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A growing number of twin and family studies provide evidence 

that a substantial part of the variation in voluntary exercise 

behavior is determined by genetic predisposition. Starting in 

adolescence, an increase is observed in heritability estimates, 

which are consistently moderate to high at the ages of 16 to 18, 

continuing into young adulthood. The aim of this thesis was to 

identify the mechanisms that give rise to this heritability of 

voluntary exercise behavior in adolescents and young adults.
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Humans have been physically active since the beginning of their existence to provide for 

themselves and their offspring. Contributing to activities such as hunting and gathering was 

not so much a choice as it was essential for the survival of the group. Although there might be 

individual differences in how they spent their evenings; relaxing by the fire, dancing, or 

chewing on mind-altering substances, in the morning every individual had to pick up their 

daily, physically demanding activities. As centuries passed, humans invented many tricks and 

tools to make their lives easier and less labor intensive. In addition, more spare time became 

available to focus on other interests beyond mere survival and pursue other activities (i.e. 

hobbies) in order to fuel feelings of enjoyment. These developments made being physically 

active not a requisite for survival of the group, but an individual choice.  

Nowadays, large individual differences are observed in the population at large regarding the 

amount of time spent on physical activity. These individual differences are not without 

consequence. In industrial countries physical inactivity is an important contributor to non-

communicable diseases (Lee et al., 2012), while moderate to vigorous intensity physical 

activity has been shown to have a large protective effect on mortality (Samitz et al., 2011). 

Public health authorities worldwide have launched interventions aimed at physical activity 

during work/school time and transportation to work and school, and at physical activity in 

leisure time (e.g., the Global Recommendations on Physical Activity for Health by the World 

Health Organization (2010), the EU Physical Activity Guidelines by the EU Working Group 

Sport and Health (2008), and the Physical Activity Guidelines for Americans by the U.S. 

Department of Health and Human Services (2008)). In view of the obvious advantage of a 

physically active lifestyle, the question arises why some individuals choose to regularly engage 

in physical activity, while others do not, consequently referred to as ‘couch potatoes’.  

Correlates and determinants of a physically active lifestyle have been studied intensively over 

the past three decades as mapping the determinants of health behaviors is crucial for defining 

targets of intervention. Over 30 years ago, Dishman and colleagues stated that ‘one barrier to 

developing effective methods to encourage physical activity (…) is the lack of knowledge of the 

determinants of regular physical activity’ (Dishman et al., 1985). In the following years, 

researchers have identified numerous potential determinants in cross-sectional or 

longitudinal studies that to a greater or lesser extent contribute to the maintenance of 

physical activity. Although physical activity encompasses a broad domain of activities at work, 
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at home and during transportation, the emphasis of many studies has been on voluntary 

exercise behavior in leisure time. Exercise behavior is rapidly becoming the major source of 

moderate-to-vigorous activity in many industrialized countries. A large body of studies has 

addressed various environmental and social factors as determinants of exercise behavior, for 

example low socioeconomic status, high job strain, health beliefs, access to sport facilities, 

and support by peers and family (Bergstrom et al., 1996; Dishman et al., 1985; Drenowatz et 

al., 2010; Haase et al., 2004; Matson-Koffman et al., 2005; Payne et al., 2005; Sallis et al., 

2000; Varo et al., 2003). However, when environmental circumstances are identical for a 

specific population, individuals still differ in exercise status. Starting in the 1980s, twin and 

family studies have provided evidence that a substantial part of the variation in exercise 

behavior is determined by genetic predisposition.  

TWIN STUDIES  

Twin and family studies have been paramount in understanding the genetic architecture of 

complex traits (Polderman et al., 2015). Children often resemble their parents regarding 

exercise status (de Moor et al., 2011; Seabra et al., 2014). To separate genetic effects (the 

heritability) from other factors that are shared by family members (i.e. upbringing, 

neighborhood), the classical twin design exploits the known differences in genetic similarity in 

identical and non-identical twins (or siblings). Genetically identical twins or monozygotic (MZ) 

twins are the result of the division of a single fertilized egg during an early stage in embryonic 

development, and non-identical twins or dizygotic (DZ) twins result from two separate 

fertilized eggs. Consequently, MZ twins are genetically identical and the observed difference 

between the twins is due to person-specific environmental factors: experiences that one of 

the twins has and the co-twin does not. Dizygotic twins share on average 50% of their genetic 

make-up. Consequently, the observed differences between the twins are a result of genetic 

differences and person-specific environmental factors. If MZ-resemblance for the trait of 

interest is higher than DZ-resemblance, it constitutes evidence for genetic influences on the 

trait (the classical twin model). 

Figure 1.1 shows the relative importance of genetic factors on exercise behavior (measured 

using surveys) across the lifespan. These heritability estimates vary widely (from 0% up to 

85%). A large part of this variation is due to the age of the subjects; the genetic architecture 
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of exercise behavior is different over age. Up to 14 years of age, the heritability estimates are 

moderate (Huppertz et al., 2016; Stubbe et al., 2005). The notion that environmental factors 

play a greater role in childhood than in adolescence can be explained by the important role of 

the parents; they provide children with the opportunity to become active by means of 

transportation to exercise activities, give exercise activities priority over other leisure time 

activities, and provide motivation and encouragement to exercise (Huppertz et al., 2016; 

Stubbe et al., 2005). After the age of 14, an increase is observed in heritability estimates, with 

consistently moderate to high estimates at the ages of 16 and 17 (Aaltonen et al., 2013; 

Boomsma et al., 1989; de Moor et al., 2011; Huppertz et al., 2016; Maia et al., 2002; Stubbe 

et al., 2005; van der Aa et al., 2010), continuing into young adulthood (Aaltonen et al., 2013; 

de Geus et al., 2003; de Moor et al., 2007; den Hoed et al., 2013; Duncan et al., 2008; Heller 

et al., 1988; Huppertz et al., 2014b; Huppertz et al., 2016; Koopmans et al., 1994; McCaffery 

et al., 2009; Mustelin et al., 2011; Mustelin et al., 2012; Stubbe et al., 2006; van der Aa et al., 

2010). To provide a comprehensive overview of current literature, Chapter 2 reviews 

published studies on the heritability of exercise behavior (and physical activity) and shows in a 

meta-analysis in different age groups the sample size weighted heritability estimate for 

exercise behavior.  

 

 

 

 

 

 

Figure 1.1 Summary of previous published studies on the relative influence of genetic factors, 

shared environmental influences and person-specific environmental influences on voluntary 

exercise behavior in across the lifespan. When two bars per studies are displayed, the first bar 

represents the results for males; the second bar represents the results for females. 
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A MODEL TO EXPLAIN DIFFERENCES IN VOLUNTARY EXERCISE BEHAVIOR 

In order to identify the mechanisms that give rise to the heritability of exercise behavior, De 

Geus & de Moor (2008) proposed a model in which the maintenance of exercise behavior is, 

based on the principles of instrumental conditioning, determined by the positive 

reinforcement or feelings of punishment (Figure 1.2). This model focuses on the genetic 

modulation of acute affective responses to exercise and longer-term effects on self-esteem 

through genetic effects on exercise ability. 

The aim of this thesis is to put this model to use in an effort to explain the heritability of 

exercise behavior in adolescents and young adults. The likelihood of engaging in or 

maintaining exercise behavior might increase by the presence of genetic variants that amplify 

the feelings of pleasure, performance, or sense of accomplishment.  

To this end, a laboratory study was set up. Over 200 adolescent twin pairs and their siblings 

were selected from the Netherlands Twin Register (van Beijsterveldt et al., 2013) and invited 

to participate. The experimental design included assessment of their exercise ability (aerobic 

fitness and muscle strength) and the affective response to various types of exercise on a 

treadmill and cycle ergometer. At the end of the session a maximal exercise test 

was performed. Details on the experimental protocol can be found in Chapter 3. 

ZOOMING IN ON THE MODEL 

In accordance with the Hedonic theory, which suggests that individuals repeat behavior 

regularly when it makes them feel good; a positive affective response to exercise will make a 

person more likely to repeat this activity, whereas repeated negative affective responses will 

lead to discontinuation of the behavior. Individuals for whom the net rewarding effects are 

dominant will repeat the behavior and become regular lifetime exercisers, whereas 

individuals that experience aversive effects of exercise might drop out of an exercise program 

(upper part Figure 1.2). Exercise induced positive affective responses (‘feel good’ experiences 

during or shortly after an exercise bout) may be an important contributor to appetitive effects 

of exercise. 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. 

Some individuals report an increase in pleasure or no change and others report reduced 
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pleasure (Ekkekakis et al., 2005; Ekkekakis et al., 2011; Van Landluyt et al., 2000; Welch et al., 

2007). De Geus & de Moor (2008) have hypothesized that these individual differences in part 

reflect differences in genetic sensitivity to the psychological effects of exercise. In Chapter 4 

the heritability of the affective responses during and after an exercise bout was estimated for 

the first time.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.2 Model on the heritability of exercise behavior (de Geus & de Moor, 2008). G = 

Genes.  
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A second contributor to the net appetitive effects of exercise might be the improvement of 

exercise ability induced by regular exercise (lower part Figure 1.2). These improvements will 

not be the same for everyone and depend on trainability. This may impact on the appetitive 

effect of regular exercise. When an individual finds himself outperforming others, or gaining 

more rapidly than peers when exposed to comparable training regimes, this will lead to 

feelings of competence. Lower levels of performance and trainability might lead to 

disappointment or shame (particularly when the exercise is performed in a competitive 

context). This may be a strong factor in adolescence, when the sensitivity to one’s own 

relative ranking among peers may be largest. Evidence for genetic influences on exercise 

ability and trainability is provided by many studies, for example the HERITAGE study 

(Bouchard et al., 1995). This and other studies provided evidence for genetic influences on 

cardiorespiratory fitness, muscle strength, balance, and flexibility. However, heritability 

estimates vary across samples and estimates for adolescents are not always available. To 

replicate and expand the literature on the genetic architecture of physical fitness 

components, we estimated the heritability of muscle strength measures (vertical jump and 

handgrip strength), balance, and flexibility in a large sample of adolescent twins and their 

siblings in Chapter 5. These estimates were incorporated in a meta-analysis on the heritability 

of muscle strength, flexibility and balance. In addition, Chapter 6 reports on the heritability of 

V̇O2max in adolescents and to arrive at a robust estimate for the heritability of V̇O2max in 

children to young adults, a sample size weighted meta-analysis was performed on all extant 

twin and sibling studies in adolescents and young adults.  

Regular exercise is argued to be effective in reducing anxious and depressive symptoms and 

several meta-analyses indicate that exercise has an antidepressant effect in clinical 

populations. However, it is difficult to rule out that these findings can be explained by 

underlying (genetic) factors influencing both exercise behavior at one time point and 

influence symptoms of anxiety and depression at a later time point (a phenomenon also 

known as genetic pleiotropy). Earlier, Bartels et al. (2008) and De Moor et al. (2011) showed 

that in population-based twin studies the nature of the association between exercise and 

anxious-depressive symptoms is best explained by correlated genetic effects on these two 

traits. Chapter 7 shows that the model by De Moor & De Geus (2008) accommodates this 
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genetic correlation while still allowing exercise to causally increase wellbeing in specific 

subgroups of the population. 

EXPANDING THE MODEL 

The sports psychology literature has provided us with other factors that are also robustly 

correlated with regular exercise behavior, such as personality (Allender et al., 2006; de Moor 

et al., 2006; Hoyt et al., 2009; Rhodes & Smith, 2006) and perceived benefits and barriers 

(Allender et al., 2006; Hagger et al., 2002; Rhodes et al., 2009). Personality might influence 

the complex balance of appetitive and aversive effects induced by exercising. Regular 

exercisers score lower on neuroticism and higher on extraversion, conscientiousness, and 

sensation seeking. Furthermore, a positive attitude towards exercise and, consequently, the 

likelihood of maintaining exercise behavior increases when an individual perceives that the 

benefits of exercise outweigh the disadvantages. As these factors are proven to be heritable 

as well, they might all contribute to the heritability of voluntary exercise behavior in 

adolescents and young adults. Chapter 8 incorporates these factors in the model of De Geus 

& de Moor (2008).  

Finally, Chapter 9 provides a summary of the main findings. In addition, we discuss these 

findings in a broader context. Attention to innate characteristics and biological mechanisms in 

the research on determinants of exercise behavior will provide new insights into how to best 

shape interventions. The results could allow for more stratified or personalized approaches 

that exploit genetic variation influencing exercise behavior in interventional strategies. 
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ABSTRACT 

Because regular physical activity and exercise behavior are key contributors to children’s 

health, it is important to understand the sources of variation in these phenotypes seen among 

children and adolescents. Twin and family studies provide the ability to calculate the relative 

importance of genetic and environmental factors to the observed individual differences. 

Heritability estimates of physical activity and exercise behavior vary, depending on sample 

size and measurement instrument, but the overall importance of environmental factors on 

exercise behavior seems to decrease in adolescence, whereas genetic effects become more 

prominent in explaining individual differences. A sample size weighted meta-analysis in 

children, adolescents and late-adolescents showed increasing meta-analytic heritability 

estimates of 20% (95% CI: 13, 27), 35% (95% CI: 17, 52), and 53% (95% CI: 47, 59) 

respectively. Some evidence is found for specific genes coding for physical activity and 

exercise behavior, but in children and adolescents these studies are limited. This should be a 

priority for future research because knowledge on the source of individual differences in 

physical activity at different time points during childhood and adolescence can optimize the 

choice and timing of exercise intervention. 
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INTRODUCTION 

Regular physical activity is key contributors to children’s health (Janssen & Leblanc, 2010). 

However, the majority of the youth does not engage in regular exercise at the recommended 

level (Martinez-Gonzalez et al., 1999; Troiano et al., 2008). Traditionally, the individual 

differences in an active lifestyle of children and adolescents have been explained by 

environmental and social factors, such as socioeconomic status (of the parents), health beliefs 

and support by peers and family (Bergstrom et al., 1996; Dishman et al., 1985; Drenowatz et 

al., 2010; Sallis et al., 2000). However, as is the case for many human (behavioral) traits, 

(Polderman et al., 2015) another major source of variation in physical activity is innate 

biological differences. 

The contribution of genes to the differences in physical activity is under study for many 

decades, since the first heritability study by Kaprio et al. (1981) published in 1981 in a large 

sample of adult male twins. Twin and family studies provide the ability to calculate the 

relative importance of genetic and environmental factors to the observed individual 

differences. Evidence of familial aggregation of a behavioral trait can be found when this 

specific trait occurs more in members of a family than can be readily accounted for by 

chance. A twin design exploits the known differences in genetic similarity in monozygotic and 

dizygotic twins (or siblings) to separate the genetic effects (the heritability) from other factors 

that are shared by the family members (e.g. family environment, school).  

Studying the heritable components of a trait such as physical activity is referred to as 

quantitative genetics. Whereas these family and twin studies provide a starting point in 

exploring the effects of genetic and environmental variance on a phenotype, molecular 

genetic studies aim to detect the genes underlying the heritability. Studies in animals are used 

to identify the genetic mechanisms underlying physical activity by means of selective breeding 

and (fine) mapping of genomic regions. The progress in molecular genetics makes it feasible 

to collect and analyze DNA on a large scale also in humans.  

In this chapter the principles of family, twin, animal and molecular genetic studies are shortly 

introduced followed by an overview of published studies on the quantitative genetics and 

molecular genetic findings for physical activity and exercise behavior. 
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THE PRINCIPLES OF FAMILY, TWIN, ANIMAL AND MOLECULAR GENETIC STUDIES 

Family studies 

Familial aggregation is seen when the occurrence of the trait among relatives is substantially 

higher than that among non-relatives.(Liang & Beaty, 2000) For quantitative traits (i.e. 

continuous traits: the trait has a quantitative value), such as amount of physical activity, 

familial aggregation can be investigated by computing correlations among relatives such as 

siblings, parents and their offspring, grandparents and grandchildren, nieces, et cetera, 

depending on the extent of the pedigrees from which data are available. Most family studies 

use sibling and parent-offspring correlations. Siblings among each other and parents and their 

offspring share on average half of their genes in common. They also share a household, the 

neighborhood, and various other aspects of belonging to the same family (the so-called 

shared environment). Therefore, evidence of familial aggregation may be due to shared 

exposure to a risk factor, due to genetic factors, or result from a mixture of both. Thus, this 

familial resemblance includes both genetic and shared environmental sources of covariance. 

If the effect of shared environment can be assumed zero, the familial resemblance in the trait 

can be ascribed to genetic factors and can be used to estimate its heritability. When familial 

environmental factors influence the trait of interest as well, familial resemblance only 

provides us with an indication of the upper value of the traits’ heritability.  

Twin Studies 

A more powerful design to disentangle the relative importance of environmental and 

genetic influences on a trait or behavior is the classical twin design. This design compares the 

intrapair resemblance between two types of sibling relationships; genetically identical twins 

or monozygotic (MZ), a 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 and the differences 

between the twins are due to person-specific environmental factors: experiences that one of 

the twins has and the co-twin does not. DZ twins share on average 50% of their genetic make-

up. If MZ-resemblance for the trait of interest is higher than DZ-resemblance, this constitutes 

evidence for genetic influences (referred to as ‘A’) on the trait.  

http://en.wikipedia.org/wiki/Genetics
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Twin studies decompose all phenotypic variance of the trait of interest in sources of genetic 

influences (A), shared environmental influences (influences shared with other family 

members e.g. upbringing; referred to as ‘C’) 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 for both MZ and DZ twins). 

Thus: the correlation between MZ twins (rMZ) comprises A+C, whereas the DZ twin correlation 

(rDZ) is an estimate of ½A+C. Following from this, a simple formula by Falconer (1960) 

computes the relative contribution of genetic influences (A) to the total variance, as twice the 

difference in MZ/DZ resemblance: 

      Heritability = 2(rMZ – rDZ)  

An alternative to this simple formula is the use of structural equation modelling to obtain a 

more precise estimate of heritability (Neale & Cardon, 1992). In contrast to familial 

aggregation studies that cannot separate genetic and familial environmental sources of 

variance, the classic twin design can separate how much of the variance in a trait is due to 

genetic effects (the heritability; A) and how much appears to be due to shared environmental 

effects (the shared environment; C). 

Animal Studies 

Artificial selection practices in animals have long provided proof of genetic influences on 

phenotypes. For example farmers selectively interbreed cattle that produce the most milk to 

increase production in offspring generations. The increased milk production in the offspring 

provides evidence of this trait being influenced by genetic factors and can be used to estimate 

its heritability. With regard to physical activity, Swallow et al. (Swallow et al., 1998) used 

selective breeding to create four lines of mice with high activity levels: 10 generations of 

selective breeding of voluntary wheel-running behavior resulted in an increase of 

approximately 75% in activity level compared with mice from control lines (Swallow et al., 

1998). 

Another way to show heritability of a trait is measuring this trait in different strains of inbred 

mice, growing up in identical environments. Systematically mating brother and sisters for 20 

consecutive generations will results in isogenic (genetically identical strains) groups of mice 
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allowing the mean of the trait to be compared across different strains. With regard to daily 

wheel running Lightfoot et al. (2004) detected significant interstrain differences in 13 strains 

of inbred mice, which suggests that genetic background indeed plays a role in determining 

spontaneous daily wheel running activity in mouse strains.  

Molecular Genetic Studies 

After establishing heritability of a trait, the next step is to identify the genomic regions that 

contribute to the heritable trait variation. For quantitative traits it is likely that heritability 

reflects the additive effects of thousands of genetic variants in a manifold of different genes. 

Molecular genetic studies such as linkage analysis and association studies provide an 

opportunity to localize genetic variants and confirm its association with the trait of interest.  

Linkage analysis examines whether specific genetic markers, positioned strategically across 

the entire genome, segregate jointly with traits in clusters of related individuals. The markers 

that are linked to the genomic region that influences the trait will be seen to segregate more 

frequently with the occurrence of this trait. The genomic region carrying such markers is likely 

to harbor causative genetic variants for the trait. Genetic linkage can easily demonstrated in 

breeding experiments in mice, when two mice that differ genetically for a trait of interest are 

crossed (parental line) and the segregation of genetic markers, along with phenotypic 

characteristics, can be followed in each of the offspring. 

Genes of interest found in these animal studies can provide the first clues for conducting 

association studies in both animals and humans. Alternatively candidate genes can be 

selected based on known or inferred biological function that makes it plausible that they may 

predispose to the trait of interest. Association studies are similar to traditional 

epidemiological approaches in which an a priori hypothesis between exposure to a given 

factor, in this case, a genotype at a given locus, and trait is formulated: Candidate gene 

studies test the association of quantitative traits with the frequency of specific genetic 

variants, or compare the frequency of such variants in selected groups of low-scoring 

(unaffected controls) and high-scoring (affected cases) individuals. 
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QUANTITATIVE GENETICS OF PHYSICAL ACTIVITY & EXERCISE BEHAVIOR 

Since the first twin study by Kaprio et al. (1981) on the heritability of physical activity, several 

studies provided evidence for genetic influences on physical activity. A number of studies 

measured total physical activity objectively with accelerometers, in a respiration chamber or 

with the double labelled water method. However, most twin and family studies used physical 

activity questionnaires (self-report) to quantify total physical activity. Surveys are a more 

convenient tool for epidemiological-scaled research, even though the correlation with 

accelerometry or doubly labelled water varies to a great extent (Chinapaw et al., 2010). The 

phenotypes used in these survey studies often captured rather different constructs: some 

measured sport participation specifically, with questionnaires including items such as: ‘Do you 

participate in (moderate to vigorous) sports regularly?’. Others used questionnaires such as 

an activity record, in which subjects are asked to note the energy expenditure of the 

dominant activity of every 15 minutes using a list of categorized activities.  

When discussing twin and family studies on physical activity, a distinction will be made 

between physical activity due to all possible sources (total physical activity) and physical 

activity due to sports participation in leisure time (voluntary exercise behavior). The 

distinction is not always clear. A large part of total physical activity is classified as light to 

moderate and will be due to transportation (walking, biking, standing) or many light work or 

household activities. This will typically not contain sports activities. Moderate to vigorous 

intensity (MVPA) activities are more ambiguous and may often include voluntary sports 

activities in leisure time. Therefore, studies reporting on moderate to vigorous physical 

activities will be discussed together with studies on voluntary exercise behavior.  

All twin and family studies on the heritability of total physical activity in childhood or 

adolescent samples are summarized in Table 2.1, ordered by age. All twin and family studies 

on the heritability of MVPA or voluntary exercise behavior are summarized in Table 2.2. 

Total physical activity 

The heritability estimates found in family studies include both genetic and familial 

environmental sources of variance, and are therefore listed in a separate column in Table 2.1. 

