instru-
mental conditioning, the repeated affective responses to exercise
activities could be a powerful determinant of the formation of
stable behavioral habits. If the affective response is on balance
positive, people are likely to maintain the behavior and become
regular exercisers. However, if the net affective response is not
favorable, people are at risk of dropping out and becoming non-
exercisers. In keeping with this theoretical expectation, a more
favorable affective response during exercise was found to be asso-
ciated with the intention to engage in voluntary exercise (Kwan &
Bryan, 2010; Ruby, Dunn, Perrino, Gillis, & Viel, 2011) and greater
actual participation in (voluntary) moderate to vigorous exercise
(Dunton& Vaughan, 2008; Rhodes& Kates, 2015; Schneider, Dunn,
& Cooper, 2009; Williams et al., 2008, 2012). A better under-
standing of the determinants of the affective response to exercise
may therefore be paramount to creating successful exercise
interventions.

The net affective response during and shortly after exercise may
reflect a mixture of multiple aversive and appetitive effects. Ex-
amples of immediate aversive effects are exercise-related fatigue
related to muscle pain, respiratory exertion and monoamine
depletion (Davis & Bailey, 1997). After exercise, cardiovascular
activation levels may be uncomfortably high for a prolonged period,
paired to lingering muscle fatigue and central fatigue (Ament &
Verkerke, 2009). More complex aversive effects may involve the
fear for embarrassment and injuries (Huppertz et al., 2014b;
Rhodes et al., 1999; Skelton & Beyer, 2003; Vartanian & Shaprow,
2008). These aversive effects may be balanced by the rewarding
effects which are governed by the mesolimbic reward system that
involves dopaminergic pathways (Beaulieu & Gainetdinov, 2011).
More complex appetitive effects can involve a sense of accom-
plishment or distraction from worry or feelings of anxiety
(Anderson & Shivakumar, 2013) during but also after exercise
cessation. Shortly after exercise activities, sympathetic withdrawal
may temporarily reduce the physiological sensitivity to stress
(Chen & Bonham, 2010; Hsu et al., 2015).

de Geus and de Moor (2008) have hypothesized that these in-
dividual differences in part reflect differences in genetic sensitivity
to the psychological effects of exercise (de Geus& deMoor, 2008). A
significant genetic contribution of the affective responses to exer-
cise could explain the now well-documented heritability of
voluntary exercise behavior which peaks at 82% in late adolescence
(Huppertz et al., 2012) and remains in play throughout adulthood
with heritability estimates of around 42% (de Moor et al., 2011).
Genetic variants influencing the affective exercise response could
do so in part by an effect on the so-called ‘activity drive’ (Lerman
et al., 2002; Lightfoot, Turner, Daves, Vordermark, & Kleeberger,
2004; Rowland, 1998). This activity drive can be conceptualized
as an innate motivation to be physical active in the classical Hullian
sense, not different from sex drive, hunger or thirst. Just as the
glucostat cells and the baroreflex that keep sugar and blood pres-
sure level constant at an optimal level, the activity-stat could keep a
person's energy expenditure at an optimal level, but that level may
differ significantly across individuals dependent on genotype
(Lightfoot et al., 2004; Swallow, Carter, & Garland, 1998). The
activity-stat could influence the net balance of positive and nega-
tive affective responses during and after a bout of exercise as the
fulfillment of drives is intrinsically rewarding.
Other factors known to influence exercise behavior could
further modulate the affective response to exercise. Positive atti-
tudes and expected health benefits may lead the individual to
endure an unfavorable balance between the aversive and appetitive
effects, as may a strong ability to self-regulate. Both self-regulation
traits and attitude are associated with exercise behavior and/or
physical activity (Dishman, Jackson,& Bray, 2014; Dishman, McIver,
Dowda, Saunders, & Pate, 2015; Hagger, Chatzisarantis, & Biddle,
2002). Moreover, attitudes have been shown to be heritable
(Huppertz et al., 2014b) and the psychological concept of self-
regulation is also under substantial genetic control (Posner &
Rothbart, 2009). Increased sensitivity to punishment as seen in
neuroticism, aversion to arousal as seen in introversion, or reward-
seeking behavior as seen in extraversion and sensation seeking, all
heritable personality traits, may further modulate the affective
response to exercise accounting for the association of personality
with exercise behavior (de Moor, Beem, Stubbe, Boomsma, & de
Geus, 2006).

A final important contributor to the net affective response to
exercise is exercise ability and/or trainability. Activities that one is
good at are likely to be pursued in leisure time. Performing better at
exercise than others, or gaining more rapidly when exposed to
comparable training regimes, will lead to feelings of competence,
whereas lower levels of performance and trainability might lead to
disappointment or shame (particularly when the exercise is per-
formed in a competitive context). A large body of literature has
confirmed self-efficacy, the belief and conviction that one can
perform a given activity at an adequate level of performance, is a
powerful determinant of whether someone engages in and adheres
to an exercise program (Dishman et al., 2005; McAuley & Blissmer,
2000; Nigg, 2001). Self-efficacy may be an especially strong factor
in adolescence, when the sensitivity to one's own relative ranking
among peers may be largest.