Especially in younger children (up until the age of 11), accelerometers or doubly labelled 
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water were used to quantify physical activity (Butte et al., 2006; Cai et al., 2006; Fisher et al., 

2010; Franks et al., 2005; Saudino & Zapfe, 2008; Wood et al., 2008). The family studies by Cai 

et al. (2006) and Butte et al. (2006) were largest in sample size and reported moderate to 

high estimates of familial aggregation. In addition, Saudino and Zapfe (Saudino & Zapfe, 2008) 

showed that 32% of the variation in total physical activity in 2 year old twins could be 

explained by genetic factors. The twin studies by Franks et al. (2005) and Fisher et al. (2010) 

did not find significant genetic factors, perhaps because the sample size was modest and the 

study could be underpowered to find small genetic influences. Indeed the MZ correlations in 

the study by Fisher et al. (2010) were slightly higher than DZ correlations. A more robust 

finding is the substantial part (35% to 73%) of the variance in physical activity in these twins 

that could be attributed to shared environmental factors: 35% to 73%.  

Four studies reported heritability estimates of physical activity measured by surveys (de 

Chaves et al., 2014; Maia et al., 2002; Perusse et al., 1989; Seabra et al., 2014). The mean age 

in these studies was 13 to 17 years old; indicating that self-report of physical activity is 

feasible in adolescence. The heritability estimates range from 6% for work-related physical 

activity (Seabra et al., 2014) to 63% for leisure time physical activity (Maia et al., 2002). 

 

 

 

 

 

 

Table 2.1 Heritability of physical activity: an overview of twin and family studies. 

Note. A = variance explained by genetic factors; C = variance explained by shared environmental 

factors; TPA = Total Physical Activity; PAEE = Physical Activity Energy Expenditure; PAL = Physical 

Activity Level; LPA = Low Physical Activity; MPA = Moderate Physical Activity; WPA = Work Physical 

Activity; LTPA = Leisure Time Physical Activity; a Adjusted for age; b Adjusted for sex; c Adjusted for 

body weight; d Adjusted for SES; e boys/girls. 
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Voluntary exercise behavior 

Fifteen twin and/or family studies reported heritability estimates for voluntary exercise 

behavior or moderate to vigorous physical activity. Heritability estimates vary widely, ranging 

from 0% to 85%. Possible sources of this variation are differences in the age, differences in 

measurement instrument and sample size. The age of all studies shown in Table 2.2 ranges 

from 4 (Cai et al., 2006) to 25 (Maia et al., 2002). Up to 12 years of age, heritability estimates 

are low to moderate (Cai et al., 2006; Fisher et al., 2010; Huppertz et al., 2016). In 

adolescence, heritability estimates of voluntary exercise behavior are moderate to high with 

the exception of two studies in which heritability estimates are low or zero (Stubbe et al., 

2005). Nevertheless, the importance of shared environmental factors seems to decrease in 

adolescence, whereas genetic effects become more prominent in explaining individual 

differences in voluntary exercise behavior. In adults, heritability of voluntary exercise 

behavior levels off to about 40% (de Geus et al., 2003; de Moor et al., 2011). The changing 

genetic architecture of voluntary exercise behavior across the life span has been described 

before (Huppertz et al., 2016; Stubbe et al., 2005; Stubbe & de Geus, 2009). The notion that 

shared environmental factors play a greater role in childhood than adolescence can be 

explained by the important role of the parents; they provide the children with the 

opportunity to become active, by means of transportation to exercise activities, give exercise 

activities the priority over other leisure time activities and motivation and encouragement to 

exercise.  

Two studies employed accelerometers (Actiwatch or Actigraph) to quantify moderate to 

vigorous physical activity in children (~11 year olds) (Cai et al., 2006; Fisher et al., 2010). The 

heritability estimates were low, but Fisher et al. (2010) demonstrated significant influences of 

shared environmental factors (61%). Two studies using prospective 3-day activity recording, 

which may be more accurate then retrospective surveys, reported no significant influence of 

genetic factors (Perusse et al., 1989; White et al., 2014) However, the majority of the studies 

specifically measured voluntary exercise behavior by starting their surveys with items similar 

to “Do you participate in sports regularly?” These studies generally found evidence of 

significant genetic influences. By comparing the heritability estimates of voluntary exercise 

behavior (Table 2.2) with the estimates for total physical activity (Table 2.1) one can conclude 

that the part of the variation in adolescents that can be attributed to genes appears higher in 
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voluntary exercise behavior than in total physical activity. It is important to note that such a 

finding could be driven in part by higher measurement error in self-reported total physical 

activity compared to in self-reported voluntary exercise behavior. Consciously planning of 

exercise activities is easier to recall than how much energy is spent on activities at school or 

commuting. This might introduce more measurement error in self-reported total physical 

activity surveys, which will inflate the environmental contribution (E) to the variance in this 

trait. Consequently, the relative contribution of genetic contribution to the total variance, i.e. 

the heritability decreases. 

A meta-analysis on exercise behavior 

All heritability estimates in Table 2.3, based on a twin sample, were included in three meta-

analyses: 7 to 12 year olds (childhood), 13 to 15 year olds (adolescence) and 16 to 18 year 

olds (late-adolescence). By weighing these heritability estimates from all studies by the 

number of subjects, the weighted average heritability can be computed using Microsoft Excel 

(2010) (Li et al., 2003; Neyeloff et al., 2012). When the standard errors (SEs) or confidence 

intervals (CIs) of the heritability estimates were not reported, these were calculated using the 

standard errors (SEs) or CIs from studies who did report these statistics (Li et al., 2003). Some 

studies reported one (equated) heritability estimate for boys and girls; others estimated the 

heritability of exercise behavior for boys and girls separately. These heritability estimates for 

boys and girls were treated as if these were independent samples. The I2 statistic was used to 

assess heterogeneity and was calculated as (Q – df)/Q, where Q is Cochran's heterogeneity 

statistic and df the degrees of freedom (Higgins & Thompson, 2002).  

Results of the meta-analyses are presented in Table 2.3. In childhood, the meta-analytic 

weighted average heritability was 20% (95% CI: 13, 27). Table 2.3 shows that the confidence 

intervals for the results of individual studies do show overlap with the confidence interval for 

the meta-analytic average, indicating the presence of statistical homogeneity. This meta-

analytic average increased to a heritability estimate of 35% (95% CI: 17, 52) in adolescence, 

with an I2 value of 22, which suggests that a percentage of the variability in the heritability 

estimates in adolescents is due to heterogeneity rather than sampling error (chance). Table 

2.3 shows higher heritability estimates for boys than for girls in the studies by van der Aa et al 

(2010) and Beunen & Thomis (1999), which may explain this heterogeneity. In late-
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adolescence, a meta-analytic weighted average heritability of 53% (95% CI: 47, 59) was found, 

and the studies included in this meta-analysis were less heterogeneous (I2 = 10). The results 

from these meta-analyses confirm increasing influence of genetic factors with age on exercise 

behavior.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Table 2.2 Heritability of exercise behavior: an overview of twin and family studies. 

Note. A = variance explained by genetic factors; C = variance explained by shared environmental 

factors; EB = Voluntary Exercise Behavior; VPA = Vigorous Physical Activity; MVPA = Moderate to 

Vigorous Physical Activity; a Adjusted for age; b Adjusted for sex; c Adjusted for SES; d boys/girls. 
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1 

  
Age 
group 

Refence Age Sample 
size 

Heritability  
(95% CI) 

  
mean (SD) 

7 - 12 Huppertz et al., 2016 boys 7.5 (±0.3) 3694 14 (6, 22)   

  Huppertz et al., 2016 girls 7.5 (±0.3) 3637 12 (3, 21)   

  Huppertz et al., 2016   9.8 (±0.4) 8006 26 (20, 32)   

  Fisher et al., 2010   11.2 (±0.5) 234 0 (-34, 34)   

  Huppertz et al., 2016 boys 12.3 (±0.4) 7185 31 (25, 37)   

  Huppertz et al., 2016 girls 12.3 (±0.4) 7443 27 (21, 33)   

  White et al., 2014   12.4 (±1.4) 518 0 (-23, 23)   

  Meta-analysis       30717 20 (13, 27)   
                  

13 - 15 Stubbe et al., 2005   13/14   1332 0 (-14, 14)   

  van der Aa et al., 2010 boys 14.5 (±0.3) 1162 85 (78, 90)   

  van der Aa et al., 2010 girls 14.5 (±0.3) 1476 38 (22, 57)   

  Perusse et al., 1989   14.6 (±3.3) 244 0 (-33, 33)   

  Huppertz et al., 2016 boys 14.6 (±0.6) 3998 43 (35, 51)   

  Huppertz et al., 2016 girls 14.6 (±0.6) 5031 40 (33, 47)   

  Beunen & Thomis 1999 boys 15   92 83 (66, 89)   

  Beunen & Thomis 1999 girls 15   91 44 (21, 91)   

  Stubbe et al., 2005   15/16   1526 0 (-13, 13)   

  Meta-analysis       14952 35 (17, 52)   
                  

16 - 18 Aaltonen et al., 2013   16.2   5024 52 (42,55)   

  van der Aa et al., 2010   16.2 (±0.6) 2726 80 (76, 84)   

  de Moor et al., 2011 boys 16.4 (±1.1) 1636 42 (29, 55)   

  de Moor et al., 2011 girls 16.4 (±1.1) 1889 36 (24, 48)   

  de Geus et al., 2003   16.7 (±2.0) 314 79 (69, 85)   

  Huppertz et al., 2016 boys 16.9 (±0.6) 2624 56 (46, 66)   

  Huppertz et al., 2016 girls 16.9 (±0.6) 3393 49 (40, 58)   

  Maia et al., 2002 boys 16.9 (±5.6) 361 68 (42, 89)   

  Maia et al., 2002 girls 16.9 (±5.6) 461 40 (-10, 73)   

  Boomsma et al., 1989   17 (±2.1) 180 64 (26, 102)   

  Aaltonen et al., 2013 boys 17.1   2137 44 (37, 53)   

  Aaltonen et al., 2013 girls 17.1   2539 50 (44, 53)   

  Stubbe et al., 2005   17/18   1286 36 (11, 64)   

  Huppertz et al., 2016 boys 18.8 (±0.5) 1040 79 (63, 95)   

  Huppertz et al., 2016 girls 18.8 (±0.5) 1719 49 (37, 61)   

  Koopmans et al., 1994   18 (±2.3) 3156 45 (36, 54)   

  van der Aa et al., 2010   18.1 (±0.7) 1864 72 (65, 77)   

  Aaltonen et al., 2013 boys 18.6   2105 46 (40, 53)   

  Aaltonen et al., 2013 girls 18.6   2551 51 (42, 63)   

  Meta-analysis       37005 53 (47, 59)   
         
                  

 

 

0 20 40 60 80 100

0 20 40 60 80 100
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Table 2.3 Results meta-analyses of exercise behavior in three age groups: 7 – 12 year, 13 – 15 

year and 16 – 18 year 

 

 

MOLECULAR GENETIC FINDINGS FOR PHYSICAL ACTIVITY & EXERCISE BEHAVIOR  

Studies with spontaneous wheel-running inbred mice-strains and selective breeding in mice 

for high voluntary wheel-running activity resulted in numerous genomic regions that were 

associated with physical activity in mice. For instance, Lightfoot et al. (2008) identified four 

genomic regions that were associated with the distance, duration, and speed of voluntary 

wheel-running on chromosomes 9 and 13, with the genomic locus for running speed (on 

chromosome 9) accounting for the largest percentage of phenotypic variance. The research 

group by Garland found even more loci to be associated with these phenotypes, (Kelly et al., 

2010; Nehrenberg et al., 2010) but the only overlap they reported were loci close to the TYR 

gene on chromosome 7 coding for tyrosinase, a precursor for the neurotransmitter 

dopamine, found be involved in voluntary movement and reward (Rhodes et al., 2005). 

In spite of the evidence for a contribution of heritable factors to physical activity from twin 

and family studies, surprisingly little work has been done to identify the actual genes 

contributing to this heritability of physical activity and exercise behavior in humans. Even less 

candidate gene studies have specifically addressed physical activity in children. Lorentz et al. 

(Lorentzon et al., 2001) found that in a sample of 97 healthy Caucasian girls (mean age 16.9) 

the A986S polymorphism in the calcium sensor receptor gene (CASR) was significantly 

associated with self-reported physical activity level. This CASR gene is involved in the 

regulation of calcium homeostasis and bone resorption. CASR mRNA is also expressed in the 

hypothalamus of the rat brain, a region that had been associated with regulating motivation. 

In 7 year old boys, self-reported physical activity level was associated with the Gln223Arg 

polymorphism in the leptin receptor (LEPR) gene, (Richert et al., 2007) known to regulate 

food intake and energy balance (Elmquist et al., 1998). Physical activity measured for 3 days 

with an Actiwatch accelerometer in 10 year-olds was associated with variants within the 

Melanocortin 4 Receptor Gene (MC4R), (Cole et al., 2010) a gene associated with weight-

related phenotypes. Two studies in 15 and 16 year old children did not find a significant 
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association of a common variant in the FTO gene (rs9939609) and self-reported physical 

activity, as well as physical activity objectively measured with Actigraphs (Hakanen et al., 

2009; Liu et al., 2010). 

Candidate genes suffer from the shortcoming that they are based on our current biological 

knowledge. A more agnostic and open study design to find genetic variants associated with a 

trait of interest is a genome wide association (GWA) study. Using millions of measured or 

imputed SNP markers the entire genome is searched for SNP variants that occur more 

frequently in people with higher levels of the trait of interest compared to people with lower 

trait level. However, no GWA study in children has been conducted to date. The only GWA 

study conducted on exercise behavior published by de Moor et al. (De Moor et al., 2009) was 

entirely based on an adult sample. In 1644 unrelated Dutch and 978 unrelated American 

adults of European ancestry several novel variants were associated with exercise behavior, 

mainly in the PAPSS2 gene. The effect sizes were small, such that these variants did not 

contribute much to the heritability of exercise behavior and would not have reached 

significance according to the current GWA standards (Clarke et al., 2011). In hindsight, lessons 

learned from GWA studies on other complex traits make it likely that this study on exercise 

behavior was underpowered to detect the many small genetic effects causing heritability 

(Klein, 2007). Meta-analyses across a total sample size of tens of thousands of individuals will 

be needed for successful detection of the association of specific genetic variants with a 

physically active lifestyle.  

 

IMPLICATIONS FOR PEDIATRICS 

The evidence that the variance in physical activity and especially exercise behavior are under 

substantial genetic control does not mean that it is impossible to increase the amount of 

physical activity and exercise activities to improve sports performance and health in children 

and adolescents. These findings should, however, contribute to the acknowledgment that the 

substantial range in physical activity and exercise behavior in population-based samples of 

children and adolescents will not be erased by exercise intervention. We argue that this 

should never be a goal to begin with: intervention is about shifting the mean of the 

distribution towards a more favorable value, not about reducing its variance.  
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To encourage adolescents to stay active, the innate individual differences can be used as a 

starting point. Children may experience rather different ‘gains’ when exercising or adopting a 

physically active lifestyle: by being good at sports some adolescents may gain self-esteem, 

whereas others who are less good at sports but greatly enjoy the activity or its social aspects 

reap a different benefit. Acknowledgement of these differences in gains may aid in 

abandoning population-based strategies and moving towards personalized or family-based 

intervention strategies. Information on the source of individual differences at different time 

points during childhood and adolescence can inform type and timing of the optimal 

intervention approaches. To achieve the same aim of optimizing the appetitive aspects that 

are specific for that individual and generating realistic person-specific goals, different 

genotypes may require entirely different exercise programs. 

Within the last decades, we have already discovered much on the genetic characteristics of 

physical activity and exercise behavior. Taken the fast increase in knowledge of genomics and 

the enhanced technological aids for prolonged physical activity recordings in large scale 

samples we can expect even more progress in the coming decade. This will lead to better 

understanding of the genetic and environmental determinants of physical activity and 

exercise behavior in the young, which in turn will expand our capability to improve pediatric 

health.  
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The Netherlands Twin Register (NTR) was set up more than 25 years ago at the VU University 

in Amsterdam (Boomsma et al., 2006; van Beijsterveldt et al., 2013; Willemsen et al., 2013). 

The aim of the NTR is to examine the underlying causes of individual differences in 

personality, growth, development, disease and risk factors for disease. For the majority of the 

multiples and their families (parents, siblings, and children) longitudinal data are available. 

The NTR holds a unique dataset for epidemiological-scaled research on the genetic 

architecture of behavior and diseases. Subject recruitment and data collection is still ongoing 

and the longitudinal database is growing. At this moment, more than 200.000 individuals are 

enrolled in the NTR.  

The twin-families that were invited for the laboratory study are part of the Young Netherlands 

Twin Register (YNTR; van Beijsterveldt et al., 2013). The YNTR recruits twins and their family 

members upon birth. Shortly after giving birth, mothers receive a first survey with items on 

pregnancy and birth. At age 2, a survey on growth and achievement of milestones is sent. At 

ages 3, 7, 9/10, and 12 parents and teachers receive a series of surveys that are targeted at 

the development of emotional and behavior problems. From age 14 years onward, adolescent 

twins and their siblings self-report on their behavior problems, health, and lifestyle. In sub-

groups of different ages, in-depth phenotyping is conducted for instance for IQ, MRI, growth, 

hormones, neuropsychological assessments, and cardiovascular measures. This thesis is based 

on a new extensive laboratory study of an adolescent sub-group of the NTR. In this chapter 

the data collection for this new study will be described in more detail including response rates 

and the procedure that was followed. 

 

RECRUITMENT AND SAMPLE 

Pilot study 

Data collection was started with a pilot phase in which the experimental protocol was tested 

and fine-tuned. Subjects, mainly from an undergraduate student population, were recruited 

by means of advertisement throughout the university. They received study credits as part of 

their curriculum or a €10 gift voucher for their participation. To be eligible for the study, 

subjects had to have no history of cardiovascular or respiratory disease, and being physically 
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capable of engaging in exercise activities. This was verified by a short questionnaire by email 

consisting of questions about health and disease, physical disabilities, history of fainting and 

palpitations, (family) history on cardiovascular and use of medication. If eligible, a date was 

set for laboratory testing.  

The total sample consisted of 74 subjects: 6 sibling pairs, 2 (monozygotic) twin pairs and 58 

singletons having a mean (±SD) age of 21.9 (±4.4). 58 subjects completed the entire protocol; 

1 subject did not perform the maximal exercise test (excluded because of a positive family 

history of sudden cardiac death) and 15 subjects were administered the maximal exercise test 

only.   

After completing the pilot study, the initial protocol was largely retained, except for some 

minor changes in the order of all the tests included in the protocol (for the final protocol, see 

Table 3.2). 

NTR sample 

555 healthy adolescent twin pairs aged between 16 and 18, enrolled in longitudinal survey 

studies of the Netherlands Twin Register (van Beijsterveldt et al., 2013), were invited to 

participate in the study on the determinants of adolescent exercise behavior. Siblings of the 

twins within an age range of 12 – 25 years were also invited. Selection for invitation was 

based on the availability of longitudinal survey data on zygosity and regular leisure time 

exercise behavior. The aim was to have sufficient twins present from the entire spectrum of 

sedentary to vigorous leisure time exerciser and for each zygosity group. We started with a 

random selection, but if a zygosity group was underrepresented or if there were too little 

sedentary or vigorous exercisers, invitations were biased towards the underrepresented 

groups. This was mainly the case for dizygotic twins, siblings, and sedentary subjects. 

Regarding the latter, we selected twin probands who reported no engagement in exercise 

behavior on a previously filled out survey. The co-twin was then selected as well, regardless of 

exercise status. In order to be eligible for the study, subjects had to have no history of 

cardiovascular or respiratory disease, and being physically capable of engaging in exercise 

activities. In addition, all invitees had to be able and willing to visit the VU University in 

Amsterdam for lab testing.  
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Participants were invited by sending a letter and information brochure (Appendix A) 

advertising the opportunity to test their fitness in addition to earning a gift voucher. If 

subjects were under 18, both the parents and under aged twin/siblings received a letter. 

Within a week of receiving the invitation letter, the invitees or (if invitees were under 18) 

their parents were contacted by telephone to ask whether they were interested in 

participating in the study. If so, a short interview was administered consisting of questions 

about health and disease, physical disabilities, history of fainting and palpitations, (family) 

history on cardiovascular disease and use of any medication. Exclusion criteria were: less than 

two members of a family were willing to participate, physical disability preventing 

participation in moderate to vigorous sports, regular fainting (as a result from moderate to 

vigorous intensity physical activity), family history of sudden death or known ECG 

abnormalities, any regular use of cardio active medication or antidepressants. When the 

invitee proved eligible for the study, an appointment was made.  

Between May 2012 and December 2014 a total of 499 subjects from 226 families participated 

in the study. This corresponds to a response rate of 41% for all invited families. Table 3.1 

shows the numbers of families invited and participated. To keep an optimal balance between 

MZ and DZ twins, males and females, exercises and non-exercisers, and twins and siblings, 

invitations in several waves of data collection were tailored towards specific groups. One twin 

pair only completed the first 10 minutes of the protocol. The final sample consisted of 497 

subjects (mean age 17.1±1.1) of which 227 complete twin pairs: 58 monozygotic male pairs 

(MZM, of which 13 pairs participated with 1 sibling and 1 pair with 2 of their siblings), 36 

dizygotic male pairs (DZM, of which 3 pairs participated with 1 sibling), 58 monozygotic 

female pairs (MZF, of which 15 pairs participated with 1 sibling and 2 pairs with 2 of their 

siblings), 42 dizygotic female pairs (DZF, of which 2 pairs participated with 1 sibling), 33 

dizygotic opposite sex pairs (DOS). Two additional sibling pairs participated (without a twin). 

Five subjects only completed the maximal exercise test (2 MZF pairs of which 1 participated 

with 1 sibling) one subject (DZF twin) did not perform the maximal exercise test (due to a 

knee injury), and one subject (sibling of MZM pair) did not perform the treadmill test 

(because of the lack of proper running shoes during the session). Two subjects (sibling of DZF 

pair and the male-twin of a DOS pair) did not have Cosmed K4b2 data and one subject (MZF 

twin) did not have VU-AMS data due to equipment malfunctioning.  
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Table 3.1 Response rates NTR sample. 

Wave # Invited 

families 

Participated 

families 

% Selection tailored 

towards 

Wave 1 (April 2012) 99 49 49.5% - 

Wave 2 (May 2012) 98 50 51.0% - 

Wave 3 (July 2012) 99 13 13.1% DZ; non-exercisers 

Wave 4 (October 2012) 50 16 32.0% DZM 

Wave 5 (January 2013) 88 41 46.6% siblings; non-exercisers 

Wave 6 (March 2013) 87 44 50.6% siblings 

Wave 7 (June 2013) 34 13 38.2% DZ 

Total 555 226 40.7% 

 Note: All invitees were selected on the availability of longitudinal survey data. Four additional NTR 

families volunteered to participate without receiving a formal invitation but by means of word-of-

mouth advertising. DZ = dizygotic twins, DZM; dizygotic male twins. 