The present study aims to test the hypothesis that the affective
responses during and after exercise show significant heritability in
adolescence. Secondly, it aims to test the hypothesis by de Geus and
de Moor (2008) that the genetic factors underlying this heritability
partly overlapwith the genetic factors underlying regular voluntary
exercise behavior. To test these two hypotheses, the affective state
was repeatedly measured in a large adolescent sample of twins and
siblings during and after graded (sub)maximal exercise tests. Reg-
ular voluntary exercise behavior over the past year was character-
ized in these participants by a lifestyle interview. In a twin study,
the intrapair resemblance for a trait is compared between geneti-
cally identical (monozygotic, MZ) and non-identical (dizygotic, DZ)
twins. We expect that MZ twins resemble each other more than DZ
twins in affective responses to exercise, providing evidence for
genetic influences on this response. In a bivariate extension of the
twin design, cross-trait/cross-twin correlations can be further used
to compute the correlation between genetic factors influencing
these two traits. We expect a significant genetic correlation be-
tween adolescent exercise behavior and the exercise-induced af-
fective response showing that they are influenced by shared genetic
factors.

2. Methods

2.1. Subjects

Healthy adolescent twin pairs aged between 16 and 18 and their
siblings (age range 12e25) from the Netherlands Twin Register
(Van Beijsterveldt et al., 2013) were invited to participate in a study
on the determinants of adolescent exercise behavior. A complete
dataset was available for 499 subjects: 115 monozygotic pairs (MZ)
and 111 dizygotic pairs (DZ), and 35 of their singleton siblings. Six
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additional non-twin sibling pairs participated. All subjects provided
written consent and if the subjects were under 18 consent was
given by both of their parents/guardians. All study procedures were
reviewed and approved by theMedical Ethics Review Committee of
the VU Medical Center Amsterdam (NL35634.029.10).

2.2. Measures

Regular voluntary exercise behavior was measured by a short
lifestyle interview, in which the subjects indicated what types of
regular exercise they were currently involved in. The questions in
this interview were structured identical as in our longitudinal
surveys used by the Netherlands Twin Register (van der Aa, de
Geus, van Beijsterveldt, Boomsma, & Bartels, 2010). Participants
were asked 1) whether or not they currently participate in exercise
activities in leisure time and if so, 2) for how many years, 3) how
many months per year, 4) how many times a week, and 5) how
many minutes each time. Activities that were related to trans-
portation (walking and cycling) and compulsory education classes
were excluded. As we were interested in regular voluntary exercise
activities, we only included activities that were conducted for at
least 3months a year and since at least half a year, thereby excluded
holiday specific exercise activities such as sailing camps and skiing.
Each activity was recoded into a metabolic equivalent of task (MET)
score, based on the compendium of energy expenditure published
by Ainsworth (Ainsworth et al., 2000). A MET is defined as the ratio
of work metabolic rate to a standard resting metabolic rate (i.e. the
energy required to perform an activity relative to the energy that is
expended during quiet rest). By multiplying the MET score, the
frequency (how many times a week), and the duration of each
exercise activity, weekly MET-hours spent on exercise activities
were calculated.

Affective responses to exercise were assessed by the Dutch
versions of the Feeling Scale (Hardy & Rejeski, 1989) and the
Activation-Deactivation Adjective Checklist (Thayer, 1986). The
Feeling Scale (FS) is an 11-point bipolar measure of pleasure-
displeasure. The scale ranges from �5 “very bad” to þ5 “very
good” and has been used in many studies on the affective response
to exercise (Ekkekakis, Hall, & Petruzzello, 2008, 2011; Hall,
Ekkekakis, & Petruzzello, 2002; Parfitt, Rose, & Burgess, 2006;
Schneider & Graham, 2009). Fig. 1a shows the scores on the
Feeling Scale of 6 randomly selected subjects for every step of a
submaximal exercise test. The area above the curve was calculated
for every participant during exercise (for details see Fig. 1b) (using
the polyarea function in Matlab (Matlab 2014a; The MathWorks
Inc., Natick, Massachusetts, USA). These scores were recoded so that
negative scores were associated with a larger decrease on the FS
during the exercise tests. The Activation-Deactivation Adjective
Checklist (AD ACL) is a multidimensional test of transitory arousal
states using a four-point self-rating system: “definitely feel” (4),
“slightly feel” (3), “cannot decide” (2) or “definitely do not feel” (1).
As the subjects experienced some trouble with understanding
three of the items “placid” and “wakeful” and “intense”, these items
were left out of the analyses. This questionnaire is scored by aver-
aging five scores for each subscale: Energy, Tiredness, Tension, and
Calmness. Finally, to measure subjective exercise intensity Borg's
Rating of Perceived Exertion (RPE) (Borg, 1970) was used: A 15-
point scale ranging from 6 to 20, with marks at 7 (“very, very
light”), 9 (“very light”), 11 (“fairly light”), 13 (“somewhat hard”), 15
(“hard”), 17 (“very hard”) and 19 (“very, very hard”). The sum of the
scores for every submaximal exercise test was used for analyses.