 

Informed Consent 

All subjects above 18 provided written consent and if the subjects were under 18 consent was 

given by both of their parents/guardians and assent by the subjects. All study procedures 

were reviewed and approved by the Medical Ethics Review Committee of the VU University 

Medical Center Amsterdam (NL35634.029.10).  

 

EXPERIMENTAL PROTOCOL LABORATORY STUDY & MEASUREMENTS 

Briefing 

On arrival at the laboratory, subjects and their parents were briefed about the procedure. 

Hereafter, the informed consent forms were collected. If present, the parents were asked to 

wait in the waiting room. The twins were tested in separate experimental rooms.  

Body composition and physical fitness tasks 

The protocol (Table 3.2) started with measurements of height and weight using a calibrated 

scale (Omron BF511, Omron Healthcare Europe B.V., The Netherlands). Subsequently, 4 
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fitness characteristics were examined: balance, handgrip strength, flexibility and explosive 

strength.  

Balance − The Balance Error Scoring System (BESS, Bell et al., 2011) was used to assess 

balance under 3 testing stances: double leg, single leg (non-dominant leg) and tandem 

(dominant foot in front of the non-dominant foot in heel-to-toe fashion, weight evenly 

distributed across both feet) on 2 surfaces (ground and foam pad). During the test, the eyes 

were closed and the hands were held on the hips. Each condition lasted for 20 seconds. We 

instructed the subjects that if at any time they fell out of position, they were to return to the 

test position as quickly as possible. As the subjects performed each 20-second trial, we 

observed and recorded the number of errors each subject made. An error was defined as 

opening eyes, lifting hands off the hips, stepping, stumbling or falling out of position, lifting 

forefoot or heel, abducting the hip by more than 30°, or failing to return to the test position in 

less than 5 seconds. The total score was the total number of errors across the six 20-sec 

repeated measures (three stances and two surfaces). 

Handgrip strength − Subjects were instructed to hold a dynamometer (Baseline Digital 

Smedley Hand dynamometer, Fabrication Enterprises Inc., USA) in the dominant hand with 

arm at the side of the body and elbow at a 90° angle. When ready, the subject was 

encouraged to squeeze the dynamometer once with maximum effort (in kg), which should be 

maintained for 5 seconds. This procedure was repeated for the non-dominant hand.  

Flexibility − Flexibility was measured using a standard sit-and-reach box (Baseline Sit-and-

reach Trunk Flexibility Box, Fabrication Enterprises Inc., USA). Subjects were instructed to sit 

on the floor with the legs fully extended and the soles of the feet flat against the box. One 

hand was placed on top of the other, palms down. Then the subject reached forward along 

the measuring scale on the box as far as possible, without bending the knees. Best out of 3 

reaches (in centimeters) was used for subsequent analyses. 
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Table 3.2 Overview of the experimental protocol. 

Activity Minutes Measurements 

Height/weight 1  

Balance, handgrip strength, flexibility and vertical jump 10  

Connecting VU-AMS 

7 Continuous ECGa, ICGb and 

tri-axial accelerometer 

signals 

Lifestyle interview 

10 Exercise behavior, 

educational attainment, 

work status, subjective 

health, medication and 

contraception use, well-

being, smoking, alcohol use, 

sleep duration. 

Delay discounting questionnaire 5 Discounting rate k 

Baseline: quiet sitting 6 FSc   AD-ACLd 

Connecting Cosmed 
7 Breath-to-breath values on 

V̇O2
e, V̇CO2

f and VE
g  

Warming up on cycle ergometer at 50W 2 
 

Cycling on cycle ergometer at  40W or 70Wh 5 FS   RPEi 

Cycling on cycle ergometer at  60W or 90W 5 FS   RPE 

Cycling on cycle ergometer at  80W or 110W 5 FS   RPE 

Cycling on cycle ergometer at  100W or 130W 5 FS   RPE 

Cool down  1 FS 

Recovery: quiet sitting 5 FS   AD-ACL 

Warming up on treadmill at 0 – 5 km/h 1 
 

Walking/jogging on treadmill at 5.5 km/h or 6.0 km/hj 5 FS   RPE 

Walking/jogging on treadmill at 6.0 km/h or 6.5 km/h 5 FS   RPE 

Walking/jogging on treadmill at 6.5 km/h or 7.0 km/h 5 FS   RPE 

Walking/jogging on treadmill at 7.0 km/h or 7.5 km/h 5 FS   RPE 

Cool down  1 FS 

Recovery: quiet sitting 5 FS   AD-ACL 

Maximal exercise test 6 – 12 
 

Cool down  5 FS 

Recovery: quiet sitting >2  

Showering 15 AD-ACL (after showering) 

Note .aElectrocardiogram; bImpedance cardiogram; cFeeling Scale; dActivation-Deactivation Adjective 

Checklist; eoxygen consumption; fcarbon dioxide production; gminute volume; hFemales started at 

40W, males started at 70W; iRating of Perceived Exertion (Borg Scale); jFemales started at 5.5 km/h, 

males started at 6.0 km/h. 
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Explosive strength − Explosive strength was measured with a vertical jump test that requires 

the subjects to jump as high as possible, starting from a position of knee bending at a fixed 

knee angle immediately prior to the jump. Subjects were instructed to jump straight up as 

much as possible and not go sideways. It was allowed to use the arms to help drive the body 

upwards. A successful jump was defined as one where at take-off the subjects had the 

appropriate knee angle and landed their feet within a 10 cm radius of the start position. 

Jumping height was defined as the vertical displacement between the trunk at the beginning 

and at the end of the jump measured by the displacement of a measuring tape attached to 

the subjects’ hip and clipped to the floor. Best out of 3 jumps was documented (jumping 

height in centimeters).  

Table 3.3 shows the means and standard deviations (SDs) of age, anthropometrics, and 

measures of physical fitness for males and females in the pilot and NTR study. 

Attachment of the VU-AMS5fs 

Next, subjects were equipped with the VU-AMS5fs (VU University, Amsterdam, The 

Netherlands). This device was developed to study autonomic nervous system activity in 

naturalistic settings (de Geus et al., 1995). The version used here measured the 

electrocardiogram (ECG) together with the impedance cardiogram (ICG) from five disposable, 

pregelled Ag/AgCl electrodes (Figure 3.1). Electrode resistance was kept low by cleaning the 

skin with alcohol and rubbing. A combined ECG/ICG electrode was placed on the sternum 

over the first rib between the two collarbones. A second ECG electrode was placed at the 

apex of the heart over the ninth rib on the left lateral margin of the chest approximately 3 cm 

under the left nipple. A second ICG electrode was placed over the tip of the xiphoid complex 

of the sternum. Two ICG current electrodes were placed on the back of the cervical vertebra 

C4 and between thorax vertebras T8 and T9. Due to the portable nature of these devices, the 

subjects were not restricted in their movement by wearing this during the exercise tests 

(Figure 3.2A).  
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Figure 3.1 Placement of the VU-AMS5fs electrodes.  

 

Life style questionnaire 

Regular voluntary exercise behavior was measured by a short lifestyle interview (appendix B), 

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 in the 

Netherlands Twin Register (van der Aa et al., 2010). Subjects 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. As we were interested in regular exercise activities, we only included activities that were 

conducted for at least 3 months a year and since at least half a year, thereby excluding 

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. In addition, subjects were 

asked to indicate (in minutes) the amount of time spent on walking and cycling (for 
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transportation) and compulsory physical education classes. Table 3.3 shows the means and 

SDs of amount of physical activity for males and females in the pilot and NTR study. 

Apart from exercise behavior, subjects were queried on their current work status, their 

general health and well-being and on their smoking habits and alcohol use. Women reported 

on the regularity of their menstrual cycle and (oral) contraceptive use (for details see 

Appendix B). A summary of the results is presented in Table 3.4. 

Delay discounting questionnaire 

Next, subjects were administered a delay discounting questionnaire. Delay-discounting refers 

to the reduction in the present value of a future reward as the delay to that reward increases. 

The more remote a future reward is, the lower its present value, and, therefore, the less likely 

the reward is to be chosen among current alternatives. The monetary-choice questionnaire 

used here (Appendix C) was based on one developed by Kirby & Marakovic (1996). Subjects 

were presented a fixed set of 27 choices between smaller, immediate rewards and larger, 

delayed rewards. For example, on the first trial subjects were asked "Would you prefer €54 

today, or €55 in 117 days?" The subject indicated which alternative he or she would prefer to 

receive by circling the alternative on the questionnaire. The subjects were presented with this 

questionnaire with the following instruction: “Your job is to imagine that they are real 

choices, and to decide which choice you would prefer if the choice were real. It is important 

to keep in mind that this is not a test with right answers. It is your choice – pick whichever you 

would prefer if the choice were real”. We made sure that every subject understood the 

instructions. An estimate of a subject's discounting-rate parameter (k) can be made from the 

subject's pattern of choices across the 27 questions. K can be thought of as an impulsiveness 

parameter, with higher values corresponding to higher levels of impulsiveness. For details on 

the calculations, please see Kirby et al., 1999. Table 3.5 shows the mean and SD of k in our 

sample.  
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Table 3.3 Means and standard deviations (SDs) of age, anthropometrics, amount of physical 
activity, and measures of physical fitness for males and females in the pilot and NTR study.  

    Males Females 

  

Pilot NTR Pilot NTR 

  

Mean SD Mean SD Mean SD Mean SD 

Age (years) 21.6 5.5 17.0 1.1 22.0 3.6 17.2 1.1 

          Anthropo- Waist circumference (cm) 77.0 7.0 74.9 6.4 72.5 5.8 71.9 7.7 

metrics Hip circumference (cm) 90.5 9.7 88.7 7.2 92.5 5.8 87.9 8.4 

 

Height (cm) 180.7 6.6 180.3 8.0 168.9 7.0 168.1 6.8 

 

Weight (kg) 72.4 10.6 67.1 10.6 63.6 8.1 61.6 9.9 

 

BMI (kg∙m
-1

) 22.1 2.4 20.6 2.5 22.3 2.5 21.8 3.2 

 

Body fat percentage 18.3 6.9 14.0 5.9 31.2 6.7 29.5 7.0 

          Physical  Walking (min/week) 137.6 120.0 40.1 75.7 129.2 89.7 43.0 76.8 

Activity Cycling (min/week) 147.4 123.9 233.2 153.5 173.1 136.2 227.3 159.2 

 

Physical Education (min/week) 157.5 135.0 148.3 137.3 - 
a 

- 
a 

132.2 108.0 

 

Exercise Behavior (METs) 28.7 30.0 25.9 22.6 17.9 19.0 19.5 21.7 

          Physical  Resting heart rate (bpm) 76.5 13.9 72.4 11.2 74.0 9.3 75.6 11.1 

Fitness Resting systolic BP (mmHg) 125.5 11.3 116.9 10.7 109.2 9.2 111.0 8.3 

 

Resting diastolic BP (mmHg) 70.8 9.9 65.7 8.0 70.2 8.6 67.6 7.0 

          

 

V̇O2max (mL/min) 3154 620 3134 533 2304 404 2228 316 

 

V̇O2max (mL∙min
-1

∙kg
-1

) 43.2 8.4 47.0 6.7 36.7 5.7 36.6 5.6 

 

HRmax (bpm) 192.6 8.6 195.5 10.1 192.2 10.4 194.9 9.3 

 

Handgrip strength DH
b
 (kg) 44.8 8.7 40.0 8.0 30.9 5.6 29.5 4.6 

 

Handgrip strength NDH
c
 (kg) 41.8 6.7 36.7 8.3 29.1 5.3 26.9 4.5 

 

Vertical jump (cm) 45.1 8.5 45.9 6.4 34.7 5.0 35.4 5.5 

 

Flexibility (cm) 23.1 10.8 19.8 9.9 28.9 10.4 29.0 9.6 

  Balance (errors) 17.0 7.3 17.2 7.6 13.6 6.0 15.1 6.9 

Note. a No cases; b DH = dominant hand; c NDH = non dominant hand.  
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Table 3.4 Demographics, lifestyle information, health and well-being of the males and females 
in the pilot and NTR study. 

      Males Females 

   

Pilot NTR Pilot NTR 

   N % N % N % N % 

Demo- Work status Student 23 92% 238 98% 36 90% 255 99% 

graphics 

 

Part time job (12-32h/w) 1 4% 1 0% 2 5% 1 0% 

  

Full time job (> 32h/w) 1 4% 1 0% 2 5% 1 0% 

  

Unemployed 0 0% 2 1% 0 0% 0 0% 

           Lifestyle Smoking Yes 2 8% 13 5% 11 28% 14 5% 

  

No 20 80% 223 92% 28 72% 237 92% 

  

Quitted 3 12% 6 2% 0 0% 6 2% 

 

Alcohol use  < 1 units per week 7 28% 86 35% 12 31% 116 45% 

  

1 - 5 units per week 10 40% 104 43% 13 33% 119 46% 

  

6 - 10 units per week 5 20% 35 14% 7 18% 19 7% 

  

11 - 15 units per week 1 4% 8 3% 3 8% 3 1% 

  

> 16 units per week 2 8% 9 4% 4 10% 0 0% 

           Health Subjective  Bad 0 0% 1 0% 0 0% 0 0% 

 

health Moderate 0 0% 2 1% 1 3% 6 2% 

  

Reasonable 3 12% 12 5% 1 3% 16 6% 

  

Good 19 76% 164 67% 37 95% 197 77% 

  

Excellent 3 12% 63 26% 0 0% 38 15% 

 

Medication No 26 93% 213 88% 37 90% 239 93% 

  

Psychopharmaca 0 0% 6 247% 1 2% 1 0% 

  

Antihistamines 0 0% 5 2% 0 0% 5 2% 

  

Inhalers for asthma 0 0% 6 2% 0 0% 9 4% 

  

Hormonal contraception 

    

35 90% 136 53% 

  

Other 0 0% 7 3% 3 7% 3 1% 

Wellbeing Scale 1 - 10  (mean±SD) 

 

8.0±0.7      7.8±0.7 
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Table 3.5 Descriptives of k (ln transformed). 

  Males Females 

 

Mean SD Mean SD 

ksmall -4.50 1.51 -4.24 1.31 

kmed -4.87 1.54 -4.46 1.35 

klarge -5.43 1.42 -5.14 1.28 

ktotal -4.93 1.38 -4.61 1.15 

 

Affective response measurements 

Subjects were seated comfortably and their baseline affective responses 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 +5 “very good” and 

has been used as a measure of affective valence in many previous studies on the acute 

response to exercise (Ekkekakis et al., 2008; Ekkekakis et al., 2011; Hall et al., 2002; Parfitt et 

al., 2006; Schneider & Graham, 2009) (Appendix D). The Activation-Deactivation Adjective 

Checklist (AD ACL) is a multidimensional test of various 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) (Appendix E). This questionnaire is scored by averaging five scores 

for each subscale: Energy, Tiredness, Tension, and Calmness. Table 3.6 and 3.7 show the 

means and SDs of the responses on the Feeling Scale and AD ACL collected during this 

baseline measurement. To measure subjective perception of exercise intensity the Borg’s 

Rating of Perceived Exertion (RPE) (Borg, 1970) was used (Appendix F). The RPE comprises 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”). 

 

  



CHAPTER 3 – DATA COLLECTION  

48 

 

3

 

 2

 
1 

Table 3.6 Means and standard deviations (SDs) of the responses on the Feeling Scale and Borg 
Scale (Rate of Perceived Exertion, RPE) and percentage of V̇O2max.  

  Feeling Scale RPE % of V̇O2max 

 

Mean SD Mean SD Mean SD 

Baseline 3.5 1.2     

  Cycle ergometer step 1 3.5 1.0 9.1 1.4 42.3 6.8 

Cycle ergometer step 2 3.2 1.1 10.3 1.5 49.2 7.9 

Cycle ergometer step 3 2.8 1.3 11.3 1.6 55.6 8.7 

Cycle ergometer step 4 2.5 1.4 12.1 1.8 61.7 9.8 

Cool down 2.9 1.2 

  

52.8 9.1 

Recovery 3.6 1.1 

  

19.4 3.8 

Treadmill step 1 3.4 1.0 8.9 1.6 45.6 7.9 

Treadmill step 2 3.1 1.2 10.1 1.7 49.9 8.6 

Treadmill step 3 2.7 1.4 11.3 1.9 56.8 12.0 

Treadmill step 4 2.5 1.5 12.2 2.0 64.0 13.0 

Cool down 3.0 1.3 

  

53.6 11.0 

Recovery 3.5 1.2     20.0 4.4 

 

Table 3.7 Means and standard deviations (SDs) of the responses on the subscales of the 
Activation-Deactivation Adjective Check List. 

  Energy Calmness 

  Mean SD Mean SD 

Baseline 3.02 0.59 3.41 0.49 

Recovery cycle ergometer 3.40 0.53 2.81 0.76 

Recovery treadmill 3.40 0.55 2.80 0.81 

Recovery maximal exercise test 3.12 0.70 3.27 0.61 

 

Tiredness Tension 

  Mean SD Mean SD 

Baseline 1.86 0.81 1.22 0.33 

Recovery cycle ergometer 1.53 0.55 1.26 0.40 

Recovery treadmill 1.60 0.60 1.24 0.40 

Recovery maximal exercise test 1.74 0.67 1.15 0.31 
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Next, subjects remained seated comfortably and were presented with a 6 minute wild life 

documentary (BBC wild life) to obtain resting heart rate and cardiac vagal control. In addition, 

resting blood pressure was measured twice (in the 4th and 5th minute, Omron HEM-907 

digital blood pressure monitor). The mean of these two measurements was used as baseline 

blood pressure measure. Table 3.3 shows the means and SDs of blood pressure and HR. 

Attachment of the Cosmed K4b2 

A telemetric gas exchange system (Cosmed K4b2, Cosmed Benelux, Nieuwegein, The 

Netherlands) was attached to the subject to record breath-by-breath oxygen uptake (V̇O2) 

and carbon dioxide production (V̇CO2). During the course of the experiment, the main sample 

unit and the battery pack were attached to the back of the subject (Figure 3.2B and 3.2C). 

Before each test, the O2/CO2 analysis system was calibrated using ambient air and a gas 

mixture that had an O2 concentration of 16% and a CO2 concentration of 5%. The calibration 

of the turbine flowmeter was performed by using a 3-liter syringe (all according to the 

manufacturer’s instructions). 

Submaximal exercise tests 

Two exercise test 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 

below the intensity of the ventilatory threshold for most adolescents (Table 3.2). The first 

session on the cycle ergometer started with a 2-minute warming up period, followed by 4 

incremental stages of 5 minutes each (males: 70W, 90W, 110W, 130W; females: 40W, 60W, 

80W, 100W). Subjects were instructed to pedal at fixed rounds per minute (RPM): between 

60 and 70 RPM. The test ended with a 1-minute cooling-down phase, followed by a 5-minute 

recovery period. The second session on the treadmill consisted of a 1-minute warm-up 

period, followed by 4 incremental stages of 5 minutes each (males: 6, 6.5, 7 and 8 km/h; 

females: 5.5, 6, 6.5 and 7 km/h). Again, the test ended with a 1-minute cooling-down phase, 

followed by a 5-minute recovery period.  

To ensure that the intensity of every stage was below the intensity of the ventilatory 

threshold for most adolescents, the ratio of the oxygen consumption and carbon dioxide 

production (V̇CO2/V̇O2) was monitored. This respiratory exchange ratio (RER) can be used to 
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estimate the ventilatory threshold (Solberg et al., 2005). This threshold is passed when 

exhalation of CO2 exceeds inhalation of O2, which is visualized by a RER > 1.00. For each test 

the load of each stage was adjusted when necessary to keep the intensity below an RER of 

1.00.  

In order for the subjects 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 minutes) of every 

step (Figure 3.3). During the cooling down, FS response was collected in the last 15 seconds. 

During the recovery phases, the AD ACL and FS response was collected after respectively ~2 

and 5 minutes of quiet sitting. The RPE responses were collected in every last minute of each 

incremental step of the submaximal cycle ergometer and treadmill protocol (after 4 minutes). 

Figure 3.4 illustrates the changes in V̇CO2 and V̇O2 across the entire experimental protocol for 

one of the subjects. The arrows indicate when subjects were asked to fill out the AD ACL, 

report on their current affective state (FS) and rate of perceived exertion (RPE).  

Maximal exercise test 

Finally, an incremental maximal exercise test was conducted on a cycle ergometer to establish 

V̇O2max. The work rate was increased every minute until exhaustion while subjects pedaled at 

60-100 RPM. In this protocol males started at 75 Watt with increments of 25 Watt per 

minute. For females stage one started at 70 Watt and work load was increased by 20 Watt 

per minute. Adjustments to this protocol (higher increasing workloads every step) were done 

by experienced researchers based on the exercise status, age, height and weight of the 

subject. The test was terminated when the subject was not able to keep RPM above 50 

despite serious attempts. After cessation of the test, the gas exchange measurement system 

was removed and every subject completed a mandatory cool-down phase on the cycle 

ergometer of 5 minutes on a low, individually chosen work rate. One minute and five minutes 

after the end of the maximal exercise test subjects were asked to indicate how they felt on 

the FS. After 5 minutes the subjects were asked to sit down for at least two minutes but 

otherwise long enough for the heart rate to reach values below 120. Hereafter, the VU-AMS 

was removed and subjects were allowed to take a shower. After showering, the subjects were 

asked to fill out the AD ACL for the last time (Table 3.2; Figure 3.4).  
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Figure 3.2 Attachment of the VU-AMS and Cosmed K4b2. A) VU-AMS; B) Cosmed main unit; C) 

Battery pack. 

 

 

 

 

 

 

 

 

 

 

Figure 3.3 Feeling Scale responses collected during the exercise tests. 
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Figure 3.4 Changes in V̇O2 and V̇CO2 across the entire experimental protocol of a randomly 

selected subject. The two submaximal exercise tests on the cycle ergometer and treadmill 

and the final maximal exercise test are clearly visible as V̇O2 and V̇CO2 increase when subjects 

start exercising. The arrows indicate when this subject was asked to fill out the AD ACL, report 

on their current mood (FS) and rate of perceived exertion (RPE). 
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Table 3.3 shows the mean and SD of V̇O2max for both males and females. In addition, Table 3.5 

shows the means and SDs of the responses on the Feeling Scale and Borg Scale (Rate of 

Perceived Exertion, RPE) collected during the exercise tests and percentage of V̇O2max, 

whereas Table 3.7 summarizes the means and SDs of the responses on the subscales of the 

AD ACL. 

Report and reward 

The subjects were provided with a report with their personal scores on the fitness tests, their 

resting heart rate and blood pressure values, height, weight and BMI and maximal oxygen 

uptake (for an example see Appendix G). In addition, they received their gift voucher and/or 

study credit.  