To account for potential effects of differences in the relative
intensity of exercise compared to a person's maximal exercise ca-
pacity, oxygen uptake ( _VO2) and carbon dioxide production ( _VCO2)
were recorded continuously by means of a telemetric gas exchange
system (Cosmed K4b2, Roma, Italy) during the submaximal and
maximal exercise tests. Breath-by-breath VO2 data were exported
and deviant breaths were removed by excluding the breaths that
were 3 times the standard deviation from the mean.

2.3. Procedure

On arrival at the laboratory, height and weight were measured,
the life-style interview was completed, and baseline FS and AD ACL
responses were obtained. Next, two submaximal exercise tests
were conducted (in fixed order) on an electromechanically braked
Lode cycle ergometer (type Corival) and a Lode treadmill (type
Valiant) at fixed loads that are typically below the intensity of the
ventilatory threshold (VT) for most adolescents. The first session on
the cycle ergometer started with a 2-min warming up period, fol-
lowed by 4 incremental stages of 5 min each (males: 70 Watt (W),
90 W, 110 W, 130 W; females: 40 W, 60 W, 80 W, 100 W). Subjects
were instructed to pedal at fixed revolutions per minute (RPM):
between 60 and 70 RPM. The test endedwith a 1-min cooling down
phase, followed by a 5-min recovery period. The second session on
the treadmill consisted of a 1-min warm-up period, followed by 4
incremental stages of 5 min each (males: 6, 6.5, 7 and 8 km/h; fe-
males: 5.5, 6, 6.5 and 7 km/h). Again, the test ended with a 1-min
cooling-down phase, followed by a 5-min recovery period. In or-
der for the participants to reach a steady-state during the 4 steps of
the submaximal exercise protocol, FS and RPE responses were
collected in the last minute (after 4 min) of every step. During the
cooling down phase (1 min), FS response was collected in the last
15 s. During the recovery phases, the ADACL and FS responses were
collected after ~2 and 5 min of sitting quietly respectively.

To ensure that the participants did not exercise at vigorous in-
tensities, the ratio of the oxygen consumption and carbon dioxide
production ( _VO2/ _VCO2) was monitored. This respiratory exchange
ratio (RER) can be used to estimate the blood lactate-based
anaerobic threshold (Solberg, Robstad, Skjonsberg, & Borchsenius,
2005). This threshold is transcended when exhalation of CO2 ex-
ceeds inhalation of O2, which is visualized by a RER >1.00. The load
of each stage was adjusted when necessary to keep the intensity of
the final stage of each submaximal test below an RER of 1. For
subjects who showed an RER above 1.0 during the submaximal
tests, FS and AD ACL responses for that submaximal were set to
missing (including the cool down and recovery period).

Finally, an incremental maximal exercise test was conducted on
a cycle ergometer to establish _VO2max. The work rate was increased
every minute until exhaustion (see Schutte, Nederend, Hudziak,
Bartels, & de Geus, 2016 for measurement details on _VO2max). On
average 25.2 ± 7.6 min after the end of the maximal exercise test
and a shower the AD ACL was filled out a final time.

2.4. Statistical analyses

The classical twin design compares the intrapair resemblance
between two types of sibling relationships; genetically identical
twins or monozygotic (MZ), the result of division of a single
fertilized egg during an early stage in embryonic development, and
non-identical twins or dizygotic (DZ), resulting from two separate
fertilized eggs. Consequently, MZ twins are genetically identical,
whereas DZ twins shared on average 50% of their genetic make-up.
Twin studies decompose all phenotypic variance of a trait into
sources of genetic influences (‘A’), shared environmental influences
(influences shared with other family members e.g. upbringing;
referred to as ‘C’), dominant genetic influences (‘D’) and person-
specific influences (influences that are unique to the individual;
referred to as ‘E’). An important assumption is that the shared
environmental effects are independent of zygosity (and thus equal



Fig. 1. An example of the decline and increase in Feeling Scales responses during a submaximal exercise test. a) Feeling Scale response of 6 randomly selected subjects during a
submaximal exercise test; b) Example of the quantification of the Feeling Scale response during a submaximal exercise test in a randomly selected subject. The hatched area is used
as the Feeling Scale response for this subject.
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for both MZ and DZ twins).
Modeling of the twin and sibling data was performed using

structural equation modeling (SEM) in OpenMx (Boker et al., 2011)
under R (R Development Core Team, 2014) with the raw-data ML
procedure for estimation of the parameters. For all analyses, a
threshold of p < 0.05 was considered for statistical significance.
Given the relative small sample size, with no power to test for sex-
differences, and since (non-twin) siblings share, like DZ twins, on
average 50% of their genes, parameter estimates were constrained
to be equal for males and females and for DZ twins and siblings.
Main effects of baseline measurements, sex and age and highest
percentage of _VO2max reached during the submaximal tests (see
Fig. 1b) on mean levels of the affective responses were considered
in the model. In addition, for the AD ACL responses collected after
the maximal test, we included the main effect of the time between
the maximal exercise test and the final measurement of the AD ACL
(in minutes) when modeling the mean AD ACL response.

First, twin-sibling correlations were estimated with univariate
saturated models in OpenMx. In a saturated model, all parameters
(means, variances) are estimated freely. Next, total phenotypic
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variance of FS, RPE and AD ACL responses was decomposed into
sources of additive genetic variance (A), dominant genetic variance
(D) or shared environmental variance (C) and person-specific
environmental variance (E) to test which sources of variance
significantly contribute to the phenotype and estimate their best
value. Since C and D effects cannot be estimated 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 appropriate.

Significance of the variance components was tested by con-
straining them to zero (for instance, comparing model ACE versus a
submodel AE, in which the C component was fixed to zero). These
submodels were compared by hierarchic c2 tests. The c2statistic is
computed by subtracting log-likelihood (-2LL) of a submodel from
the -2LL of the original model (c2 ¼ �2LLoriginal model e -2LLsubmo-

del). This c2statistic is distributedwith degrees of freedom (df) equal
to the difference in the number of parameters estimated in the two
models (Ddf ¼ dforiginal model e dfsubmodel). If the difference test is
significant, the constraints on the submodel cause a significant
deterioration of the fit of the model (Rijsdijk & Sham, 2002).

The phenotypic and cross-trait/cross twin correlations for FS,
RPE and AD ACL responses with regular exercise were estimated in
bivariate models: an analysis of two variables to determine the
relationship between them. When phenotypic correlations proved
significant, genetic (rA) and environmental (rE) correlations were
calculated to determine how much of the genetic influence on two
variables is common to both. Finally, a multiple regression analysis
was run in STATA to determine the amount of variance in exercise
behavior explained by the FS, RPE and AD ACL responses while
taking into account familial relatedness.
3. Results

3.1. Descriptives

For 16 subjects affective responses collected during the sub-
maximal cycle ergometer test (10) or submaximal treadmill (6) test
were set to missing, and for 7 subjects affective responses collected
during both tests were set to missing, because they showed an RER
above 1.0 during these exercise tests. Table 1 shows the means and
standard deviations (SDs) of age, body composition, regular exer-
cise and _VO2max. Table 2 shows themeans and SDs of the FS and RPE
responses, _VO2 expressed as a percentage of _VO2max for every step
of the experiment. As the intensity of the submaximal tests
increased, the percentage of _VO2max at which the subjects were
exercising increased accordingly. The mean FS responses showed a
decline when load was increasing, whereas the subjects reported a
higher mean RPE. During the cool down and recovery phase, mean
FS responses increased reflecting a return to a more positive af-
fective state. The means and SDs and the Cronbach's alpha for the
Table 1
Means and standard deviations of age, body composition, regular exercise and
_VO2max.

Male (N ¼ 242) Female
(N ¼ 257)

Mean SD Mean SD

Age 17.1 1.4 17.3 1.5
Height (cm) 180.5 8.1 168.1 6.9
Weight (cm) 67.6 10.8 61.7 10.0
BMI (kg m�1) 20.7 2.5 21.8 3.2
Voluntary Exercise Behavior (METs/week) 25.8 22.6 19.5 21.9
_VO2max in mL/min 3134.5 542.8 2232.1 329.2
_VO2max in mL/min/kg 46.9 6.9 36.7 5.6
four subscales of the AD ACL are shown in Table 3. The mean score
for Energy increases during the recoveries of the submaximal tests,
but decreases after the maximal exercise test. Calmness and
Tiredness show a reverse pattern, whereas the scores for Tension
seem to be stable over the course of the experiment. In the current
study, Cronbach's alpha was sufficient for Energy, Calmness and
Tiredness (0.60 � 0.87), but low for Tension (0.34 � 0.48).

3.2. Heritability of the affective responses to exercise

Table 4 shows the MZ and DZ/sibling correlations and genetic
modelling results. For FS response during cycling, the dominant
genetic factor (D) was not significant (p > 0.05) and heritability
estimate (A) was 15% (95% CI: 0%e31%). For FS responses during the
submaximal treadmill test, the DZ/sibling correlation was higher
than half the MZ correlation and the ACE model could be simplified
by dropping either A or C, with a CE model giving the best fit. C
explained 19% (95% CI: 8%e30%) of the total variance in FS re-
sponses during the submaximal treadmill test. For RPE responses
during both submaximal exercise tests, C could be dropped from
the model and heritability estimates of 29% (95% CI: 13%e43%) and
35% (95% CI: 20%e48%) were found. Person-specific environmental
influences explained a substantial portion of the variance in all FS
and RPE responses.

For energy and Calmness the MZ correlations were higher than
DZ/sibling correlations and the AE model provided the best fit,
except for Energy measured during the recovery of the treadmill
test for which a significant C component was found (22%). For
Energy measured after the cycle test and the maximal exercise test,
heritability estimates were 37%. For Calmness, heritability esti-
mates increased over the course of the experiment, ranging from
19% after the submaximal cycle ergometer test to 36% after the
maximal exercise test. Tiredness showed no evidence of genetic
influences after the submaximal tests, but 32% of the differences in
Tiredness after the maximal exercise test could be explained by
genetic factors. Finally, heritability estimate of Tension after the
submaximal cycle ergometer tests was 24%, but no evidence of
genetic influences were found for Tension after the other two ex-
ercise tests.