DNA Collection & Zygosity determination 

Buccal DNA samples were collected for 15 pilot subjects and for 482 NTR subjects (14 subjects 

refused). Buccal sampling was done by the subjects themselves at home. A week before the 

lab testing, all subjects received 16 cotton swabs and four test tubes filled with 2 ml of 

solution and an instruction folder (Appendix H). The subject was asked to collect buccal swabs 

on 4 occasions during two days. On the day of testing the samples were collected by the 

experimenter. The samples were stored in a dark and cool place before sending to the 

laboratory. After genome-wide genotyping at the molecular genetics lab, the twins (or the 

parents, when subjects were under 18) were informed on their zygosity status by means of a 

letter.   

 

FOLLOW-UP: SURVEY ON EXERCISE STATUS 

In July and August 2015, all 499 subjects were sent an online questionnaire on their current 

exercise behavior, (if relevant) the highest level attained in competitive sports, sports injuries, 

subjective exercise ability, daily physical activity and sedentary behavior (Appendix I). When 

subjects failed to take the survey online, the survey was done by telephone. Five subjects had 

unsubscribed from the Netherlands Twin Register and were therefore not available for the 

follow-up survey. Twenty-two subjects were lost to follow-up due to missing contact 
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information. Forty-two did not fill out the questionnaire after several reminders or refused to 

participate. Complete follow-up data was available for 430 subjects (which corresponds to a 

response rate of 88%); 49 MZM pairs (of which 10 twin pairs participated with 1 sibling and 1 

pair with 2 siblings); 26 DZM pairs (of which 1 participated with 1 sibling); 45 MZF pairs (of 

which 10 twin pairs participated with 1 sibling and 1 pair with 2 siblings); 37 DZF pairs (of 

which 2 participated with 1 sibling); 28 DOS pairs, 2 (non-twin) sibling pairs and 29 singletons.  
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ABSTRACT 

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. 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). 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. 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 (.15 < r < .21) and this association was accounted for by an overlap in genetic 

factors influencing affective responding and exercise behavior. 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 

interventions aiming to motivate adolescents to adopt and maintain regular exercise.  
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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 

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 underlying exercise behavior is the 

affective response immediately during exercise and shortly after cessation of an exercise bout 

(Ekkekakis et al., 2013; Ekkekakis et al., 2011). 

Affect refers to an individual’s core of all valenced states: good versus bad, pleasure and 

displeasure, positive and negative (Ekkekakis et al., 2013; Ekkekakis et al., 2011). 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 et al., 2005; Ekkekakis et al., 2011; Van 

Landluyt et al., 2000; Welch et al., 2007). Based on the principles of instrumental 

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 associated with the intention to engage in 

voluntary exercise (Kwan & Bryan, 2010; Ruby et al., 2011) and greater actual participation in 

(voluntary) moderate to vigorous exercise (Dunton & Vaughan, 2008; Rhodes & Kates, 2015; 

Schneider et al., 2009; Williams et al., 2008; Williams et al., 2012). A better understanding 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. Examples of immediate aversive effects are exercise-related 

fatigue related to muscle pain, respiratory exertion and monoamine depletion (Davis & Bailey, 
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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 (Beaulieu & Gainetdinov, 2011) 

and endocannabinoid (Solinas et al., 2007) pathways. More complex appetitive effects can 

involve a sense of accomplishment 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 individual differences in part 

reflect differences in genetic sensitivity to the psychological effects of exercise (de Geus & de 

Moor, 2008). A significant genetic contribution of the affective responses to exercise 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 et al., 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 pressure 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 et al., 1998). The activity-

stat could influence the net balance of positive and negative 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 attitudes 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 et al., 2014; Dishman et al., 2015; Hagger 
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et al., 2002; Rhodes & Smith, 2006). Moreover, attitudes have been shown to be heritable 

(Huppertz et al., 2014b) and the psychological concept of self-regulation might also be a 

shaped by genetic factors (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 et al., 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 performed 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 & de Moor (2008) that the genetic factors underlying this heritability partly 

overlap with 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. Regular voluntary 

exercise behavior over the past year was characterized in these subjects by a lifestyle 

interview. In a twin study, the intrapair resemblance for a trait is compared between 

genetically 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 
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correlation between adolescent exercise behavior and the exercise-induced affective 

response showing that they are influenced by shared genetic factors.  

 

METHODS 

Subjects  

Healthy adolescent twin pairs aged between 16 and 18 and their siblings (age range 12 – 25) 

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 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 the Medical Ethics 

Review Committee of the VU Medical Center Amsterdam (NL35634.029.10).  

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 et al., 2010). Subjects 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 transportation (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 3 months 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 
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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 +5 “very good” and has been used in many studies on the 

affective response to exercise (Ekkekakis et al., 2008; Ekkekakis et al., 2011; Hall et al., 2002; 

Parfitt et al., 2006; Schneider & Graham, 2009). Figure 4.1a 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 subject during exercise (for details see Figure 4.1b) 

(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 averaging five scores for each subscale: Energy, 

Tiredness, Tension, and Calmness. Finally, to measure subjective exercise intensity The 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. These scores were recoded so that 

higher scores were associated with less exertion (feeling better, less exhausted).  

To account for potential effects of differences in the relative intensity of exercise compared 

to a person’s maximal exercise capacity, oxygen uptake (V̇O2) and carbon dioxide production 

(V̇CO2) were recorded continuously by means of a telemetric gas exchange system (Cosmed 

K4b2, Cosmed Benelux, Nieuwegein, The Netherlands) during the submaximal and maximal 

exercise tests. Breath-by-breath V̇O2 data were exported and deviant breaths were removed 

by excluding the breaths that were more than 3 standard deviations from the mean. 
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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-minute warming up period, followed by 4 incremental 

stages of 5 minutes each (males: 70 Watt (W), 90W, 110W, 130W; females: 40W, 60W, 80W, 

100W). Subjects were instructed to pedal at fixed revolutions per minute (RPM): between 60 

and 70 RPM. The test ended with a 1-minute cooling down phase, followed by a 5-minute 

recovery period. The second session on the treadmill consisted of a 1-minute warm-up 

period, followed by 4 incremental stages of 5 minutes each (males: 6, 6.5, 7 and 8 km/h; 

females: 5.5, 6, 6.5 and 7 km/h). Again, the test ended with a 1-minute cooling-down phase, 

followed by a 5-minute recovery period. In order for the subjects 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 minutes) of every step. During the cooling down phase (1 minute), 

FS response was collected in the last 15 seconds. During the recovery phases, the AD ACL and 

FS responses were collected after respectively ~2 and 5 minutes of sitting quietly.  

To ensure that the subjects did not exercise at vigorous intensities, the ratio of the oxygen 

consumption and carbon dioxide production (V̇CO2/V̇O2) was monitored. This respiratory 

exchange ratio (RER) can be used to estimate the blood lactate-based anaerobic threshold 

(Solberg et al., 2005). This threshold is passed when exhalation of CO2 exceeds 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 

V̇O2max. The work rate was increased every minute until exhaustion (see Chapter 6 for 
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measurement details on V̇O2max). On average 25.2 ± 7.6 minutes after the end of the maximal 

exercise test and a shower the AD ACL was filled out a final time.  

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 share 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 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, 2011) 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 V̇O2max reached during the submaximal tests 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.   
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Figure 4.1 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. 

 

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 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 constraining 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 χ2 tests. The χ2statistic is computed by 

subtracting log-likelihood (-2LL) of a submodel from the -2LL of the original model (χ2= -

2LLoriginal model – -2LLsubmodel). This χ2statistic is distributed with degrees of freedom (df) equal to 

the difference in the number of parameters estimated in the two models (Δdf = dforiginal model – 

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.   
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RESULTS 

Descriptives 

For 16 subjects affective responses collected during the submaximal 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 4.1 shows the means and standard deviations (SDs) of age, 

body composition, regular exercise and V̇O2max. Tables 4.2 shows the means and SDs of the FS 

and RPE responses, V̇O2 expressed as a percentage of V̇O2max for every step of the 

experiment. As the intensity of the submaximal tests increased, the percentage of V̇O2max 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 affective state. The means and SDs and the Cronbach’s alpha for the four subscales of 

the AD ACL are shown in Table 4.3. 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 (.60 − .87), but low for Tension (.34 − .48).  

 

Table 4.1 Means and standard deviations of age, body composition, regular exercise and 

V̇O2max. 

  Male (N = 242) Female (N = 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 

V̇O2max  in mL/min 3134.5 542.8 2232.1 329.2 

V̇O2max  in mL/min/kg 46.9 6.9 36.7 5.6 
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Table 4.2 Means and standard deviations (SD) of the Feeling Scale, RPE and percentage of 

V̇O2max during and after submaximal exercise. 

  Feeling Scale RPE % of V̇O2max 

 

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 4.3 Means and standard deviations of the AD ACL subscales Energy, Calmness, Tiredness 

and Tension after (sub)maximal exercise.  

  Energy Calmness 

 
Mean SD 

Cronbach’s 

alpha 
Mean SD 

Cronbach’s 

alpha 

Baseline 3.02 0.59 0.78 3.42 0.49 0.66 

Recovery cycle ergometer 3.40 0.52 0.81 2.85 0.73 0.78 

Recovery treadmill 3.40 0.55 0.83 2.83 0.80 0.65 

Recovery maximal exercise test 3.11 0.71 0.87 3.29 0.60 0.68 

 

Tiredness Tension 

 
Mean SD 

Cronbach’s 

alpha 
Mean SD 

Cronbach’s 

alpha 

Baseline 1.85 0.80 0.82 1.21 0.33 0.34 

Recovery cycle ergometer 1.51 0.54 0.60 1.25 0.38 0.42 

Recovery treadmill 1.59 0.59 0.84 1.23 0.39 0.48 

Recovery maximal exercise test 1.74 0.67 0.78 1.15 0.31 0.41 
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Heritability of the affective responses to exercise 

Table 4.4 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 > .05) and 

heritability estimate (A) was 15% (95% CI: 0% – 31%). 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% – 30%) of the total variance in FS responses 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% – 43%) and 35% 

(95% CI: 20% – 48%) 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 estimates 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 

exercise tests.  

Correlations to regular exercise behavior 

Table 4.5 shows the phenotypic correlations between the responses on the FS and the RPE 

and regular exercise. Significant correlations were found for the FS responses and the 

(reverse-coded) RPE responses with voluntary exercise behavior (.15 < r < .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 = .34 (FS during cycle ergometer test), rG = .22 (RPE, cycle ergometer), and rG 
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= .36 (RPE, treadmill). Environmental correlations were small (.04 < rE < .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 

exercise status reported higher values of Energy (r = .15) and Calmness (r = .12) and lower 

values of Tiredness (r = -.11) and Tension (r = -.11). After the submaximal treadmill test, only 

Energy and Calmness correlated significantly with voluntary exercise behavior (r = .11 and .17 

respectively). After the maximal exercise test, only Calmness showed a significant correlation 

with exercise behavior (r = .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 with 

Energy measured during the recovery of the submaximal cycle ergometer test (rG =.28), 

Calmness measured during the recovery of all three exercise tests (rG = .27, rG = .41, and rG = 

.22 for the cycle ergometer, treadmill and maximal exercise test respectively) and Tension 

measured during the recovery of the submaximal cycle ergometer (rG = -24). Again, 

environmental correlations were small (-.05 < rE < .03) and not significant. 

A multiple regression analysis (corrected for familial relatedness) showed that all FS, RPE and 

AD ACL 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 submaximal 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%.  
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Table 4.5 Correlations of voluntary regular exercise with the Feeling Scale and RPE responses 

and AD ACL subscales Energy, Calmness, Tiredness and Tension 

      
Correlation to  

voluntary exercise behavior 

Cycle ergometer Exercise FS .18 (.08, .27) 

  
RPE .15 (.06, .25) 

 
Recovery Energy .15 (.05, .25) 

  
Calmness .12 (.03, .21) 

  
Tiredness -.11 (-.20, -.01) 

  
Tension -.11 (-.20, -.00) 

Treadmill Exercise FS .21 (.11, .30) 

  
RPE .21 (.11, .30) 

 
Recovery Energy .11 (.01, .21) 

  
Calmness .17 (.08, .26) 

  
Tiredness -.06 (-.15, .03) 

    Tension -.08 (-.17, .01) 

Maximal exercise  Recovery Energy .01 (-.09, .10) 

  
Calmness .12 (.03, .22) 

  
Tiredness -.05 (-.15, .04) 

    Tension -.07 (-.17, .02) 

Note. Significant correlations in bold. 

 

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 affective 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; Ekkekakis et al., 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 (.15 < r < 

.21) and significant genetic correlations were found between higher amounts of regular 

voluntary exercise behavior and affective responses measured with the Feeling Scale during 
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exercise and the AD ACL subscales Energy and Calmness after cessation of exercise. This 

supported our hypothesis that there is an overlap in the genetic 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 & de Moor (2008) who predicted a role 

for the genetic variants influencing the affective response to exercise in the heritability of 

exercise 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 variants independently 

influence the affective response and the tendency 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 exercise 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, e.g. 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 

individuals (regular exercisers would not show meaningful changes). Twin studies can resolve 

causality in unselected population-based samples if the sample size is sufficiently large to 

detect environmental correlations (de Moor et al., 2008), but might be a challenging 

undertaking for the relatively 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). 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 et al., 2008). However, 

this approach would need (a set of) genetic variants influencing only the affective response to 
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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 association 

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 designs as used in the present study as well as 

having collected DNA materials. A study by Bryan et al. (2007) reported that the brain-derived 

neurotrophic factor (BDNF) gene, a peptide with a broad influence on the vascular, muscular 

and 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 et al., 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 variation in these circuits might 

indeed explain the heritability of affective responses to exercise. Previous studies reported an 

effect of genetic variants in dopaminergic genes on voluntary physical activity in animals 

(Knab & Lightfoot, 2010), but for humans the dopaminergic connection is less well established 

(Huppertz et al., 2014a; Jozkow et al., 2013; Simonen et al., 2003) 

Exercise also generates aversive responses. Genetic variation in brain circuits governing 

punishment or pain and fatigue may be as relevant as reward (Ekkekakis, 2003; 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 subjects engaged in regular leisure time exercise 

activities will stay below this intensity threshold, individual differences in (dis)pleasure 
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experienced at such intensities could be important determinants of voluntary maintenance of 

regular exercise behavior. This neglects the potential importance of the increase in 

interindividual variation in affective responding at intensities 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 deviations of the FS (Table 4.2). Exercising above the VT (but below the maximum 

steady-state lactate concentration) may therefore increase the genetic variance in affective 

response beyond that seen below the VT. Indeed, when calculating MZ and DZ/sibling 

correlations for FS for every step of the submaximal test separately, the difference between 

these correlations was increasing with intensity (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 validity, 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 how one feels during and after exercise. Furthermore placing the treadmill test 

always in fixed order after the cycling test could have influenced the affective responses 

during the treadmill test even if Dutch adolescents are very used to cycling and the recovery 

time was enough to reach resting V̇O2 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 V̇O2max. However, our subjects 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 when many of them were engaged in their final school year (with closing examination 
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determining their further careers). To reduce burden on the subjects 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 subjects to have been too exhausted to perform optimally at the 

maximal exercise test. However, comparison of the V̇O2max predicted from the submaximal 

tests to the actual peak V̇O2 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., 2016a).  

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 pleiotropic genetic 

effects (Schutte et al., 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 adolescents. 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 experienced 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 individualized 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 
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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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ABSTRACT 

Physical fitness can be defined as a set of components that determine exercise ability and 

influence performance in sports. This study investigates the genetic and environmental 

influences on individual differences in explosive leg strength (vertical jump), handgrip 

strength, balance, and flexibility (sit-and-reach) in 227 healthy monozygotic and dizygotic twin 

pairs and 38 of their singleton siblings (mean age 17.2 ± 1.2). Heritability estimates were 49% 

(95% CI: 35% − 60%) for vertical jump, 59% (95% CI: 46% − 69%) for handgrip strength, 38% 

(95% CI: 22% − 52%) for balance, and 77% (95% CI: 69% − 83%) for flexibility. In addition, a 

meta-analysis was performed on all twin studies in children, adolescent and young adults 

reporting heritability estimates for these phenotypes. Fifteen studies, including results from 

our own study, were meta-analyzed by computing the weighted average heritability. This 

showed that genetic factors explained most of the variance in vertical jump (62%; 95% CI: 

47% − 77%, N = 874), handgrip strength (63%; 95% CI: 47% − 73%, N = 4516) and flexibility 

(50%; 95% CI: 38% − 61%, N = 1130) in children and young adults. For balance this was 35% 

(95% CI: 19% − 51%, N = 978). Finally, multivariate modeling showed that the phenotypic 

correlations between the phenotypes in current study (.07 < r < .27) were mostly driven by 

genetic factors. It is concluded that genetic factors contribute significantly to the variance in 

muscle strength, flexibility and balance; factors that may play a key role in the individual 

differences in adolescent exercise ability and sports performance. 
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INTRODUCTION 

Physical fitness can be defined as a set of components that influences exercise ability and 

performance in sports (Caspersen et al., 1985). Because exercise ability may be a major driver 

of voluntary exercise behavior (Bryan et al., 2007; de Geus & de Moor, 2008) it is important to 

understand the sources of variation in physical fitness. Studies on physical fitness have 

focused on maximal oxygen consumption, as aerobic fitness is a major determinant of 

exercise ability. However, exercise ability also entails muscular strength, flexibility, and motor 

control, all of which play an important role in health (Baranowski et al., 1992; Ortega et al., 

2008). Several easy to perform tests exist that have been shown to provide reliable and valid 

indicators of these traits. 

Muscle strength is defined as the maximal force that can be generated by a specific muscle or 

muscle group during a single movement. Measurements of muscle strength typically focus on 

the force generated by the elbow flexors or the knee extensors, typically at different angles of 

elbow flexion or knee extension. Strength can be measured with the muscle remaining at a 

fixed length (isometric) or while contracting (dynamic). The handgrip test, an easy and reliable 

measure, is by far the most commonly used measure for assessing isometric strength in 

epidemiological studies (Bohannon et al., 2011). For dynamic explosive strength, the vertical 

jump has been the most widely used test. Balance is a performance-related fitness 

component that relates to the maintenance of a stable body position (Caspersen et al., 1985) 

which is maintained by both sensory and motor systems (Tresch, 2007). It can be measured 

using the Balance Error Scoring System (BESS) that is commonly used by researchers and 

clinicians and has a moderate to good reliability (Bell et al., 2011). Flexibility, defined as the 

ability of a specific muscle or muscle group to move freely through a full range of motion, can 

be assessed by the sit-and-reach test (reaching forward as far as possible from a seated 

position).  

The two main factors that can influence individual differences in physical fitness are innate 

biological differences and environmental factors. The latter can be subdivided in influences 

shared with other members of the family (shared environmental influences) and person-

specific or unique environmental influences, which includes error measurement but also 

comprises person specific exercise participation, training, and coaching. A design that is often 
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used for partitioning total variance in genetic, shared environmental, and person-specific 

environmental components is the classical twin design. In a twin study, intrapair resemblance 

between two types of twin relationships is compared; genetically identical (monozygotic, MZ) 

and non-identical (dizygotic, DZ) twins. If the MZ resemblance for physical fitness is 

comparable to the DZ resemblance and non-zero, this constitutes evidence for shared 

environmental influences on the phenotype under study. If the MZ resemblance for physical 

fitness is higher than the DZ resemblance this constitutes evidence for genetic influences on 

the phenotype. Previous twin studies showed that genetic factors account for a substantial 

part of the variation in the aforementioned components of physical fitness.  

Table 5.1 provides an overview of twin studies conducted in children, adolescents or young 

adults (published in English). It reports twin correlations and/or heritability estimates of 

similar or comparable components of physical fitness. Although the sample sizes are small for 

most studies, results consistently show moderate to high heritability estimates for vertical 

jump (ranging from 47% to 83%) (Chatterjee & Das, 1995; Kovar, 1976; Maes et al., 1996). For 

the handgrip test, heritability estimates range from 32% to 77% in children and young adults 

(Kovar, 1976; Okuda et al., 2005; Silventoinen et al., 2008; Venerando & Milani-Comparetti, 

1970). Four studies report moderate heritability estimates for balance (24% to 46%) (Maes et 

al., 1996; Vandenberg, 1962; Williams & Gross, 1980). Although the balance tests used were 

slightly different, all were indicators of static body balance ability. Finally, 18% to 55% of the 

variation in flexibility (as measured by the sit-and-reach test) in children and young adults 

could be explained by genetic influences (Chatterjee & Das, 1995; Maes et al., 1996; Okuda et 

al., 2005). In addition, the study by Maes et al. detected significant shared environmental 

influences on flexibility. Taken together, the existing studies confirm a role for genetic 

influences on the individual differences in physical fitness but estimates vary widely. This may 

reflect the modest sample sizes used in most studies, with one clear exception for handgrip 

(Silventoinen et al., 2008). Meta-analysis could be helpful to provide a more robust estimate 

of the heritability of components of physical fitness.  

A further theme that has not been extensively addressed is the extent of overlap between the 

genetic factors influencing these varied fitness phenotypes. Only a few studies provided some 

information on the (genetic) co-variation between components of physical fitness. Two 

studies reported moderate phenotypic correlations for muscle strength measures such as 
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isometric strength measured by handgrip and knee extension. Multivariate modeling of these 

traits showed that part of the genes affecting muscle strength may be common to isometric 

strength measured by handgrip and knee extension (Silventoinen et al., 2008; Tiainen et al., 

2004).  

The four tests used in our study are derived from earlier work in fitness test batteries with the 

aim of constructing ‘unrelated’ components of health- and performance related fitness 

(Simons et al., 1969). Although Simons showed that these four fitness tests loaded on 

different factors, moderate phenotypic correlations (ranging from 0 to .54) between these 

tests were found in the 16 to 19 year olds. In a multivariate design it is possible to explore the 

source of covariance between these phenotypes. Information on the genetic association 

between various measures of physical fitness might be useful for meta-analyses over genetic 

association studies to examine the association of genetic variants with physical fitness.  

To summarize, there is evidence for genetic influences on muscle strength (handgrip and 

vertical jump), balance, and flexibility but heritability estimates vary across samples. 

Multivariate genetic analyses on all four parameters have not been reported. To replicate and 

expand the literature on the genetic architecture of physical fitness components, we 

estimated the heritability of muscle strength measures (vertical jump and handgrip strength), 

balance and flexibility in a large sample of adolescent twins and their siblings and these 

estimates were incorporated in a meta-analysis on the heritability of muscle strength, 

flexibility and balance. Finally, in a multivariate design, the source of covariance among these 

fitness components was examined.  
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Table 5.1 Overview of heritability studies of vertical jump, hand grip, balance and flexibility. 