3.3. Correlations with regular exercise behavior

Table 5 shows the phenotypic correlations between the re-
sponses on the FS and the RPE and regular exercise. Significant
correlations were found for the FS responses and the RPE responses
with voluntary exercise behavior (0.15 < r < 0.21). A larger decrease
in scores on the FS during the exercise test was associated with
lower values of regular exercise. Significant genetic correlations for
FS and RPE with voluntary exercise behavior were rG ¼ 0.34 (FS
during cycle ergometer test), rG ¼ 0.22 (RPE, cycle ergometer), and
rG ¼ 0.36 (RPE, treadmill). Environmental correlations were small
(0.04 < rE < 0.14) and not significant.

Significant correlations were found for voluntary exercise
behavior with the four subscales of the AD ACL measured during
the recovery of the cycle ergometer test. Subjects with higher ex-
ercise status reported higher values of Energy (r ¼ 0.15) and
Calmness (r ¼ 0.12) and lower values of Tiredness (r ¼ �0.11) and
Tension (r ¼ �0.11). After the submaximal treadmill test, only En-
ergy and Calmness correlated significantly with voluntary exercise
behavior (r¼ 0.11 and 0.17 respectively). After themaximal exercise
test, only Calmness showed a significant correlation with exercise
behavior (r ¼ 0.12). That the same genetic variants may influence
both exercise behavior and affective responding to exercise was
confirmed by examination of the genetic correlation. Significant
genetic correlations were found for voluntary exercise behavior



Table 2
Means and standard deviations of the Feeling Scale, RPE and percentage of _VO2max during and after submaximal exercise.

Feeling Scale RPE % of _VO2max

Mean SD Mean SD Mean SD interquartile range

Baseline 3.53 1.21

Cycle ergometer step 1 3.55 1.01 9.10 1.42 41.76 6.42 8.56
Cycle ergometer step 2 3.25 1.07 10.27 1.51 48.52 7.33 9.31
Cycle ergometer step 3 2.87 1.23 11.17 1.51 54.78 7.99 10.44
Cycle ergometer step 4 2.56 1.42 11.97 1.78 60.64 8.89 11.60
Cool down 2.98 1.21 51.90 8.32 11.02
Recovery 3.36 1.06 19.01 3.63 4.70

Treadmill step 1 3.43 1.14 8.87 1.53 45.27 7.80 10.17
Treadmill step 2 3.11 1.21 10.10 1.77 49.42 8.37 10.49
Treadmill step 3 2.78 1.41 11.14 1.88 54.64 9.77 12.32
Treadmill step 4 2.54 1.50 12.06 1.96 61.98 11.36 13.95
Cool down 3.00 1.30 52.25 10.03 12.67
Recovery 3.50 1.18 19.62 4.11 5.43

Table 3
Means and standard deviations of AD ACL subscales Energy, Calmness, Tiredness and Tension after (sub)maximal exercise.

Energy Calmness Tiredness Tension

Mean SD Cronbach's alpha Mean SD Cronbach's alpha Mean SD Cronbach's alpha Mean SD Cronbach's alpha

Baseline 3.02 0.59 0.78 3.42 0.49 0.66 1.85 0.80 0.82 1.21 0.33 0.34
Recovery cycle ergometer 3.40 0.52 0.81 2.85 0.73 0.78 1.51 0.54 0.60 1.25 0.38 0.42
Recovery treadmill 3.40 0.55 0.83 2.83 0.80 0.65 1.59 0.59 0.84 1.23 0.39 0.48
Recovery maximal exercise test 3.11 0.71 0.87 3.29 0.60 0.68 1.74 0.67 0.78 1.15 0.31 0.41

Table 4
Twin correlations (95% CI) and standardized estimates (95% CI) of additive (A) genetic influences, dominant (D) genetic influences or shared environmental (C), and unique
environmental (E) influences on the Feeling Scale and RPE responses and AD ACL subscales Energy, Calmness, Tiredness and Tension.

rMZ rDZ/sibling ACE/ADE model Best fitting

A C D E

Cycle
ergometer

Exercise FS 0.20 (0.02,
0.36)

0.01 (�0.15,
0.16)

0.00 (0.00,
0.29)

0.19 (0.00,
0.35)

0.81 (0.65,
0.98)

A ¼ 0.15 (0.00,
0.31)

E ¼ 0.85 (0.69, 1)

RPE 0.25 (0.06,
0.43)

0.20 (0.04, 0.34) 0.08 (0.00,
0.41)

0.17 (0.00,
0.34)

0.75 (0.59,
0.89)

A ¼ 0.29 (0.13,
0.43)

E ¼ 0.71 (0.57,
0.87)

Recovery Energy 0.35 (0.17,
0.50)

0.24 (0.09, 0.38) 0.25 (0.00,
0.50)

0.10 (0.00,
0.36)

0.65 (0.50,
0.82)

A ¼ 0.37 (0.23,
0.51)

E ¼ 0.63 (0.49,
0.78)

Calmness 0.24 (0.05,
0.40)

0.03 (�0.11,
0.18)

0.00 (0.00,
0.32)

0.22 (0.00,
0.38)

0.78 (0.62,
0.95)

A ¼ 0.19 (0.02,
0.34)

E ¼ 0.81 (0.66,
0.98)

Tiredness 0.10 (�0.10,
0.29)

�0.02 (�0.17,
0.13)

0.00 (0.00,
0.23)

0.09 (0.00,
0.27)

0.91 (0.73, 1) E ¼ 1

Tension 0.26 (0.08,
0.41)

0.10 (�0.05,
0.25)

0.31 (0.00,
0.38)

0.09 (0.00,
0.41)

0.75 (0.59,
0.91)

A ¼ 0.24 (0.08,
0.38)

E ¼ 0.76 (0.62,
0.92)

Treadmill Exercise FS 0.23 (0.07,
0.38)

0.14 (�0.01,
0.29)

0.12 (0.00,
0.38)

0.11 (0.00,
0.30)

0.77 (0.62,
0.92)

C ¼ 0.19 (0.08,
0.30)

E ¼ 0.81 (0.70,
0.92)

RPE 0.33 (0.20,
0.48)

0.20 (0.05, 0.34) 0.23 (0.00,
0.47)

0.10 (0.00,
0.36)

0.67 (0.53,
0.83)

A ¼ 0.35 (0.20,
0.48)

E ¼ 0.65 (0.52,
0.80)

Recovery Energy 0.23 (0.04,
0.40)

0.23 (0.09, 0.36) 0.01 (0.00,
0.39)

0.21 (0.00,
0.33)

0.78 (0.61,
0.90)

C ¼ 0.22 (0.10,
0.33)

E ¼ 0.78 (0.67,
0.90)

Calmness 0.21 (0.04,
0.34)

0.09 (�0.06,
0.24)

0.16 (0.00,
0.35)

0.05 (0.00,
0.37)

0.79 (0.63,
0.94)

A ¼ 0.21 (0.05,
0.35)

E ¼ 0.79 (0.65,
0.95)

Tiredness 0.11 (�0.07,
0.27)

0.13 (�0.02,
0.27)

0.00 (0.00,
0.28)

0.13 (0.00,
0.24)

0.87 (0.72,
0.99)

E ¼ 1

Tension 0.17 (�0.02
0.34)

0.03 (�0.17,
0.12)

0.00 (0.00,
0.25)

0.13 (0.00,
0.30)

0.87 (0.70, 1) E ¼ 1

Maximal
Exercise

Recovery Energy 0.39 (0.24 0.52) 0.07 (�0.09,
0.22)

0.06 (0.00,
0.48)

0.33 (0.00,
0.52)

0.61 (0.48,
0.76)

A ¼ 0.37 (0.22,
0.49)

E ¼ 0.63 (0.51,
0.78)

Calmness 0.38 (0.23,
0.51)

0.14 (�0.03,
0.29)

0.11 (0.00,
0.48)

0.27 (0.00,
0.51)

0.62 (0.49,
0.78)

A ¼ 0.36 (0.21,
0.49)

E ¼ 0.64 (0.51,
0.79)

Tiredness 0.33 (0.15,
0.48)

0.16 (0.01, 0.30) 0.32 (0.00,
0.46)

0.00 (0.00,
0.44)

0.68 (0.54,
0.83)

A ¼ 0.32 (0.17,
0.46)

E ¼ 0.68 (0.54,
0.83)

Tension 0.09 (�0.10
0.27)

0.11 (�05, 0.27) 0.00 (0.00,
0.27)

0.11 (0.00,
0.23)

0.89 (0.73, 1) E ¼ 1

Best fiting model in boldface.
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Table 5
Correlations of voluntary regular exercise with the Feeling Scale and RPE responses and AD ACL subscales Energy, Calmness, Tiredness and Tension.

Correlation with voluntary exercise behavior

Cycle ergometer Exercise FS 0.18 (0.08, 0.27)
RPE 0.15 (0.06, 0.25)

Recovery Energy 0.15 (0.05, 0.25)
Calmness 0.12 (0.03, 0.21)
Tiredness ¡0.11 (¡0.20, ¡0.01)
Tension ¡11 (¡0.20, ¡0.00)

Treadmill Exercise FS 0.21 (0.11, 0.30)
RPE 0.21 (0.11, 0.30)

Recovery Energy 0.11 (0.01, 0.21)
Calmness 0.17 (0.08, 0.26)
Tiredness �0.06 (�0.15, 0.03)
Tension �0.08 (�0.17, 0.01)

Maximal Exercise Recovery Energy 0.01 (�0.09, 0.10)
Calmness 0.12 (0.03, 0.22)
Tiredness �0.05 (�0.15, 0.04)
Tension �0.07 (�0.17, 0.02)

Note. Significant correlations in bold.
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with Energymeasured during the recovery of the submaximal cycle
ergometer test (rG ¼ 0.28), Calmness measured during the recovery
of all three exercise tests (rG ¼ 0.27, rG ¼ 0.41, and rG ¼ 0.22 for the
cycle ergometer, treadmill and maximal exercise test respectively)
and Tensionmeasured during the recovery of the submaximal cycle
ergometer (rG ¼ �24). Again, environmental correlations were
small (�0.05 < rE < 0.03) and not significant.