Phenotype Study Samplea Age 
range 

rMZ rDZ A C E 

Vertical 
jump 

Kovar, 1976 
• 17 MZ 
• 13 DZ 

11 − 25 
  

83%     

 
Chatterjee & Das, 1995 

• 30 MZ 
• 24 DZ 

10 − 27 .85 .21 71% 
  

 
Maes et al., 1996 

• 43 MZ  
• 61 DZ  

10 .65 .28 
47%b 
78%c 

- 
53%b 
22%c 

Handgrip  
Venerando & Milani− 
Comparetti, 1970  

• 24 MZ  
• 24 DZ  

9 − 17 
  

32%      

 
Kovar, 1976 

• 17 MZ  
• 13 DZ  

11 − 25 
  

63% 
  

 
Okuda et al., 2005 

• 90 MZ  
• 68 DZ  

10 − 14 .78 .49 77% - 23% 

 
Silventoinen et al., 2008 

• 1682 MZ  
• 1864 DZ  

16 − 25 .66 .35 66% 3% 31% 

Balanced Vandenberg, 1962 
• 40 MZ  
• 30 DZ  

14 − 18 
  

24%     

 
Williams & Gross, 1980e • 22 MZ  

• 41 DZ  
11 − 18 .51 .33 27% 

 
73% 

 
Maes et al., 1996 

• 43 MZ  
• 61 DZ  

10 .46 .32 46% - 54% 

Flexibilityf Chatterjee & Das, 1995 
• 30 MZ  
• 24 DZ  

10 − 27 .73 .60 18% 
  

 
Maes et al., 1996 

• 43 MZ  
• 61 DZ  

10 .84 .54 
38%b 
50%c 

32%b 
42%c 

30%b 
8%c 

  Okuda et al., 2005 
• 90 MZ  
• 68 DZ  

10 − 14 .58 .29 55%   44% 

Note. Only unadjusted estimates are reported, except for Silventoinen et al. (2008) and Tiainen et al. 

(2004) (age-adjusted results). A dash indicates that this component could be dropped from the model. 

If empty, only A was reported. anumber of twin pairs bMales; cFemales; ddifferent balance tests, but all 

indicators of static body balance; elongitudinal study; only baseline results are shown here; fflexibility 

measured with the sit-and-reach test. 
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METHODS  

Subjects  

548 healthy adolescent twin pairs aged between 16 and 18, enrolled in longitudinal survey 

studies of the Netherlands Twin Register (van Beijsterveldt et al., 2013), were invited to 

participate in the study on the determinants of adolescent exercise behavior. Siblings of the 

twins within an age range of 12 – 25 years were also invited. Selection for invitation was 

based on the availability of longitudinal survey data on zygosity and regular leisure time 

exercise behavior. The aim was to have sufficient twins present from the entire spectrum of 

sedentary to vigorous leisure time exerciser and for each zygosity group. We started with a 

random selection, but if a zygosity group was underrepresented or if there were too little 

sedentary or vigorous exercisers, invitations were biased towards the underrepresented 

groups. In order to be eligible for the study, subjects had to have no history of cardiovascular 

or respiratory disease, and being physically capable of engaging in exercise activities. 

Subjects were invited by sending a letter advertising the opportunity to test their fitness in 

addition to earning a gift voucher. All invitees had to be able and willing to visit the VU 

University in Amsterdam for lab testing. The final sample consisted of 227 complete twin 

pairs: 59 monozygotic male pairs (MZM), 36 dizygotic male pairs (DZM), 57 monozygotic 

female pairs (MZF), 42 dizygotic female pairs (DZF), 33 dizygotic opposite sex pairs (DOS) and 

38 of their singleton siblings. Two additional sibling pairs participated (without a twin), 

resulting in a sample size of 498 subjects. Mean age at time of the laboratory assessment was 

17.2 ± 1.2. 

All subjects above 18 provided written consent and if the subjects were under 18 consent was 

given by both of their parents/guardians and assent by the subject. All study procedures were 

reviewed and approved by the Medical Ethics Review Committee of the VU University 

Medical Center Amsterdam (NL35634.029.10).  

Components of physical fitness  

On arrival at the laboratory, height and weight (Omron BF511, Omron Healthcare Europe 

B.V., The Netherlands) were measured. Subsequently, 4 fitness characteristics were 

examined: vertical jump, handgrip strength, balance, and flexibility. 
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Vertical jump Explosive strength was measured with a vertical jump test that requires the 

subjects to jump as high as possible, starting from a position of knee bending at a fixed knee 

angle immediately prior to the jump. Subjects were instructed to jump straight up as much as 

possible and not go sideways. It was allowed to use the arms to help drive the body upwards. 

A successful jump was defined as one where at take-off the subjects had the appropriate knee 

angle and landed their feet within a 10 cm radius of the start position. Jumping height was 

defined as the vertical displacement between of the trunk at the beginning and at the end of 

the jump measured by the displacement of a tapeline attached to the subjects’ hip and a 

clipped to the floor. Best out of 3 jumps was documented (jumping height in centimeters).  

Handgrip strength Subjects were instructed to hold a dynamometer (Baseline Digital Smedley 

Hand dynamometer, Fabrication Enterprises Inc., USA) in the dominant hand with arm at the 

side of the body and elbow at a 90° angle. When ready, the subject was encouraged to 

squeeze the dynamometer once with maximum effort (in kg), which should be maintained for 

about 5 seconds.  

Balance The Balance Error Scoring System (BESS) (Bell et al., 2011) was used to assess balance 

under 3 testing stances: double leg, single leg (non-dominant leg) and tandem (dominant foot 

in front of the non-dominant foot in heel-to-toe fashion, weight evenly distributed across 

both feet) on 2 surfaces (ground and foam pad). During the test, the eyes were closed and the 

hands were held on the hips. Each condition lasted for 20 seconds. We instructed the subjects 

that if at any time they fell out of position, they were to return to the test position as quickly 

as possible. As the subjects performed each 20-second trial, we observed and recorded the 

number of errors each subject made. An error was defined as opening eyes, lifting hands off 

hips, stepping, stumbling or falling out of position, lifting forefoot or heel, abducting the hip 

by more than 30°, or failing to return to the test position in less than 5 seconds. The total 

score was the total number of errors. For every subject, this number was recalculated (finals 

score was subtracted from 60) as such that a better balance was associated with a higher 

score.  

Flexibility Flexibility was measured using a standard sit-and-reach box (Baseline Sit-and-reach 

Trunk Flexibility Box, Fabrication Enterprises Inc., USA). Subjects were instructed to sit on the 

floor with the legs fully extended and the soles of the feet flat against the box. One hand was 
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placed on top of the other palms down. Then the subject reached forward along the 

measuring scale on the box as far as possible, without bending the knees. Best out of 3 

reaches (in centimeters) was used for subsequent analyses. 

Genetic analyses 

Genetic structural equation modeling in OpenMx (Boker et al., 2011) under R (R Development 

Core Team, 2011) was used with the raw-data ML procedure for estimation of parameters. 

For all analyses, a threshold of p < 0.05 was considered for statistical significance. First, a so-

called saturated model that estimated all parameters freely (a) was fitted to the data. 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 

sex and age and Body Mass Index (BMI) on mean levels of components of physical fitness 

were considered in the model since these factors are associated with strength (Chatterjee & 

Chowdhuri, 1991).  

Cross-trait/cross-twin correlations and their 95% confidence intervals were estimated for the 

MZ and DZ twins/siblings. Subsequently, 4 univariate models and a 4-variate Cholesky 

decomposition were fitted to the data to decompose the phenotypic statistics into sources of 

additive genetic variance/covariance (A), dominant genetic variance/covariance (D) or shared 

environmental variance/covariance (C) and person-specific environmental 

variance/covariance (E). 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 variance-covariance 

components was tested by comparing the model including the specific component (e.g. ADE) 

to a model in which the component is constraint to be equal to zero (e.g. AE). The pattern of 

the factor loadings on the latent genetic and environmental factors in a Cholesky 

decomposition reveals a first insight into the etiology of covariances between the physical 

fitness components.  
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Meta-Analyses 

In order to collect all studies on the heritability of the four components of physical fitness 

under study, a search of the electronic databases ISI Web of Knowledge and PubMed was 

conducted using handgrip / muscle strength / vertical jump / explosive strength / flexibility / 

sit-and-reach / balance and genes / heritability / twin(s) as key words. In addition, the 

reference lists of these articles were inspected. Articles (all-year) published in English and 

reporting twin correlations and/or heritability estimates of the vertical jump test, handgrip 

strength, balance and flexibility (sit-and-reach test) in a sample of children, adolescents 

and/or young adults up to the age of 30 were included, provided that these phenotypes were 

roughly comparable (i.e. protocol) to the phenotypes measured in the current study. These 

papers are shown in Table 5.1. For all studies, the univariate and unadjusted correlations 

and/or estimates were extracted, except for the study by Silventoinen et al. (2008) and 

Tiainen et al. (2004), who reported age-adjusted estimates only. While not all studies 

reported twin correlations, they did include an estimate of the heritability; therefore the 

meta-analyses were based on the heritability estimates. By weighing these heritability 

estimates from all studies by the number of subjects, the weighted average heritability can be 

computed using Microsoft Excel (2010) (Li et al., 2003; Neyeloff et al., 2012). When the 

standard errors (SEs) or confidence intervals (CIs) of the heritability estimates were not 

reported, these were calculated using the SEs or CIs from studies who did report these 

statistics (Li et al., 2003). All studies reported one (equated) heritability estimate for males 

and females, except for Maes et al. (1996). These heritability estimates for males and females 

were treated if these were independent samples. Results from the current study were also 

included in the meta-analyses. For consistency, univariate models were fitted to our four 

phenotypes and the resulting heritability estimates were used in the meta-analyses. The I2 

statistic was used to assess heterogeneity and was calculated as (Q – df)/Q, where Q is 

Cochran's heterogeneity statistic and df the degrees of freedom (Higgins & Thompson, 2002).  
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RESULTS  

Descriptives 

Means and standard deviations for the fitness components of males and females are shown in 

Table 5.2. BMI (kg∙m-1) of this sample was (mean ± SD) 20.6 ± 2.5 for males and 21.8 ± 3.3 for 

females, comparable to the average 17 year olds in The Netherlands (Schonbeck et al., 2011). 

Males outperformed females for the vertical jump (p < .001) and handgrip (p < .001), whereas 

females performed better for balance (p < .001) and flexibility (p < .001). As expected, 

significant age effects were found on vertical jumping (p = .011) and handgrip (p < .001). 

Additionally, significant effects of BMI on mean levels of vertical jump (p = .026), handgrip (p = 

.041) and balance (p = .011) were detected. Because of significant sex, age, and BMI effects 

on the mean these factors were taken into account in further model fitting.  

 

Table 5.2 Means and standard deviations of vertical jump, handgrip strength, balance and 

flexibility in males in females. 

  Male (N = 243) Female (N = 255) 

 

Mean SD Mean SD 

Vertical jump (cm) 45.8 6.4 35.5 5.4 

Handgrip strength (kg) 40.2 8.0 29.5 4.7 

Balancea 45.1 6.6 47.1 6.6 

Flexibility (cm) 19.8 10.1 29.0 9.7 

Note. asee main text for details on balance-measurements. 

 

 

Table 5.3 shows the phenotypic correlations (95% confidence intervals) in the upper panel. 

Vertical jump was significantly associated with handgrip (.27) and flexibility (.10) but not with 

balance. Better balance was associated with higher scores on the handgrip (.15) and flexibility 

test (.10). No association between handgrip and flexibility was found.  
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Table 5.3 Phenotypic and cross-twin/cross-trait correlations (95% CI) for vertical jump, 

handgrip strength, balance and flexibility estimated from the saturated model 

  Phenotypic correlations 

 

Vertical jump Handgrip strength Balance Flexibility 

Vertical jump 1.00 

   Handgrip strength .27 (.18, .37) 1.00 

  Balance   .07 (-.03, .16) .15 (.05, .25) 1.00 

 Flexibility .10 (.01, .20)  .08 (-.02, .18) .10 (.01, .19) 1.00 

   MZ correlations 

 

Vertical jump Handgrip strength Balance Flexibility 

Vertical jump .53 (.39, .64) 

   Handgrip strength .19 (.02, .36) .58 (.44, .69) 

  Balance   .08 (-.09, .25) .23 (.06, .38) .34 (.16, .49) 

 Flexibility  .10 (-.07, .25)  .10 (-.06, .25)  .03 (-.13, .18) .79 (.71, .85) 

 

DZ/sibling correlations 

 

Vertical jump Handgrip strength Balance Flexibility 

Vertical jump .20 (.05, .34) 

   Handgrip strength  .07 (-.07, .21) .27 (.13, .40) 

  Balance   .04 (-.10, .17) -.03 (-.18, .11) .22 (.07, .35) 

 Flexibility  .10 (-.04, .24) -.12 (-.27, .04)  .09 (-.06, .24) .31 (.16, .44) 

 

 

For all fitness components, the MZ correlation was higher than the DZ/sibling correlation 

(diagonal components of the lower two panels of Table 5.3), suggesting a genetic effect. For 

vertical jump, handgrip, and flexibility, the DZ/sibling correlations were less than half the MZ 

correlations, so shared environment factors were not further considered as a source of 

variance for these fitness parameters. Cross-twin/cross-trait correlations (off-diagonal 

correlations in Table 5.3) showed that in MZ twins handgrip was significantly associated with 

vertical jump (.19) and balance (.23), but not in DZ twins/siblings, suggesting a common set of 

genes influencing these components of physical fitness. Furthermore, flexibility was not 

significantly associated with vertical jump, handgrip and balance in MZ twins and DZ 

twins/siblings. The negative DZ twin/sibling correlations between handgrip strength and 

balance and handgrip strength and flexibility were not significant and most likely the result of 

a relatively small sample size.  
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Univariate results 

Model fitting for vertical jump, handgrip and flexibility started with an ADE model. Dominant 

genetic influences were not significant (p > .05) and were dropped from the model. 

Heritability estimates were 49% (95% CI: 35% − 60%) for vertical jump, 59% (95% CI: 46% − 

69%) for handgrip and 77% (95% CI: 69% − 83%) for flexibility. For balance, modeling started 

with an ACE model, as twin correlations for balance suggested the presence of shared 

environmental influences. However, C could be dropped from the model (p < .05). Genetic 

factors explained 38% (95% CI: 22% − 52%) of the variance in balance in our sample. The 

remaining variance in the four phenotypes was accounted for by person-specific 

environmental factors. 

Meta-analyses 

The results of the meta-analyses are presented in Table 5.4. For vertical jump, results from 

four studies (the study by Maes et al. resulted in two sex-specific estimates) were used, 

including the current study. The heritability estimates of these studies are represented in the 

graph on the right as squares (with 95% CIs) and the bottom square shows the weighted 

average heritability estimate of 62% (95% CI: 47% – 77%). This estimate falls within the CIs of 

all studies, except for the current study. The majority of variance in vertical jump in this 

combined child and young adult sample (N = 874) can be explained by genetic factors. 

Handgrip measured in a combined sample of 9 – 25 year olds (N = 4516) showed a weighted 

average heritability estimate of 63% (95% CI: 47% – 73%). This estimate falls within the CIs of 

all studies included in this meta-analysis. For balance, a weighted average heritability 

estimate of 35% (95% CI: 20% – 41%, N = 1704) was found, which falls perfectly in the CIs of 

the included studies. Four studies reported a heritability estimate for flexibility in children and 

young adults, ranging from 18% to 77% (current study). The meta-analytic weighted average 

heritability of 50% (%95 CI: 38% – 61%, N = 1130) falls outside the CIs of these two heritability 

estimates. The meta-analyses for handgrip and balance showed low heterogeneity (I2 = 18% 

and 0%). However, high I2 values were detected for vertical jump and flexibility (46% and 

94%), suggesting that differences in studies are not caused by sampling error only. 
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Multivariate analyses 

Based on the overall correlational structure, multivariate model fitting was started with an 

ADE model. Dominant genetic influences were not significant (p = .659). Standardized 

components from this final model for additive genetic and person-specific environmental 

influences on the four components of physical fitness and their covariances are presented in 

Table 5.5. The diagonals in the upper panel show the heritability estimates for the four 

phenotypes from the multivariate model. The off-diagonal values show that the majority of 

the phenotypic correlations between the phenotypes under study could be explained by 

genetic factors (74% to 99%) except for vertical jump and flexibility, of which environmental 

factors explained more than half of the phenotypic correlation (53%). Significant genetic 

correlations were found for handgrip and vertical jump (rG = .46, 95% CI: .27 − .65), handgrip 

and balance (rG = .32, 95% CI: .11 − .52) and balance and flexibility (rG = .18, 95% CI: .01 − .37). 

In addition, a significant environmental correlation was found between vertical jump and 

flexibility (rE = .22, 95% CI: .04 − .38).  
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Table 5.4 Heritability estimates (95% CI) of the studies used in the meta-analyses. In bold the 

weighted average heritability estimate (95% CI). 

Phenotype Study Sample Size Heritability   

Vertical  Jump Kovar, 1976 60 83  (47, 119) 
 

  

 

Chatterjee & Das, 1995 108 71  (44, 98)   

  Maes et al., 1996a  105 47  (20, 74)   

  Maes et al., 1996b 103 78  (51, 106)   

  Current study 498 49  (35, 60)   

  Meta-analysis 874 62  (47, 77)   

          

Handgrip 
Venerando & Milani− 

Comparetti, 1970 96 

 

32    (-6, 70)   

  Kovar, 1976 60 63  (15, 111)   

  Okuda et al., 2005 316 77  (56, 98)   

  Silventoinen et al., 2008 3546 66  (60, 72)   

  Current study 498 59  (46, 69)   

  Meta-analysis 4516 63  (47, 73)   

          

Balance Vandenberg, 1962 146 24  (-4, 52)   

  Williams & Gross, 1980 126 27  (-3, 57)   

  Maes et al., 1996  208 46  (23, 69)   

  Current study 498 38  (22, 52)   

  Meta-analysis 978 35  (19, 51)   

          

Flexibility Chatterjee & Das, 1995 108 18  (3, 33)   

  Maes et al., 1996a 105 38  (23, 53)   

  Maes et al., 1996b 103 50  (35, 65)   

  Okuda et al., 2005 316 55  (46, 64)   

  Current study 498 77  (69, 83)   

  Meta-analysis 1130 50  (38, 61)   

          

Note.  aMales; bFemales. All confidence intervals are calculated based on sample size.  

  

0 20 40 60 80 100

0 20 40 60 80 100

0 20 40 60 80 100

0 20 40 60 80 100
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Table 5.5 Standardized estimates (95% CI) for additive genetic (A) and person-specific 

environmental influences (E) on the four components of physical fitness and their covariance 

based on the full AE Cholesky model. 

  A 

 

Vertical jump Handgrip strength Balance Flexibility 

Vertical jump       .49 (.36, .61) 

   Handgrip strength    .85 (.55, 1)    .60 (.48, .70) 

  Balance  .83 (0, 1) .99 (.49, 1)    .39 (.23, .52) 

 Flexibility    .47 (0, .89) .94 (.64, 1) .74 (.09, 1) .78 (.70, .83) 

 

E 

 

Vertical jump Handgrip strength Balance Flexibility 

Vertical jump        .51 (.39, .64) 

   Handgrip strength    .15 (0, .45)        .40 (.30, .52) 

  Balance  .17 (0, 1)    .01 (0, .51)     .61 (.48, .77) 

 Flexibility     .53 (.11, 1) .06 (0, 1) .26 (0, .91) .22 (.17,  .30) 

 

 

DISCUSSION  

To examine the heritability of and genetic co-variation between various components of 

physical fitness, genetic models were fit to data from 498 late-adolescent twins and their 

siblings. Univariate modeling showed that a moderate to large part of the individual 

differences in components of physical fitness is accounted for by genetic differences between 

individuals. The remaining variance was accounted for by person-specific environmental 

effects. Muscle strength, flexibility, and balance all contribute to exercise ability and 

performance in sports (Caspersen et al., 1985; Gleim & McHugh, 1997; Hrysomallis, 2011; 

Ruiz et al., 2006). Strength and flexibility are not only performance-related but also health-

related (Baranowski et al., 1992; Caspersen et al., 1985). Lower levels of these components 

measured in childhood and adolescence are associated with cardiovascular risk factors, such 

as hypercholesterolemia or hypertension in adulthood (Ortega et al., 2008; Wedderkopp et 

al., 2003). For instance, data from the AVENA study showed an association of lower scores of 

maximal handgrip and explosive strength in adolescent females and a cardiovascular risk 

score (Garcia-Artero et al., 2007). Balance, on the other hand, is considered mainly a 

performance-related fitness component (Caspersen et al., 1985). It showed a moderate 
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heritability estimate of 38% compared to strength and flexibility, demonstrating that most of 

the variance can be explained by person-specific environmental factors. These findings 

confirm findings by Maes et al. (1996) that components of physical fitness that are only 

performance-related are less under genetic control than components that are both 

performance and health-related.  

The heritability estimates found in the current study were confirmed in meta-analyses of all 

studies reporting on the heritability of these phenotypes in twin samples under age 30 with 

some notable differences. For balance, all studies, including the current study, report more or 

less similar heritability estimates (24% to 46%) and showed a rather homogenous picture, 

whereas the meta-analysis of flexibility showed heterogeneity as two out of five studies 

report an estimate significantly lower (Chatterjee & Das, 1995) or higher (current study) than 

the meta-analytic heritability estimate of 50%. A source of this variation might be the age of 

the subjects as Okuda et al. and Maes et al. measured flexibility in children and reported a 

lower heritability compared to the current study in late-adolescents. Chatterjee & Das 

measured flexibility in subjects with a much wider age range (10 – 27) and found a heritabilty 

estimate of only 18%. However, after adjustment for age, this estimate increased to 50% 

(Chatterjee & Das, 1995). For muscle strength meta-analyses resulted in weighted average 

heritability estimates of 62% for vertical jump and 63% for handgrip strength. This estimate 

generally fell within the confidence intervals of all the studies, despite the wide range of 

heritability estimates of the included studies (47% − 83% for vertical jump and 32% − 77% for 

handgrip). Our study, however, reports a 13% lower heritability for vertical jump. Taken 

together, from the analyses presented we conclude that at least half of the variance in 

vertical jump, handgrip strength and flexibility and a substantial part of the variance in 

balance in children and young adults (< 30yr) can be explained by genetic factors.  

Environmental factors that are shared by the twins (such as the family environment) do not 

seem to play a major role in explaining individual differences in physical fitness components in 

our late-adolescent sample. As the correlations for DZ twins/siblings were low and non-

significant, shared environment factors were not further considered as a source of variance 

for these fitness parameters. This does not rule out a small contribution of shared 

environmental influences, as this is hard to detect in samples of this size, even if the power to 

detect shared environmental influences was increased by adding siblings to the design. Of 
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interest, twin studies on voluntary exercise behavior show that the influence of these shared 

environmental factors is significant at young ages, but decreases or has completely 

disappeared when reaching adolescence (Huppertz et al., 2012; Stubbe et al., 2005; van der 

Aa et al., 2010). Twin correlations in Table 5.1 do suggest the presence of shared 

environmental influences as the DZ/sibling correlations for handgrip, balance and flexibility 

were higher than half the MZ correlations. In the current study, the DZ/sibling correlation for 

balance was higher than half the MZ correlation. Only two studies (Maes et al., 1996; 

Silventoinen et al., 2008) reported a significant contribution of shared environmental factors. 

Posthuma & Boomsma (2000) showed that to detect shared environmental factors with a 

power of 80%, a sample size of more than 2000 individuals is needed (extended twin design) 

to detect shared environmental influences (when A = 20% – 50% and C = 10% – 20%). A very 

large study on handgrip estimated C at 3% (Silventoinen et al., 2008) in adolescents and 

young adults. Our sample size, and even most of those accrued in the meta-analyses were too 

small to detect such small C effects (Posthuma & Boomsma, 2000). Of note, when C is 

dropped from the model, resemblance between the twin and co-twin/sibling will be modeled 

as A. As a result, the variance that is attributed to genetic factors might be slightly 

overestimated (with smaller 95% CIs) in small samples, which, in turn, might have biased our 

meta-analytic heritability estimate.  

In the current study, some of the physical fitness components were moderately, but 

significantly, associated to each other although they reflect different dimensions of physical 

fitness (Simons et al., 1969). These cross-trait associations are mostly driven by genetic 

factors (the association between vertical jump and handgrip strength and between handgrip 

strength and balance) or person-specific environmental factors (association between vertical 

jump and flexibility). Silventoinen (2008) reported genetic correlations of .43 up to .54 for 

handgrip, knee extension and elbow flexion. In addition, Tiainen (2004) showed that that 

handgrip and knee extension strength are measures under the control of the same genetic 

component. Furthermore, high genetic correlations (.62 to .91) were reported for maximal 

isometric, concentric and eccentric muscle strength and muscle cross-sectional area of the 

elbow flexors (De Mars et al., 2007). Genetic correlations in our sample ranged from .18 to 

.46. The genetic overlap between vertical jump strength and handgrip strength in our sample 

can be explained from a muscle biology viewpoint, as both explosive and isometric strength 
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are dependent on the cross-sectional area of the contributing muscles. The specific genetic 

factors contributing to vertical jump might entail muscle coordination strategy, the 

percentage of type II fibers and elastic components. 

A major future challenge is to identify the specific genes underlying the heritability of these 

four components of physical fitness. Candidate genes studied have focused on insulin-like 

growth factor- and myostatin-related genes and genes involved in inflammatory factors. 

Linkage analyses revealed several additional regions of interest in the genome, although 

individual genes could not be identified as yet (see Thomis and Aerssens, 2012 for a review). 

One of the most studied polymorphisms is the R577X variation in the ACTN3 gene. This gene 

seems to influence the performance of fast skeletal muscle fibers and ACTN3 XX homozygotes 

may have modestly lower skeletal muscle strength in comparison with R-allele carriers (Yang 

et al., 2003). No large-scale genome-wide association (GWA) studies have been conducted on 

these phenotypes, which have proven to be a successful approach to understanding the 

heritability of many health-related risk factors and disease (Flint, 2013; Visscher et al., 2012). 

This is unfortunate, because the components of physical fitness used in this study are 

relatively easy to measure (compared to for example maximal oxygen consumption) in large 

samples and show substantial heritability, suggesting that a GWA meta-analysis effort could 

be successful. Moreover, the moderate but significant genetic association between handgrip 

and vertical jump suggests that meta-analysis over genetic association studies that use 

comparable traits is valid, and that the traits do not need to be exactly similar to capture the 

latent genetic factors.   

Some limitations must be considered while interpreting our results. An important assumption 

underlying twin studies is that twins are fully representative compared to the general 

population. Silventoinen et al. reported that singletons showed extra variation in weight and 

strength measured compared to twins, which could lead to inflated heritability estimates 

(Silventoinen et al., 2008). Furthermore, the siblings in our study had a very wide age range 

(12 – 25) which may be a problem as the younger siblings may still be pubertal, compared to 

the rest of the subjects. Inter-individual variation in maturation is an established factor that 

affects strength and power. However, when we tested for possible effects of these 

maturational differences between the twins and younger siblings by repeating the analysis 

with a restriction on age (no siblings) comparable results emerged (data not shown). The 
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meta-analyses for vertical jump and flexibility showed moderate to high heterogeneity, 

indicating that differences between studies are not caused by sampling error only, but may 

also reflect population-specific differences. Although we aimed for including only studies in 

which fitness tests conceptually measured the same phenotype, differences in testing 

procedures might also add to the heterogeneity. In addition, it may be argued that in our 

meta-analyses it might not be justified to compare samples with different age ranges, due to 

differences in biological maturity in children and young adults. However, there are limited 

studies on the heritability of these components of physical fitness and combining the samples 

will increase power. Moreover, most studies presented in Table 5.1 had sample sizes too 

small to detect or account for gender differences, therefore gender differences were not 

taken into account when performing the meta-analyses. Finally, whereas we aimed to 

standardize the protocol as much as possible, differences in leg-muscle warm up and back 

stretching might partly explain the significant environmental association between vertical 

jump and flexibility.  

To summarize, the analyses performed in this study confirm a significant contribution of 

genetic factors to the four physical fitness components and to their association. 

Understanding the genetic basis of fitness parameters may help us to understand the 

individual differences in regular voluntary exercise behavior, which show substantial 

heritability, particularly at the end of adolescence (Huppertz et al., 2012). Individual 

differences in muscle strength and flexibility co-determine late-adolescent exercise ability 

(Caspersen et al., 1985; Gleim & McHugh, 1997; Hrysomallis, 2011; Ruiz et al., 2006). Above-

average exercise ability will allow an individual to gain more in exercise performance than 

others and this may lead to enhanced feelings of competence in exercise and sports. These 

rewarding effects will support longer term maintenance of exercise behavior. Vice versa, 

aversive mood effects which could be induced by below-average performance have been 

found to predict drop out from an exercise program (Williams et al., 2008). Physical fitness 

can be therefore a major driver of voluntary exercise behavior (Bryan et al., 2007; de Geus & 

de Moor, 2008). Increased efforts to unravel the molecular genetic pathways underlying the 

heritability of fitness parameters are direly needed. 
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ABSTRACT 

Large individual differences exist in aerobic fitness in childhood and adolescence, but the 

relative contribution of genetic factors to this variation remains to be established. In a sample 

of adolescent twins and siblings (N = 479), heart rate (HR) and maximal oxygen uptake 

(V̇O2max) were recorded during the climax of a graded maximal exercise test. In addition, 

V̇O2max was predicted in two graded submaximal exercise tests on the cycle ergometer and 

the treadmill, using extrapolation of the HR/V̇O2 curve to the predicted HRmax. Heritability 

estimates for measured V̇O2max were 60% in mL/min and 55% for V̇O2max in mL/min/kg. 

Phenotypic correlations between measured V̇O2max and predicted V̇O2max from either 

submaximal treadmill or cycle ergometer tests were modest (.57 < r < .70), in part because of 

the poor agreement between predicted and actual HRmax. The majority of this correlation was 

explained by genetic factors, therefore the submaximal exercise tests still led to very 

comparable estimates of heritability of V̇O2max. To arrive at a robust estimate for the 

heritability of V̇O2max in children to young adults, a sample size weighted meta-analysis was 

performed on all extant twin and sibling studies in this age range. Eight studies, including the 

current study, were meta-analyzed and resulted in a weighted heritability estimate of 59% 

(mL/min) and 72% (mL/min/kg) for V̇O2max. Taken together, the twin-sibling study and meta-

analyses showed that from childhood to early adulthood genetic factors determine more than 

half of the individual differences in V̇O2max. 
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INTRODUCTION  

Maximal oxygen uptake (V̇O2max) is defined as the highest rate of oxygen consumption during 

maximal intensity exercise performed until exhaustion (Kenney et al., 2012) and is considered 

a good index of aerobic fitness and endurance capacity. Direct measurement of oxygen 

consumption and carbon dioxide production during the climax of a graded maximal exercise 

test is the golden standard to measure V̇O2max. Large individual differences exist in maximal 

exercise test derived V̇O2max, and, although these are significantly correlated to the regular 

exercise status of a subject, this correlation is not as strong as generally assumed. Various 

measures of total physical activity or regular leisure time sports and exercise behavior 

generally show only modest association with V̇O2max (Aadahl et al., 2007; Bonen & Shaw, 

1995; Siconolfi et al., 1985; Talbot et al., 2000). The variation in baseline V̇O2max in sedentary 

subjects is often already much larger than the training-induced increase over this baseline, 

which is on average only about 25% (Church et al., 2007; Grant et al., 1995; Payne & Morrow, 

Jr., 1993; Wilmore et al., 2001). Training furthermore increases rather than decreases the 

individual differences seen at baseline, as the V̇O2max  response to training itself shows large 

variation (Bouchard & Rankinen, 2001; Skinner et al., 2001).  

The above pattern suggests an important role for innate factors in the population variation in 

V̇O2max and twin and family studies seem to confirm this (Bouchard et al., 1986; Bouchard et 

al., 1998; Fagard et al., 1991; Klissouras, 1971; Klissouras et al., 1973; Lesage et al., 1985; 

Lortie et al., 1982; Maes et al., 1996; Montoye & Gayle, 1978; Mustelin et al., 2011; Sundet et 

al., 1994). Table 6.1 provides an overview of correlations among relatives i.e. monozygotic 

(identical, MZ) and dizygotic (fraternal, DZ) twins, siblings and parents with their offspring. 

The monozygotic twin correlations in Table 6.1 range from .62 to .95. The dizygotic (DZ) twin 

correlations, sibling correlations and parent-offspring correlations also vary substantially 

across studies, but are systematically lower than the MZ twin correlations. In line with the 

variability in twin correlations, heritability estimates have varied widely. Possible sources of 

this variation are differences in the age of the subjects, differential approaches to adjustment 

for body mass and/or body composition, training status of the subjects, or differences in 

protocol or fitness equipment (i.e. cycle ergometer or treadmill) that was used to measure or 

predict V̇O2max between the various studies. A major source, however, seems to be the rather 

modest sample sizes. As is clear from Table 6.1 there are only two studies with large samples 
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(Lortie et al., 1982; Sundet et al., 1994) but both these larger studies used a submaximal 

instead of a maximal exercise test. These tests do not measure V̇O2max directly, but predict it 

from an exercise test that is halted at a predetermined point (certain percent of the predicted 

maximal heart rate) below the maximal exercise capability of the individual. Since it does not 

demand V̇O2max measurement during exhaustive exercise, the submaximal exercise test is 

better suited in larger (genetic) epidemiological studies. However, it is currently unknown 

whether a submaximal exercise test correctly captures the genetic factors influencing V̇O2max. 

One of the most used submaximal exercise test is the nomogram of Åstrand, which requires 

cycling on a constant individually chosen work rate. V̇O2max is predicted using the steady-state 

heart rate (HR) achieved after 6 minutes (Åstrand & Rhyming, 1960). This method has clear 

limitations as results may be influenced by individual differences in submaximal HR at a given 

work rate due to training status, resting HR and body composition. Estimated V̇O2max with this 

method showed correlations in the range of .47 and .82 with measured V̇O2max in adult 

populations (Cink & Thomas, 1981; Ekblom-Bak et al., 2014; Jette, 1979; Kasch, 1984; 

Siconolfi et al., 1982). More promising is the V̇O2max prediction using a graded submaximal 

exercise protocol in which the intensity increases at regular intervals up to but never 

exceeding a certain percent of the maximal heart rate (HRmax). V̇O2max can be obtained by 

extrapolating the HR/V̇O2 curve to the predicted HRmax, allowing for individual differences in 

V̇O2/HR slope. This estimation method showed correlations in the range of .76 and .98 with 

measured V̇O2max in adult populations (Ekblom-Bak et al., 2014; Grant et al., 1995; Legge & 

Banister, 1986), although it is sensitive to the protocol used. Submaximal tests on a cycle 

ergometer yield lower predicted V̇O2max values than tests on a treadmill (Grant et al., 1995; 

Mays et al., 2010).  

Adolescent V̇O2max has been measured in parent-offspring studies using submaximal exercise 

tests (Lesage et al., 1985; Lortie et al., 1982) but a striking omission in Table 6.1 is adolescent 

twin studies using a maximal exercise test to examine V̇O2max in an adolescent population. The 

aim of the current study is to address this gap in the extant literature. In a large sample of 

adolescent twins and siblings, HR and V̇O2 were recorded during the climax of a graded 

maximal exercise test. V̇O2max was further predicted from two graded submaximal exercise 

tests on the cycle ergometer and the treadmill, using extrapolation of the HR/ V̇O2 curve to 

the predicted HRmax. This allowed us to address our second aim: to test the extent to which  
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the genetic factors influencing measured  V̇O2max during a maximal exercise test overlap with 

those influencing predicted V̇O2max from submaximal exercise tests. Information on the 

genetic overlap between measured and predicted V̇O2max can reveal whether they can be 

used interchangeably in genetic association studies to examine the association of aiming to 

identify the genetic variants underlying V̇O2max. A high degree of overlap would mean that 

submaximal exercise tests, which are easier to implement in large scale genetic studies, might 

suffice for such studies. Twin correlations, heritability of the measured and predicted V̇O2max 

as well as the genetic covariance among these parameters were estimated in a multivariate 

design. We hypothesize that a substantial part of the variation in V̇O2max in our adolescent 

sample is explained by genetic factors. As previous studies in adults showed high correlations 

between V̇O2max predicted using a graded submaximal exercise protocol and measured 

V̇O2max, we expect moderate to high phenotypic correlations, and a significant contribution of 

genes to this correlation. Finally, a sample size weighted meta-analysis was performed on the 

univariate analysis obtained from all twin studies in the age range of 10 to 30 years (including 

the current study) that measured V̇O2max, aiming to arrive at a more robust estimate for the 

heritability of this crucial trait in exercise physiology.  

 

METHODS 

Sample 

Healthy adolescent twin pairs aged between 16 and 18 and their siblings (age range 12 – 25) 

from the Netherlands Twin Register (van Beijsterveldt et al., 2013) were invited to participate 

in a study on the determinants of adolescent exercise behavior. Selection for invitation was 

based on the availability of longitudinal survey data on zygosity and regular leisure time 

exercise behavior. The aim was to have sufficient individuals present from the entire 

spectrum of sedentary to vigorous leisure time exerciser and for each zygosity group. We 

started with a random selection, but if a zygosity group was underrepresented or if there 

were too few sedentary or vigorous exercisers, invitations were biased towards the 

underrepresented groups. This was mainly the case for sedentary subjects; twins who 

reported no engagement in exercise behavior on a previously filled out survey were selected 

for invitation. The co-twin was then selected as well, regardless of her or his exercise status. 
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In order to be eligible for the study, subjects had to have no history of cardiovascular or 

respiratory disease, and being physically capable of engaging in exercise activities. 

Participants were invited by sending a letter advertising the opportunity to test their fitness in 

addition to earning a gift voucher. All invitees had to be able and willing to visit the VU 

University in Amsterdam for lab testing. For the current study, a complete dataset was 

available for 479 subjects: 221 complete twin pairs: 112 monozygotic pairs (MZ) and 109 

dizygotic pairs (DZ) and 33 of their singleton siblings. In addition, two non-twin sibling pairs 

participated. This sample size should be sufficient to detect univariate genetic influences with 

a power of 80% (assuming substantial heritability estimates of 60%, based on previous 

studies) (Posthuma & Boomsma, 2000).  

All subjects provided written informed consent and if the subjects were under 18 consent was 

given by both of their parents/guardians. All study procedures submitted to and approved by 

the Medical Ethics Review Committee of the VU University Medical Center Amsterdam 

(NL35634.029.10).  

Procedure 

On arrival at the laboratory, height and weight were measured and a short lifestyle interview 

was completed, including detailed questions on current levels of regular exercise. Next, two 

exercise test 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 below the 

intensity of the ventilatory threshold for most adolescents.  

The first session on the cycle ergometer started with a 2-minute warming up period, followed 

by 4 incremental stages of 5 minutes each (males: 70W, 90W, 110W, 130W; females: 40W, 

60W, 80W, 100W). Subjects were instructed to pedal at fixed rounds per minute (RPM): 

between 60 and 70 RPM. The test ended with a 1-minute cooling-down phase, followed by a 

5-minute recovery period. The second session on the treadmill consisted of a 1-minute warm-

up period, followed by 4 incremental stages of 5 minutes each (males: 6, 6.5, 7 and 8 km/h; 

females: 5.5, 6, 6.5 and 7 km/h). Again, the test ended with a 1-minute cooling-down phase, 

followed by a 5-minute recovery period. To ensure that the intensity of every stage was below 

the intensity of the ventilatory threshold for most adolescents, the ratio of the oxygen 
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consumption and carbon dioxide production (V̇CO2/V̇O2) was monitored. This respiratory 

exchange ratio (RER) can be used to estimate the ventilatory threshold (Solberg et al., 2005). 

This threshold is passes when exhalation of CO2 exceeds inhalation of O2, which is visualized 

by a RER > 1.00. For each test the load of each stage was adjusted when necessary to keep 

the intensity below an RER of 0.95.  

Finally, an incremental maximal exercise test was conducted on a cycle ergometer to establish 

V̇O2max. The work rate was increased every minute until exhaustion while subjects pedaled at 

60-100 RPM. In the standard protocol male started at 75 Watt with increments of 25 Watt 

per minute. For females stage one started at 70 Watt and work load was increased by 20 

Watt per minute. Adjustments to this protocol (higher increasing workloads every step) were 

done by experienced researchers based on the exercise behavior, age, height and weight of 

the subject. The test was terminated when the subject was not able to keep RPM above 50 

despite serious attempts. After cessation of the test, every subject completed a mandatory 

cool-down phase on the cycle ergometer of 5 minutes on a low, individually chosen work rate.  

Measurements 

Regular exercise behavior Leisure time exercise behavior was measured by a short lifestyle 

interview, in which the subjects indicated what types of regular sports or exercise activities 

they were involved in. Subjects were asked to indicate for each activity for how many years 

the subject participated in the activity, for how many months a year, how many times a week, 

and how many minutes each time. Each activity was recoded into a metabolic equivalent 

(MET) score, based on the compendium of energy expenditure (Ainsworth et al., 1993). By 

multiplying the MET score, the frequency, and the duration of each exercise activity, weekly 

MET-hours spent on exercise activities were calculated for each subject. We only included 

activities that were conducted for at least 3 months a year and since at least half a year 

(thereby excluding ski holidays, sailing camps, and similar). In addition, subjects were asked to 

indicate how much time per week was spent on physical activity related to active 

transportation (walking, cycling) and compulsory physical education classes, but MET-hours 

spent on these activities were kept separate and not used in our index of voluntary exercise 

behaviour in leisure time. 
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Gas exchange Oxygen uptake (V̇O2) and carbon dioxide production (V̇CO2) were recorded 

breath-by-breath by means of a telemetric gas exchange system (Cosmed K4b2, Cosmed 

Benelux, Nieuwegein, The Netherlands). During the course of the experiment, the main 

sample unit and the battery pack were attached to the back of the subject. Before each test, 

the O2/CO2 analysis system was calibrated using ambient air and a gas mixture that had an O2 

concentration of 16% and a CO2 concentration of 5%. The calibration of the turbine 

flowmeter was performed by using a 3 liter syringe (all according to the manufacturer’s 

instructions). Figure 6.1 illustrates the changes in V̇CO2 and V̇O2 across the entire 

experimental protocol for a pair of MZ and a pair of DZ twins. 

Heart rate The electrocardiogram (ECG) was recorded continuously with the VU-AMS5fs 

device (VU University, Amsterdam, The Netherlands). This device was developed to study 

autonomic nervous system activity in naturalistic settings (de Geus et al., 1995). The version 

used here measured the ECG together with the impedance cardiogram (ICG) from five 

disposable, pre-gelled Ag/AgCl electrodes. Due to the portable nature of this device, the 

subjects were not discomforted by wearing this on the hip during the exercise tests. Heart 

rate was obtained from the ECG by an automated R-wave peak detector in the VU-AMS 

software suite (VU-DAMS version 3.1, VU University, Amsterdam, the Netherlands, www.vu-

ams.nl) and shown online during testing. Data analysis was based on automated offline 

scoring of the R-waves, with suspicious inter beat intervals (too short or too long taken the 

local mean and variance) corrected by interpolation or excluded by marking these beats as 

artifacts during visual inspection of the ECG signal.  

Data processing 

Measuring V̇O2max during maximal exercise To obtain VO2max, only V̇O2 data with a 

corresponding RER of at least 1.10 was selected to ensure good effort above the intensity of 

the ventilatory threshold. Breath-by-breath VO2 data was cut into 20-second blocks. For every 

20 second block, the mean V̇O2 was calculated, after discarding deviant breaths. V̇O2max was 

determined as the highest mean value of V̇O2 of all the 20-second blocks. The maximal HR in 

that specific block was taken as corresponding HRmax.  
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Figure 6.1 Changes in V̇O2 and V̇CO2 across the entire experimental protocol for a pair of MZ 

(A and B) and a pair of DZ twins (C and D). The two submaximal exercise tests on the cycle 

ergometer and treadmill and the final maximal exercise test are clearly visible as V̇O2 and 

V̇CO2 increase when subjects start exercising. The MZ twins resemble each other more than 

DZ twins in absolute V̇O2 and V̇CO2. 
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Predicting V̇O2max from submaximal exercise To predict V̇O2max, breath-by-breath V̇O2 data and 

beat-to-beat HR data were synchronized and the mean of every 5-second block was 

calculated for submaximal cycle and treadmill exercise tests separately. Using the univariate 

regression function in SPSS (IBM SPSS Statistics for Windows, Version 20.0. Armonk, NY: IBM 

Corp), the relationship between V̇O2 (dependent variable) and HR (independent variable) was 

examined and a slope and intercept were calculated for every subject for the submaximal 

cycle ergometer test as well as for the submaximal treadmill test. Using these parameter 

estimates together with HRmax the predicted V̇O2max was calculated for every subject. Because 

we wanted to test the feasibility of using submaximal tests only, HRmax was obtained by using 

the formula 208 – 0.7*age (Tanaka et al., 2001) rather than using the actual measured HRmax, 

although analyses were repeated using the actual measured HRmax. 

Genetic analyses 

Genetic structural equation modeling was done in OpenMx (Boker et al., 2011) under R (R 

Development Core Team, 2011) with the raw-data ML procedure for estimation of 

parameters. For all analyses, a threshold of p < 0.05 was considered for statistical significance. 