A multiple regression analysis (corrected for familial related-
ness) showed that all FS, RPE and ADACL responses, explained 11.1%
of the variance in exercise behavior. When including only the FS,
RPE and AD ACL responses collected during and after the sub-
maximal cycle ergometer test, 6.3% of the variance in exercise
behavior could be explained. For the treadmill test and maximal
exercise test this was 9.5%.
4. Discussion

The main aims of this study were to test the significance of a
genetic contribution to the affective response to exercise and a
genetic contribution to its relationship with regular exercise
behavior. Results confirmed that the individual differences in af-
fective responses in our adolescent sample during and after two
submaximal exercise tests and a maximal exercise test could partly
be explained by genetic factors. Heritability of the affective exercise
response varied between 12% and 37%. This suggests that the well-
documented individual differences in exercise-induced affective
responses at moderate to vigorous (but not severe) intensities
(Ekkekakis et al., 2005, 2011; Van Landluyt et al., 2000;Welch et al.,
2007) should not solely be sought in environmental factors. In
addition, more positive affective responses were associated with
higher amounts of regular exercise activity (0.15 < r < 0.21) and
significant genetic correlations were found between higher
amounts of regular voluntary exercise behavior and affective re-
sponses measured with the Feeling Scale during exercise and the
AD ACL subscales Energy and Calmness after cessation of exercise.
This supported our hypothesis that there is an overlap in the ge-
netic variants causing favorable affective exercise responding and
the genetic variants influencing voluntary exercise behavior.

The results of this study are in keeping with de Geus and de
Moor (2008) who predicted a role for the genetic variants influ-
encing the affective response to exercise in the heritability of ex-
ercise behavior. However, as longitudinal follow-up of long-term
exercise behavior of these adolescents was not available, reverse
causality cannot be ruled out. In reverse causality, the genetic
correlation arises because the genetic variants influencing exercise
behavior could become part of the heritability of the affective
response if regular exercise itself sensitizes regular exercisers to the
appetitive effects of exercise or desensitizes them to the aversive
effects. Furthermore, a third scenario is that the same genetic var-
iants independently influence the affective response and the ten-
dency to become a regular exerciser. An example of such genetic
pleiotropy would be genetic variants influencing vagally mediated
heart rate recovery from exercise. Such recovery may be an
important factor determining both the affective response to exer-
cise as well as exercise ability which, in turn, will reinforce regular
exercise behavior.

Mixtures of these three causal scenarios may be at play as well;
there may be bidirectional causality in the presence of pleiotropy.
Training studies could help resolve causality, but might suffer from
selection bias, as they are typically conducted in sedentary in-
dividuals (regular exercisers would not showmeaningful changes).
Twin studies can resolve causality in unselected population-based
samples if the sample size is sufficiently large to detect environ-
mental correlations (de Moor, Boomsma, Stubbe, Willemsen, & de
Geus, 2008), but might be a challenging undertaking for the rela-
tively involved experimental protocol used here. Below 5000 twin
pairs, the power to detect a significant environmental correlation
between affective responses and exercise behavior is poor (Stubbe
& de Geus, 2009, pp. 343e358). Mendelian Randomization would
be a very good alternative strategy to resolve causality as this
technique detects causal effects in an unbiased manner (Davey
Smith & Hemani, 2014; Lawlor, Harbord, Sterne, Timpson, &
Davey, 2008). However, this approach would need (a set of) ge-
netic variants influencing only the affective response to exercise
and ideally also a set of genetic variants influencing only exercise
behavior. As many large cohorts have genetic data paired to data on
voluntary exercise behavior, the latter will become available in time
through a meta-analysis of cohort-specific genome-wide associa-
tion analyses. For genetic variants influencing the affective
response to exercise, a candidate gene approach seems the only
feasible approach.

A future challenge is to identify the specific genes underlying
the heritability of the affective response to exercise, to test their
predictive value for the adoption of regular exercise behavior and
their usefulness in personalizing exercise intervention. To do so
studies need to have measured affective exercise responses in de-
signs as used in the present study as well as having collected DNA
materials. A study by Bryan, Hutchinson, Seals, and Allen (2007)
reported that the brain-derived neurotrophic factor (BDNF) gene,
a peptide with a broad influence on the vascular, muscular and
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central nervous system, moderated the effect of exercise on mood,
heart rate, and perceived exertion in a sample of healthy exercisers.
Moreover, the BDNF gene might also be associated with intrinsic
motivation during exercise (Caldwell Hooper, Bryan, & Hagger,
2014). In inactive but healthy adults, Karoly et al. (2012) found
two single nucleotide polymorphisms (SNPs) in the fat mass and
obesity-associated protein gene (FTO) gene related to positive affect
change during exercise (Karoly et al., 2012). Other candidate gene
studies aimed at exercise behavior have already focused on the
feelings of reward that are governed by the dopaminergic and
cannabinoid reward systems in mesolimbic circuits. Genetic vari-
ation in these circuits might indeed explain the heritability of af-
fective responses to exercise. Previous studies reported an effect of
genetic variants in dopaminergic genes on voluntary physical ac-
tivity in animals (Knab & Lightfoot, 2010), but for humans the
dopaminergic connection is less well established (Huppertz et al.,
2014a; Jozkow, Slowinska-Lisowska, Laczmanski, & Medras, 2013;
Simonen et al., 2003).