All V̇O2max values were Z-transformed. Since (non-twin) siblings share, like DZ twins, on 

average 50% of their genes, parameter estimates were constrained to be equal for DZ twins 

and siblings. First, a trivariate model that estimated all parameters freely (a saturated model) 

was fitted, including the measured V̇O2max and the V̇O2max predicted from the submaximal 

cycle and treadmill test. Main effects of sex and age on mean levels of these phenotypes were 

considered in the model. The significance of these covariates was tested by comparing the 

model including the specific component to a model in which the component is constraint to 

be equal to zero. These nested submodels were compared by hierarchic χ2 tests. The 

χ2statistic is computed by subtracting log-likelihood (–2LL) for a reduced model from the -2LL 

for the full model (χ2= -2LLfull model – -2LLreduced model). This χ2statistic is distributed with degrees 

of freedom (df) equal to the difference in the number of parameters estimated in the two 

models (Δdf = dffull model – dfreduced model). If the difference test is significant the constraints on 

the reduced model cause a significant deterioration of the fit of model. Twin and cross-

twin/cross-trait correlations and their 95% confidence intervals were estimated for the MZ 

and DZ twins/siblings.  
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Subsequently, a trivariate Cholesky decomposition was fitted to the data. This decomposition 

model decomposes the total phenotypic variance into sources of additive genetic 

variance/covariance (A), dominant genetic variance/covariance (D) or shared (familial) 

environmental variance/covariance (C) and person-specific environmental 

variance/covariance (E). The C and D effects cannot be estimated simultaneously in a 

twin/sibling model. Therefore, the ratio of the MZ correlations to the DZ/sibling correlations 

was used to determine which model (ACE or ADE) is most appropriate. The significance of the 

variance-covariance 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. 

Meta-analysis 

A search of the electronic databases ISI Web of Knowledge and PubMed was conducted using 

the key words: maximal oxygen uptake, V̇O2max, aerobic capacity, aerobic performance, 

cardiorespiratory (fitness) and genes, heritability, twin(s), family (date last searched: January 

2015). Furthermore, the reference lists of these articles were inspected. Articles published in 

English, and reporting twin, sibling and/or parent-offspring correlations and corresponding 

sample sizes, and with subjects with an age < 30y were selected. Only articles in which V̇O2 

was measured in a maximal exercise protocol or predicted using a submaximal exercise 

protocol were included. All twin and sibling correlations of these articles (including the 

current study) were included in a sample size weighted meta-analysis for V̇O2max expressed in 

mL/min and V̇O2max expressed in mL/min/kg. Twin correlations from the current study were 

calculated in univariate models without the siblings to be comparable to the twin correlations 

included in the meta-analysis. 

In OpenMx, a variance decomposition model was fitted to the twin correlations (weighted for 

sample size) to estimate the influence of additive genetic (A) and shared environmental 

influences (C) on V̇O2max in mL/min and V̇O2max in mL/min/kg according to the approach of 

Bartels et al. (2003). First, the twin and sibling correlations were used to estimate the genetic 

and environmental influences for each study separately. Subsequently, all studies were taken 

together to estimate one weighted heritability estimate for V̇O2max. These two models were 

compared using the hierarchic χ2 test. A significant deterioration of the fit of model indicated 

significant heterogeneity across the studies (Bartels et al., 2003). We repeated the meta-
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analysis by excluding the study by Sundet et al. (1994) that used predicted V̇O2max from 

submaximal exercise testing to also provide a weighted heritability estimate of actual 

measured V̇O2max. 

 

RESULTS 

General descriptives 

Means and standard deviations for measured V̇O2max and V̇O2max predicted from the 

submaximal cycle and treadmill test, and measured and predicted HRmax of males and females 

are shown in Table 6.2. Fifteen subjects did not meet the RER > 1.10 criterion. For 9 of these 

subjects there was no sufficient evidence that they did exercise until exhaustion according to 

the experimental researcher report and/or the HRmax was less than 85% of HRmax. Therefore, 

these 9 subjects and their coinciding twin/sibling were excluded from further analyses 

involving measured V̇O2max. The final sample size consisted of 463 subjects. Means and 

standard deviations of minutes spent on walking, cycling, physical education class and MET 

scores for leisure time exercise behavior are presented in Table 6.2. Although the age-range 

was small, significant age effects (V̇O2max increases with age) were found on V̇O2max in mL/min 

(p < .001), but not for V̇O2max expressed in mL/min/kg. Both predicted and measured V̇O2max 

were higher in males than in females (all p < .001). Furthermore, males were more engaged in 

weekly exercise behavior (p = .002). As expected, weekly leisure time exercise behavior 

correlated significantly with V̇O2max, but the correlation was modest: r = .28 with V̇O2max in 

mL/min and r = .34 (both p < .001) with V̇O2max mL/min/kg. The correlation between 

measured V̇O2max and weekly minutes of cycling was significant (r = .25 for V̇O2max expressed 

in mL/min and r = .22 for V̇O2max expressed in mL/min/kg, both p < .001), whereas the 

correlations between measured V̇O2max and weekly minutes of walking or weekly hours of 

physical education class were only small (-.12 < r < .03).  
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Table 6.2 Means and standard deviations (SD) of measured and predicted V̇O2maxl in mL/min and 

mL/min/kg, measured and predicted HR, and minutes per week spent on walking and cycling 

(transportation), physical education class and leisure time exercise behavior in METs of males and 

females. 

    Males (N = 233) Females (N = 230) 

  

Mean SD Mean SD 

Body  Height (cm) 180.4 7.8 168.3 6.6 

composition Weight (cm) 67.3 10.3 61.8 9.7 

 

BMI (kg∙m-1) 20.6 2.5 21.8 3.3 

V̇O2max   Measured 3132 540 2240 316 

in mL/min Predicted from cycle ergometer test 2933 648 2021 389 

  Predicted from treadmill test 2968 606 2029 400 

V̇O2max   Measured 46.9 6.9 36.7 5.6 

in mL/min/kg Predicted from cycle ergometer test 43.8 8.1 33.0 6.0 

  Predicted from treadmill test 44.5 8.1 34.1 6.3 

Heart  Resting Heart Rate  72.6 11.4 75.6 11.2 

rate (bpm) Maximal Heart Rate Measured  195.4 10.1 195.2 8.9 

 

Maximal Heart Rate Predicted (Tanaka) 196.1 0.8 195.9 0.9 

Regular  Walking (minutes/week) 38.9 71.8 43.5 79.8 

exercise Cycling (minutes/week) 233.1 156.3 209.4 163.3 

 

Physical education (minutes/week) 151.6 139.9 132.4 112.4 

  Leisure-time exercise (METs/week) 25.7 22.5 19.2 22.1 

 

 

Correlation between measured and predicted V̇O2max 

Measured V̇O2max in mL/min showed a correlation of .70 (95% CI: .65 − .75) with V̇O2max 

predicted from the submaximal cycle test and .64 (95% CI: .58 − .70) with V̇O2max predicted 

from the treadmill test. Likewise, measured V̇O2max in ml/min/kg was significantly correlated 

with V̇O2max predicted from the submaximal cycle test (r = .61, 95% CI: .55 − .68) and with 

V̇O2max predicted from the submaximal treadmill test (r = .57, 95% CI: .50 − .64). In spite of the 

significant relationship between predicted and measured V̇O2max, Bland Altman plots in Figure 

6.2 show considerably discrepancy between these measures, expressed in mL/min. 

Regression of the mean of the two measurements (measured and predicted V̇O2max) on the 

difference between the two values (y-axis), showed that the discrepancy increases as 
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absolute V̇O2max increases. In males the absolute differences in measured and predicted 

V̇O2max were larger than in females. A potential source of error was the use of an age-

predicted HRmax. Absolute mean differences between measured (195 ± 10) and predicted 

HRmax (202 ± 1) were greater than zero (p < .001). Repeating the analyses with measured 

HRmax significantly improved the correlation of measured to predicted V̇O2max from the 

submaximal cycle test (in mL/min r = .76, 95% CI: .72 − .90; in mL/min/kg r = .69, 95% CI: .64 − 

.74) and to predicted V̇O2max from the treadmill test (in mL/min r = .71, 95% CI: .66 − .76; in 

mL/min/kg r = .65, 95% CI: .59 − .70).  

Genetic analyses 

The twin and cross-twin/cross-trait correlations of measured V̇O2max and predicted V̇O2max are 

presented in Table 6.3. For V̇O2max in mL/min, MZ correlations (r = .61 for measured V̇O2max 

and r = .67 and r = .65 for the V̇O2max predicted from the submaximal cycle and treadmill tests) 

almost twice as high as the DZ/sibling correlation (r = .26, r = .45 and r = .37). When the MZ 

resemblance is higher than the DZ resemblance this constitutes evidence for genetic 

influences on V̇O2max. For V̇O2max in mL/min/kg, twin correlations were also higher for MZ 

twins (r = .53, r = .58 and r = .59) than for DZ twins/siblings (r = .43, r = .52 and r = .38) but 

much less than half, providing evidence for genetic as well as shared environmental factors 

underlying familial aggregation. The cross-twin/cross-trait correlations (off-diagonal 

correlations in Table 6.3) were higher for MZ twins than for DZ twins/siblings for all 

phenotypes suggesting genetic influences on the covariance between measured V̇O2max and 

V̇O2max predicted from the submaximal cycle and treadmill tests.  
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Figure 6.2 Bland-Altman plots for VO2max in mL/min. The x-axis shows the mean of the two 

measurements (measured and predicted V̇O2max) and the y-axis the difference between the 

two values. The solid line represents the mean difference. The dotted lines represent the 

average difference ± 1.96 standard deviation of the difference. A) Male V̇O2max submaximal 

cycle test; B) Female V̇O2max submaximal cycle test; C) Male V̇O2max submaximal treadmill test; 

D) Female V̇O2max submaximal treadmill test. 
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Table 6.3 Twin (diagonal) and cross-twin/cross-trait (off diagonal) correlations (95% CI) 

estimated from the saturated model for measured V̇O2max and V̇O2max predicted from the 

submaximal cycle and treadmill tests. 

  V̇O2max (mL/min) 

 
Measured Predicted cycle test Predicted treadmill test 

 
MZ correlations 

Measured .61 (.50, .70) 
  

Predicted cycle test .59 (.51, .66) .67 (.57, .75) 
 

Predicted treadmill test .53 (.44, .61) .69 (.62, .74) .65 (.54, .73) 

 
DZ/sibling correlations 

Measured .26 (.11, .40) 
  

Predicted cycle test .45 (.37, .53) .45 (.34, .55) 
 

Predicted treadmill test .43 (.35, .51) .53 (.45, .60) .37 (.23, .49) 

 
V̇O2max (mL/min/kg) 

 
Measured Predicted cycle test Predicted treadmill test 

 
MZ correlations 

Measured .53 (.40, .63) 
  

Predicted cycle test .52 (.43, .59) .58 (.47, .68) 
 

Predicted treadmill test .44 (.35, .53) .63 (.56, .69) .59 (.46, .68) 

 
DZ/sibling correlations 

Measured .43 (.29, .55) 
  

Predicted cycle test .45 (.36, .54) .52 (.41, .61) 
 

Predicted treadmill test .42 (.32, .50) .53 (.45, .61) .38 (.24, .50) 

  

 

Genetic modeling started with an ACE model, as in all cases the DZ/sibling correlation was 

higher than half the MZ correlation, except for measured V̇O2max in mL/min. Shared 

environmental influences were not significant for measured and predicted V̇O2max in mL/min 

(Χ2(6) = 10.8, p = .096). For V̇O2max in mL/min/kg, shared environmental factors were not 

significant for the measured V̇O2max, but for predicted V̇O2max a small but significant effect of 

shared environmental factors was detected. Standardized components from the best fitting 

model for additive genetic and shared and person-specific environmental influences on 

measured and predicted V̇O2max and their covariances are presented in Table 6.4. Heritability 

estimates for measured V̇O2max were 60% (95% CI: 47% − 69%) and 55% (95% CI: 43% − 64%) 

for V̇O2max in mL/min (Table 6.4a) and mL/min/kg respectively (Table 6.4b). Heritability 

estimates for predicted V̇O2max ranged from 47% for V̇O2max in mL/min/kg to 67% for V̇O2max in 

mL/min (both predicted from the cycle test). Shared environmental influences were small and 
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not significant for V̇O2max in mL/min. For V̇O2max in mL/min/kg, however, 12% (95% CI: 4% − 

19%) of the variance in V̇O2max predicted from the cycle protocol and 4% (95% CI: 4% − 19%) 

of the variance in V̇O2max predicted from the treadmill protocol could be explained by shared 

environmental influences.  

 

Table 6.4 Standardized estimates (95% CI) for additive genetic (A), shared environmental (C) 

and person-specific environmental (E) influences on measured V̇O2max and V̇O2max predicted 

from the submaximal cycle and treadmill tests and their covariances in (a) mL/min and (b) 

mL/min/kg. 

a)   V̇O2max (mL/min) 

 

Measured Predicted cycle test Predicted treadmill test 

 
Additive genetics (A) 

Measured .60 (.47, .69) 
  

Predicted cycle test .76 (.63, .85) .67 (.60, .75) 
 

Predicted treadmill test .70 (.56, .81) .76 (.65, .84) .64 (.53, .72) 

 
Unique environment (E) 

Measured .40 (.31, .55) 
  

Predicted cycle test .24 (.15, .37) .33 (.25, .43) 
 

Predicted treadmill test .30 (.19, .44) .24 (.16, .35) .36 (.28, .47) 

 

 b)  V̇O2max (mL/min/kg) 

 

Measured Predicted cycle test Predicted treadmill test 

 
Additive genetics (A) 

Measured .55 (.43, .64) 
  

Predicted cycle test .70 (.55, .82) .47 (.32, .60) 
 

Predicted treadmill test .62 (.46, .75) .61 (.45, .75) .55 (.42, .66) 

 
Shared environment (C)  

Measured - 
  

Predicted cycle test - .12 (.04, .19) 
 

Predicted treadmill test - .09 (.01, .16) .04 (.00, .10) 

 
Unique environment (E) 

Measured .44 (.35, .56) 
  

Predicted cycle test .31 (.19, .46) .41 (.32, .52) 
 

Predicted treadmill test .37 (.24, .54) .30 (.21, .43) .40 (.31, .52) 

Note. Heritability estimates in bold. 
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Significant genetic correlations were found for measured V̇O2max and V̇O2max predicted from 

the submaximal cycle test (r = .84 (95% CI: .76 − .91) for V̇O2max in mL/min and .81 (95% CI: .68 

− .95) for V̇O2max in mL/min/kg). Measured V̇O2max and V̇O2max predicted from the submaximal 

treadmill test showed a genetic correlation of .73 (95% CI: .62 − .82) and .63 (95% CI: .48 − 

.76) for V̇O2max in mL/min and in mL/min/kg respectively. A genetic correlation > 0 indicates 

that traits are influences by common genes. Therefore, these correlations suggest that the 

three V̇O2max measures largely reflect the same set of underlying genetic variants. 

Furthermore, 61% − 76% of the phenotypic correlations between measured V̇O2max and 

V̇O2max predicted from the submaximal cycle and treadmill tests could be explained by genetic 

factors. 

Meta-analysis 

The literature search and screening resulted in 11 articles (see Table 6.1). Four studies were 

excluded from the meta-analysis. The studies by Montoye & Gayle (1978), Lortie et al. (1982), 

Lesage et al. (1985), and Bouchard et al. (1998) were parent-offspring studies and were 

excluded from the analysis because cohort effects and shared environment could be affecting 

the correlations. Moreover, whereas other studies either corrected for sex and age or used 

single-sex or age-restricted samples, Montoye & Gayle (1978) and Lortie et al. (1982) 

additionally corrected for skinfold thickness, physical activity, cigarette smoking and social-

economic status (SES). 

The seven studies included in the meta-analysis showed MZ twin correlations for V̇O2max 

ranging from .62 to .95 whereas the DZ and sibling correlations were much lower (.04 to .51). 

In the study by Sundet et al. (1994), V̇O2max was predicted using extrapolation of the V̇O2/HR 

slope, whereas the rest of the studies reported measured V̇O2max values. All of these 

remaining studies corrected the V̇O2max values for sex when the sample comprised both males 

and females, except for two studies by Klissouras (Klissouras, 1971; Klissouras et al., 1973). 

The age range in most studies was very restricted and two studies with a broader range 

corrected for age (Bouchard et al. (1986) and the current study). Univariate twin correlations 

(without siblings, estimated from a saturated model) from the current study were used in the 

meta-analysis (rMZ = .58, rDZ = .29 and rMZ = .54, rDZ = .38 for V̇O2max in mL/min and mL/min/kg 

respectively). 
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Heterogeneity testing showed that all studies on the heritability of V̇O2max expressed in 

mL/min (combined sample of 1088 individuals) could be taken together (χ2(4) = 5.8, p = .218) 

and a sample size weighted heritability estimate of 59% (95% CI: 52% − 66%) was found. For 

V̇O2max expressed in mL/min/kg a weighted heritability estimate of 64% (95% CI: 60% − 69%) 

was found in a combined sample size of 3120 individuals, but heterogeneity testing showed 

that these studies could not be simply taken together (χ2(4) = 12.2, p = .016). Repeating the 

analysis without Sundet et al. (in which V̇O2max was predicted) removed heterogeneity in the 

estimates of the four remaining studies (p = .098) and increased the weighted heritability 

estimate to 72% (N = 1004). For both V̇O2max expressed in mL/min as V̇O2max expressed in 

mL/min/kg, shared environmental influences were not significant (p > .05).   

 

DISCUSSION 

The main purpose of this paper was to estimate the heritability of aerobic fitness in an 

adolescent population, as assessed by V̇O2max measured during a maximal exercise test. In 

concordance with previous literature, V̇O2max was only moderately correlated with regular 

exercise behavior in leisure time. Genetic analysis revealed that 60% of the total variance in 

measured V̇O2max in mL/min and 55% of the total variance in measured V̇O2max in mL/min/kg 

can be explained by genetic factors.  

In addition to measuring V̇O2max during the climax of a graded maximal cycle ergometer test, 

V̇O2max was predicted from submaximal tests on a cycle ergometer and a treadmill using 

extrapolation of the heart rate/oxygen uptake (HR/V̇O2) curve to the predicted HRmax. Only a 

moderate phenotypic relationship was found between predicted V̇O2max and measured V̇O2max 

in the current study (.57 < r < .70). This was lower than had been reported in previous studies 

using adult subjects (Ekblom-Bak et al., 2014; Grant et al., 1995; Legge & Banister, 1986). This 

difference can in part be attributed to the poor agreement between predicted and actual 

HRmax. Although there is substantial evidence that maximal heart rate is age-related in adults, 

it has been suggested that HRmax might be age-independent in children and adolescents 

(Rowland, 1996). When repeating the analysis using the measured HRmax, the phenotypic 

correlations between the measured V̇O2max and the predicted V̇O2max indeed increased. 

Nonetheless, correlations remained below those found for adults, suggesting that, apart from 
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the higher individual variation in HRmax, the variability in the HR/V̇O2 relationship may also be 

higher in adolescents.  

In spite of the moderate phenotypic correlation to measured V̇O2max, heritability estimates 

from multivariate genetic analyses showed that heritability estimates for predicted V̇O2max 

(46% to 67%) were very similar to those obtained for measured V̇O2max. For V̇O2max in mL/min, 

the heritability estimates were higher than measured V̇O2max, but for V̇O2max in mL/min/kg the 

heritability estimates were as high (treadmill test) or lower (cycle ergometer test) than 

measured V̇O2max. However, as all heritability estimates are within the confidence interval of 

measured V̇O2max, the differences were not significant. Moreover there was a substantial 

overlap in the genetic factors influencing predicted and measured  V̇O2max. That genetic 

effects on V̇O2max can be reliably estimated from submaximal tests is important as submaximal 

tests may be more amenable in large-scale studies. The graded maximal exercise test requires 

strenuous physical activity from the subject, which produces discomfort, and cannot be 

attained by or poses a health risk for some subgroups of the population (e.g. sedentary 

individuals, young children, elderly or patients suffering from cardiovascular or respiratory 

disease). It may also lead to a larger selection bias when recruiting volunteers from 

population-based samples (like twin registries) as not all subjects may be willing to exercise to 

exhaustion. This favors the participation of regular exercisers over sedentary subjects to 

exercise testing studies which will lead to biased estimates of both mean and variance in 

V̇O2max. The use of submaximal tests may lead to samples that are more representative of the 

general population.    

Our sample size weighted meta-analysis on all heritability studies in children, adolescents and 

young adults to date showed that 59% (when expressed in mL/min) (N = 1088) and 72% 

(when expressed in mL/min/kg) (N = 1004) of the variance in measured V̇O2max can be 

explained by genetic influences. All studies converge on the absence of detectable shared 

environmental factors (C). Shared environmental influences, including the family 

environment, were also low and not significant in the current study (except for predicted 

V̇O2max expressed in mL/min/kg) but the power to detect C was low, even after adding siblings 

of the twins to the design. Power analysis suggests that our sample size had to be at least 

twice as big for C to be detected with 80% power (Posthuma & Boomsma, 2000). This leads us 
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to suggest that shared environmental influences on adolescent V̇O2max cannot be excluded 

but at best play a very modest role.  

The overarching conclusion from our (meta-)analyses is that V̇O2max is a highly heritable 

phenotype from childhood to young adulthood. Heritability is likely to continue into 

adulthood, but there were no middle-aged or older adult twin samples that could be included 

in our meta-analysis. We did find four studies that measured V̇O2max in parents and offspring. 

In these parent-offspring designs, however, heritability estimation can be affected by cohort 

effects, since different genetic variants affecting aerobic fitness can be expressed at different 

ages. To get a complete picture of the heritability of V̇O2max across the whole life-span, twin 

studies focusing on middle-aged and older samples are direly needed.  