However, exercise also generates aversive responses. Genetic
variation in brain circuits governing punishment or pain and fa-
tiguemay be as relevant as reward (Ekkekakis, 2003), but they have
been much less studied to date. Our study was no exception: here
we deliberately chose to measure affective states below or close to
the VT (i.e. the range where displeasure is not yet very strong). As
many participants engaged in regular leisure time exercise activ-
ities will stay below this intensity threshold, individual differences
in (dis)pleasure experienced at such intensities could be important
determinants of voluntary maintenance of regular exercise
behavior. However, this neglects the potential importance of the
increase in interindividual variation in affective responding at in-
tensities just above the VT, when the supply of energy through
oxygen must be supplemented by anaerobic metabolism and the
physiological steady-state is challenged (Ekkekakis, 2003). We
confirm the emergence of stronger individual differences with
increased intensity as is reflected by the increase in standard de-
viations of the FS (Table 2). Exercising above the VT (but below the
maximum steady-state lactate concentration) may therefore in-
crease the genetic variance in affective response beyond that seen
below the VT. Indeed, when calculating MZ and DZ/sibling corre-
lations for FS for every step of the submaximal test separately, the
difference between these correlations was increasing with in-
tensity (with MZ correlations increasing; data not shown). Future
studies should confirm the expectation that affective responses to
exercise above the VT are driven by genetic factors to a substantial
extent.

Some further limitations of the study must be addressed. Two
different submaximal tests were performed on a cycle ergometer
and a treadmill. Although the use of more than one exercise mode
adds to the robustness of the findings and increases external val-
idity, these laboratory conditions still do not reflect daily settings in
which an individual is exercising. The type of exercise (e.g. aerobic
or anaerobic exercise, individual or in teams), time of the day, and
whether it is done outdoors rather than indoor as in the current
study, might all have an influence on howone feels during and after
exercise. Furthermore, placing the treadmill test always in fixed
order after the cycling test could have influenced the affective re-
sponses during the treadmill test even if Dutch adolescents are very
used to cycling and the recovery time was enough to reach resting
_VO2 values. Most importantly, affective responses may have been
influenced by the prospect of a maximal exercise test that would
have to be completed at the end of the session. Many other studies
on this topic use a separate day for maximal exercise testing which
has the added advantage that workloads can be standardized
exactly as a percentage of _VO2max. However, our participants were
not students recruited in the typical way from a single high school
or college, but came from the entire country as they were selected
from a nation-wide twin register. This meant substantial travel for
most of them in a period whenmany of themwere engaged in their
final school year (with closing examination determining their
further careers). To reduce burden on the participants and also for
logistic reasons only a single measurement day was therefore
deemed possible. Apart from creating a potential foreshadowing
influence on the affective response to the submaximal exercise
tasks, this may have led participants to have been too exhausted to
perform optimally at the maximal exercise test. However, com-
parison of the _VO2max predicted from the submaximal tests to the
actual peak _VO2 attained during the maximal exercise test suggest
that such underestimation will have been mild and only mildly
affect rank order of aerobic fitness levels (Schutte et al., 2016).

The acknowledgement of the existence of individual differences
in affective response to exercise is key to the innovation of exercise
programs. Moderate heritability estimates of these parameters do
show that it may be harder to engage some people in exercise than
others, but does not suggest that we should stop trying. It simply
suggests that we should not close our eyes to human genetic
variation. In the population at large, regular leisure time exercise
seems associated with better mental health largely through pleio-
tropic genetic effects (Schutte, Bartels,& de Geus, 2014). The longer
term beneficial psychological effects of exercise appear to be more
easily unlocked by some genetic profiles than by others. This may
well be linked to the heritability of the psychological responses for
a single bout of exercise, as tested in the present study in adoles-
cents. Favourable genetic profiles may for instance cause a larger
sensitivity to the rewarding or a smaller sensitivity to the punishing
effects of broad classes of activities, including exercise. For some
individuals, exercising may be associated with a strong ‘feel good’
experience and constitute an excellent short-term coping strategy
that helps to unwind more rapidly from daily pressures experi-
enced in the school, job or home environment. For others, the
aversive effects of exercise, at least in the forms that they tried so
far, may greatly overwhelm the rewarding effects, causing them to
drop-out. These individuals might benefit more from an individu-
alized exercise intervention, in which the appetitive aspects for an
individual should be emphasized and the aversive aspects reduced
as much as possible.

As the motivation to adopt and maintain regular exercise is key
to a better public health, genetic pathways underlying individual
differences in the affective responses to exercise should remain an
important target for research. A main future challenge is to identify
the specific genes underlying the heritability of the affective
response to exercise, to test their predictive value for the adoption
of regular exercise behavior in adolescence and in other age ranges
as well as their usefulness in personalizing exercise intervention.
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