A limitation of our study is that we cannot currently determine the exact contribution of the 

two different components that make up the heritability of V̇O2max: genetic factors that 

contribute to baseline (untrained) performance levels and those related to ‘gain’ in V̇O2max 

(i.e. genetic factors contributing to aerobic trainability). The HERITAGE study showed that the 

variation in baseline performance, as well as the variance in trainability is larger between 

families than within families, confirming the role of genetic factors in baseline levels as well as 

in gain in V̇O2max (Bouchard et al., 1998; Bouchard et al., 1999). Our study used a mixture of 

sedentary subjects and moderately and vigorous exercisers. V̇O2max in the two latter groups 

will reflect a mixture of the baseline and trainability components. A possible way to 

discriminate between the two components is by estimating the heritability of V̇O2max in 

untrained (persistent sedentary) individuals only. A further limitation is that even though the 

current study is the largest twin study on measured V̇O2max, our sample is still too small to 

have enough power to analyze sex differences in V̇O2max. It might be that the effects of 

genetic or environmental factors on V̇O2max differ between males and females. A limitation of 

our meta-analysis is that there was significant heterogeneity across the studies, so that a 

single estimate therefore does not capture all individual studies adequately. However, 

recomputation of heritability in a restricted, more homogenous subset led to similar 

estimates. Finally, it should be noted that maximal exercise tests performed on a cycle 

ergometer generally yield lower V̇O2max values than maximal exercise tests performed on a 

treadmill due to a larger excising muscle mass. Comparing the heritability studies of V̇O2max 

performed on a treadmill and cycle ergometer showed that the two heritability estimates of 
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treadmill-derived V̇O2max are slightly higher (Klissouras, 1971; Maes et al., 1996), but these 

estimates are based on small sample sizes consisting of 10-year-olds. Replication of these 

studies in other age groups is needed to examine the effect of exercise equipment on the 

heritability of V̇O2max. 

Twin studies offer a unique opportunity to estimate the importance of genetic and 

environmental influences on a trait. Estimates of heritability inform us on how much of the 

variation in a phenotype in a population sample is due to genetic variation and generally 

define the upper limit of the percentage of variance that is explained by genetics, but does 

not reveal which and how many genes are involved. Therefore, an important next step is to 

identify the genetic variants underlying the heritability of V̇O2max. Thus far, studies reported 

case-control candidate gene and linkage studies, mostly characterized by small sample sizes 

and mixed results (Bouchard et al., 2011a). Two of the most studied polymorphisms is the 

R577X variation in the ACTN3 gene and the I/D polymorphism in the ACE gene (MacArthur & 

North, 2011; Skipworth et al., 2011). The preferred approach to identify genetic variants for 

complex traits (which are known to be influences by multiple genetic factors) is a meta-

analysis of genome-wide association (GWA) studies with a large cumulative sample size (Flint, 

2013; Visscher et al., 2012). Only one GWA study on V̇O2max has been conducted to date by 

Bouchard et al. (2011). Strikingly, in spite of the small sample size, this study revealed that 16 

Single Nucleotide Polymorphisms (SNPs) accounted for 45% of the variance in gains in V̇O2max 

after exposure to a standardized 20-weeks exercise program in a sample of 473 sedentary 

adults (Bouchard et al., 2011b). No GWA studies have yet been performed on V̇O2max in the 

untrained or baseline state (before training). Such studies will need large samples with both 

V̇O2max data and genome-wide genotyping. The feasibility of this increases greatly if 

submaximal exercise tests generate sufficiently valid estimates. Notwithstanding the 

imperfect correlation between predicted and measured V̇O2max, our results can be considered 

encouraging: The high genetic correlation between measured and predicted V̇O2max in the 

current study suggests that they largely capture the same latent genetic factors and these 

genetic factors explained the largest part of the observed correlation between measured and 

predicted V̇O2max. GWA meta-analyses across studies using (graded) submaximal and maximal 

tests should be able to pick up these shared genetic variants.   
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To conclude, the results of the current study, together with the results of the meta-analyses, 

confirm that innate factors determine more than half of the individual differences in the 

V̇O2max from childhood to young adulthood. 
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ABSTRACT 

Regular exercise has been indicated to be effective in reducing anxious and depressive 

symptoms in clinical samples, suggesting beneficial causal effects of exercising. However, the 

observed association between exercise and anxious-depressive symptoms might be due to 

underlying genetic factors that influence both exercise behavior and symptoms of anxiety and 

depression, mimicking a causal association. Results from population-based twin studies that 

have tested the nature of the association between a lack of exercise and anxious-depressive 

symptoms conclude that the association is best explained by underlying genetic effects. In an 

effort to explain the mechanisms that contribute to the association between exercise 

activities and mental health in the general population, a model was proposed that 

accommodates genetic pleiotropic effects, but still allows exercise to causally increase 

wellbeing in specific subgroups of the population. 
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Anxiety and depressive disorders are a major contributor to the global disease burden (Ferrari 

et al., 2013). Although these disorders differ in duration and intensity, they are often chronic 

and treatment options include medication, psychotherapy, or a combination of both. In 

addition, regular exercise is argued to be effective in reducing anxious and depressive 

symptoms. Results from several meta-analyses indicate that exercise has a moderate to large 

antidepressant effect in clinical populations (Craft & Landers, 1998; Josefsson et al., 2014; 

Krogh et al., 2011; Lawlor & Hopker, 2001; Stathopoulou et al., 2006). Based on these studies, 

one might easily conclude that exercise consistently has beneficial causal effects on anxious 

and depressive symptoms.  

The question remains whether this conclusion is also valid with regard to the general 

population as, despite these beneficial psychological effects, the majority of the population is 

not engaging in leisure-time exercise activities (Martinez-Gonzalez et al., 2001; Troiano et al., 

2008) and population studies on the association between exercise and mental health are 

scarce. Secondly, there may be mechanisms that only mimic causal effects. The observed 

association between exercise and anxious-depressive symptoms might be due to underlying 

factors that influence both exercise behavior and symptoms of anxiety and depression. These 

factors can reside in the environment or in our genes. Underlying genetic factors might for 

instance have a detrimental effect on regular exercise behavior while simultaneously 

increasing the risk for depression, a mechanism known as genetic pleiotropy. The effect of 

these genetic factors on exercise behavior could even precede their effects on depression, 

thereby nearly perfectly mimicking a causal association. Only a few research groups have the 

optimal resources to investigate these possible effects in a genetically informative design, 

which requires large population-based longitudinal datasets with family data, but preferably 

twin data.  

Results from population-based twin studies that have tested the nature of the association 

between a lack of exercise and anxious-depressive symptoms conclude that the association is 

best explained by underlying genetic effects. De Moor et al. (2008) showed that within 

genetically identical twins, a twin who exercised more did not have fewer symptoms than his 

or her less exercising co-twin. This suggests that genetic factors independently cause low 

levels of exercise behavior as well as anxious and depressive symptoms (de Moor et al., 2008). 

In addition, there is no evidence for causal influences of exercise behavior on feelings of 
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psychological wellbeing, a phenotype presumably at the other end of the emotional scale i.e. 

the absence of anxious or depressive symptoms (Bartels et al., 2012b; Stubbe et al., 2007). 

Taken together, these studies conclude that the association between regular exercise and 

psychological wellbeing as well as the association between a lack of regular exercise and 

anxiety and depressive disorders largely reflect the effects of common genetic factors. 

In an effort to explain the mechanisms that contribute to the association between exercise 

activities and mental health in the general population, a model was proposed that 

accommodates genetic pleiotropic effects, but still allows exercise to causally increase 

wellbeing in specific subgroups of the population (de Geus & de Moor, 2008). As with any 

other behavior, for exercise behavior to be repeated regularly, the net appetitive effects of 

exercise would need to outweigh the net aversive effects. Individuals who experience greater 

exercise induced mood enhancement are likely to repeat the behavior and become regular 

lifetime exercisers. This assumption is supported by several studies, which show that a more 

positive affective response during exercise was associated with greater participation in 

(voluntary) moderate to vigorous exercise (Schneider & Graham, 2009; Williams et al., 2008) 

or the intention to engage in voluntary exercise (Kwan & Bryan, 2010). Individual differences 

in these acute mood effects of exercise could be strongly co-determined by genetic factors.  

In addition to differential acute mood effects, there could be a social-psychological 

mechanism that makes some individuals more attracted to exercise than others. Individuals 

with higher innate exercise capacities will gain more in exercise performance than others at 

comparable levels of training. The higher trainability and the superior exercise performance 

will lead to feelings of competence and mastery. This increased confidence, or self-efficacy, 

may not only enhance the frequency of exercise in individuals (Dishman, 1990), but will also 

lead to higher self-esteem and in turn, in feelings of wellbeing. Vice versa, low trainability and 

lower levels of performance will lead to disappointment and particularly in adolescents to 

shame and lowered self-esteem. Genetic variation among people influencing exercise ability 

will therefore become associated with experiencing psychological beneficial effects of 

exercise activities and, as a consequence, with an increase in the frequency of exercising. 

Major future challenges are to test the association between the level of voluntary exercise 

behavior and the acute and longer term psychological responses to exercise, and to establish 
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the contribution of shared genetic factors to these associations. This requires a substantial 

family or twin study with measurements of exercise ability and the acute mood response to 

exercise. Various experimental design issues should be taken into account in these studies. 

First, the intensity at which an individual is exercising is an important determinant of the 

aversive responses to exercise: At intensities that exceed the individuals’ ventilatory threshold 

(VT), when there is a transition from aerobic to anaerobic metabolism, negative changes in 

exercise induced mood response are observed (Ekkekakis, 2003). Measurements should 

therefore be standardized for the VT. Second, different types of exercise induced mood 

responses can be measured: during (immediate response on exercising) or (shortly) after the 

exercise bout (more complex, long lasting feelings). These responses may differ in origin, but 

are likely to contribute to the overall balance of appetitive and aversive effects of exercise, 

therefore, should both be included in measurements. For the assessment of exercise ability it 

is important to take into account a range of objective determinants like aerobic fitness, 

balance, flexibility and static and dynamic muscle strength, but also record self-perceived 

exercise ability, particularly in relation to the relevant peer group.  

Acknowledgement of the differential sensitivity to the psychological effects of exercise is of 

great importance. Some individuals may require a specific exercise program (with respect to 

intensity of exercise, absence or presence of competitive elements, type of exercise) to create 

a situation in which the appetitive effects of exercise can predominate. This may ensure that 

these individuals continue to be engaged in regular exercise while maximizing their 

psychological benefits in terms of increased feelings of wellbeing and decreased levels of 

anxiety and depression. 
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ABSTRACT 

To improve the success of interventions aimed to increase moderate to vigorous physical 

activity, we need to better understand the determinants of the extensive individual 

differences that are found in voluntary exercise activities. Starting in adolescence, genetic 

effects become a dominant factor in explaining individual differences in voluntary exercise 

behavior. In the current study we aim to establish the prospective contribution of all potential 

determinants to the heritability of voluntary exercise behavior in a sample of adolescents and 

young adult twins. Data on known determinants of exercise behavior were collected using 

surveys and a laboratory study. Information on personality, perceived barriers & benefits, 

subjective and objective exercise ability and the affective response to exercise was collected 

in a set of healthy adolescent twin pairs aged 16 to 18-years old and their non-twin siblings 

(12 – 25y). Two years later, the subjects were sent an online follow-up survey on their current 

exercise status. In a multivariate model, the phenotypic variance in these determinants and 

exercise behavior at follow-up were decomposed in sources of genetic (co)variance and 

environmental (co)variance. Results showed that 66% of the individual differences in exercise 

behavior at follow-up were due to genetic factors. The determinants that showed significant 

associations with exercise behavior at follow-up were extraversion, positive affect after 

exercise, perceived benefits and barriers (lack of skills, support and/or resources, time 

constraints, lack of energy, lack of enjoyment, embarrassment), subjective exercise ability, 

maximal oxygen uptake and flexibility. Multivariate modeling showed that the genetic 

variation in exercise behavior could be entirely explained by the genetic variation in the 

twelve determinants measured 2 years earlier. Given their substantial predictive power we 

can assert that these determinants can be used to develop stratified interventions for 

adolescent and young adult exercise behavior. In addition, these results provide the first clues 

on ‘where to look’ for specific genetic variants for voluntary exercise behavior.  
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INTRODUCTION 

Despite the well-known benefits of physical activity, there is a growing number of adolescents 

and young adults with a less than optimal physically active lifestyle (Martinez-Gonzalez et al., 

2001; Troiano et al., 2008), which puts them at risk for a large number of chronic diseases 

(Tremblay et al., 2011; Warburton et al., 2006). Prospective cohort studies in adults suggest 

that increasing regular physical activity, especially moderate to vigorous physical activity, can 

protect against the onset of chronic disease and mortality (Ekelund et al., 2012; Gebel et al., 

2015; Samitz et al., 2011) and it is a reasonable assumption that intervening early on this 

lifestyle reaps the largest benefits. In response, public health authorities worldwide have 

launched interventions aimed at physical activity during work/school time and transportation 

to work and school, and at physical activity in leisure time (e.g., the Global Recommendations 

on Physical Activity for Health by the World Health Organization (2010), the EU Physical 

Activity Guidelines by the EU Working Group Sport and Health (2008), and the Physical 

Activity Guidelines for Americans by the U.S. Department of Health and Human Services 

(2008)).  

Because regular exercise in leisure time has become a major source of moderate to vigorous 

physical activity in industrialized societies (De Geus et al., 2014), increasing voluntary 

participation in regular exercise and sports activities is an important target for public health 

interventions, including those aimed at adolescents and young adults. To improve the success 

of such interventions we need to better understand the determinants of the extensive 

individual differences that are found in voluntary leisure time exercise activities. Traditionally, 

research has focused on environmental factors that could either impede or facilitate 

participation in regular exercise of youngsters. Over the last decades, a growing number of 

studies have demonstrated that variation in voluntary exercise behavior has a strong heritable 

component, particularly during adolescence and young adulthood (de Moor et al., 2011; 

Huppertz et al., 2012; Schutte et al., 2017a). This suggests that additional attention to 

biological characteristics in the research on determinants of exercise behavior is needed. In 

sharp contrast to a common misunderstanding, heritable traits can be excellent targets for 

intervention (Plomin & Haworth, 2010). Biological influences on the motivation to exercise do 

not impede attempts to increase the mean population level of that motivation, although they 

can be a cause of maintained variation around the increased post-intervention mean. 
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Understanding the genetic pathways that lead to differences in voluntary exercise behavior 

may help identify specific biological and psychological determinants that would be solid 

targets for intervention. Such knowledge could exploit the genetic influences on exercise 

behavior in stratified or personalized interventions, rather than fighting an uphill battle 

against natural differences between individuals by using one-size-fits-all strategies. 

The classical twin design, in which the resemblance of identical twins or monozygotic (MZ) 

and non-identical twins or dizygotic (DZ) is compared, decomposes all phenotypic variance of 

a trait in sources of genetic influences, shared environmental influences (influences shared 

with other family members e.g. upbringing) and person-specific influences (influences that 

are unique to the individual). Figure 8.1 shows the results of previous studies published on 

the relative influence of these factors on voluntary exercise behavior in children, adolescents 

and young adults up to 25 years old (Aaltonen et al., 2013; Beunen & Thomis, 1999; 

Boomsma et al., 1989; de Moor et al., 2011; Huppertz et al., 2016; Koopmans et al., 1994; 

Maia et al., 2002; Mustelin et al., 2011; Stubbe et al., 2005; van der Aa et al., 2010). In 

younger children, the shared environmental factors seem to explain a substantial part of the 

variation in exercise behavior, which can be explained by an important role of the parents; 

they provide their children with the opportunity to become active by means of transportation 

to exercise activities, give exercise activities priority over other leisure time activities, and 

provide motivation and encouragement to exercise. However, the importance of these 

shared environmental factors seems to decrease in adolescence and young adulthood, where 

genetic effects become the dominant factor explaining individual differences in voluntary 

exercise behavior (Huppertz et al., 2016). 

 

 

 

Figure 8.1 Summary of previous published studies on the relative influence of genetic factors, 

shared environmental influences and person-specific environmental influences on voluntary 

exercise behavior in children, adolescents and young adults. When two bars per studies are 

displayed, the first bar represents the results for males; the second bar represents the results 

for females.  
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In this study we use a prospective twin design to test whether the heritability of exercise 

behavior in adolescents and young adults can be accounted for by potential determinants of 

exercise behavior from a number of domains that could be used to tailor future interventions: 

personality, affective response to acute exercise, exercise benefits and barriers, objective 

exercise ability, and subjective exercise ability. Previous evidence has already shown 

determinants in these domains to be associated with (voluntary) exercise behavior (Allender 

et al., 2006; Bonen & Shaw, 1995; Dishman et al., 2005; Rhodes & Smith, 2006; Rhodes & 

Kates, 2015). Furthermore, of these five domains, determinants in the first four were already 

proven to be heritable traits (Aaltonen et al., 2016; Bartels et al., 2012a; Distel et al., 2009; 

Huppertz et al., 2014b; Schutte et al., 2016a; Schutte et al., 2016b; Schutte et al., 2017b). The 

heritability of subjective exercise ability measures has not yet been reported. However, no 

previous studies have examined these determinants jointly in a genetically informative design 

that can established the extent to which the genetic factors that influence these determinants 

contribute to the heritability of exercise behavior. 

A substantial body of evidence confirms personality to be a robust correlate of regular 

exercise behavior. Regular exercisers score lower on neuroticism and higher on extraversion, 

conscientiousness, and sensation seeking (de Moor et al., 2006; Hoyt et al., 2009; Rhodes & 

Smith, 2006; Wilkinson et al., 2013; Wilson & Dishman, 2015). Extraversion or sensation 

seeking are linked to individual differences in the functioning of the reward system, which can 

be activated in response to appetitive aspects of exercise (Eysenck et al., 1982). Neuroticism 

may follow a different neurobiological route in that it is associated with higher activity of the 

punishment system (Gray & McNaughton, 1983; Gray & McNaughton, 2000). This 

punishment system can be activated in response to physical (pain, fatigue) and social 

(embarrassment) aversive aspects of exercise activities, and might thereby decrease their 

attraction on neurotic individuals. Conscientiousness may be an expression of stronger 

prefrontal connectivity to limbic reward and punishment areas needed for the self-control 

that is required to pursue regular exercise for its longer term benefits, even when short-term 

reward value is attenuated e.g. by time pressure due to social or work-related obligations. 

To maintain regular exercise participation, the net appetitive effects of exercise activities 

during and shortly after exertion need to outweigh the net aversive effects (de Geus & de 

Moor, 2008; de Geus & de Moor, 2011). If the exercise induced affective response is on 
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balance positive, people are likely to maintain the behavior and become regular exercisers. 

Vice versa, if the net affective response is not favorable, people are at risk of dropping out 

and becoming non-exercisers. 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 even strong displeasure (Ekkekakis 

et al., 2005; Ekkekakis et al., 2011; Van Landluyt et al., 2000; Welch et al., 2007). A more 

favorable affective response during exercise was found to be associated with the intention to 

engage in voluntary exercise (Kwan & Bryan, 2010; Ruby et al., 2011) as well as greater actual 

participation in (voluntary) moderate to vigorous exercise (Dunton & Vaughan, 2008; Rhodes 

& Kates, 2015; Schneider et al., 2009; Williams et al., 2008; Williams et al., 2012). Moreover, 

the affective response to exercise was found to have significant heritable components 

(Schutte et al., 2017b). 

Although short term appetitive and aversive effects are important, longer term effects also 

weigh in. Social cognitive models of health behavior have consistently pointed to perceived 

benefits and barriers as a main determinant of the value of exercise behavior to a person 

(Allender et al., 2006; Hagger et al., 2002; Huppertz et al., 2014b; Rhodes et al., 2009; Trost et 

al., 2002). A positive attitude towards exercise and, consequently, the likelihood of 

maintaining exercise behavior increases when an individual perceives that the benefits of 

exercise outweigh the disadvantages. Huppertz et al. (2014b) demonstrated in a sample of 

adolescent twins that perceived benefits of and barriers to exercise are heritable and that 

exercise attitudes may have direct causal effects on exercise behavior.  

A further important determinant of voluntary exercise behavior is subjective exercise ability. 

People's beliefs about their capabilities to produce designated levels of exercise performance 

lead to feelings of competence and mastery and this enhances the frequency of exercise 

behavior in leisure time. Perceived or subjective exercise ability is an important component of 

physical self-efficacy and a known determinant of whether someone engages in and adheres 

to an exercise program (Dishman et al., 2005; McAuley & Blissmer, 2000; Nigg, 2001). The 

extent to which subjective exercise ability is influenced by genetic variation across individuals 

is currently unknown. 
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Subjective exercise ability in part derives from objective exercise ability, although the 

relationship will be imperfect because individuals will base their judgments of their own 

performance in comparison to the peer groups. In adolescence, objective exercise ability is 

most directly observable by how individuals rank in competitive performance in specific 

sports. Performance may be influenced by skills specific to a sport, but a number of general 

fitness characteristics including strength and endurance are strong predictors of performance 

across a variety of sports and exercise activities (McArdle, 2009). Both strength and 

endurance are known to be highly heritable traits (Schutte et al., 2016a; Schutte et al., 2016b) 

and could therefore contribute to the heritability of voluntary exercise behavior. 

To establish the prospective contribution of all these potential determinants to the 

heritability of voluntary exercise behavior we performed a prospective study in a sample of 

adolescents and young adult twins. We hypothesized that the genetic factors contributing to 

aspects of personality, exercise motives and barriers, exercise-induced affective response, 

and subjective and objective exercise ability correlate with the genetic factors that are 

responsible for the individual variation seen in exercise behavior in late adolescence/young 

adulthood.  

Personality, motives and barriers, and subjective exercise ability were measured in a sample 

of 16 to 18 year old twins and their siblings from the Netherlands Twin Register (van 

Beijsterveldt et al., 2013). The affective state was assessed experimentally, by repeated 

measurements of the feeling scale during and after graded (sub)maximal exercise tests 

(Schutte et al., 2017b). Objective exercise ability was also assessed experimentally by tests of 

muscle strength, balance and flexibility and by V̇O2max testing on a cycle ergometer. Regular 

voluntary exercise behavior at a 2-year follow-up was characterized in these subjects by an 

online/telephone interview at age 20.  

Multivariate twin designs were used to test the source of the association between the 

potential determinants and exercise behavior; if there is a common genetic vulnerability to 

the determinant and exercise behavior, their genetic correlation (rG) should be significant. 

Baseline levels of those determinants that had a significant genetic correlation with exercise 

behavior were then used to test our hypothesis that they would predict exercise behavior at 
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follow-up. If such prediction proves feasible, these determinants can be used to develop 

stratified interventions on adolescent and young adult exercise behavior. 

 

METHODS 

Subjects  

A set of healthy adolescent twin pairs aged between 16 and 18 and their siblings (age range 

12 – 25) from the Netherlands Twin Register (van Beijsterveldt et al., 2013) were invited to 

participate in a study on the determinants of adolescent exercise behavior. In order to be 

eligible for the study, subjects had to have no history of cardiovascular or respiratory disease, 

and being physically capable of engaging in exercise activities. Subjects were invited by 

sending a letter advertising the opportunity to test their fitness in addition to earning a gift 

voucher. All invitees had to be able and willing to visit the VU University in Amsterdam for lab 

testing.  

All subjects provided written informed consent and if the subjects were under 18 consent was 

given by both of their parents/guardians. All study procedures submitted to and approved by 

the Medical Ethics Review Committee of the VU University Medical Center Amsterdam 

(NL35634.029.10).  

Study design 

Data used in this study was collected at three time points. Figure 8.2 shows type of data 

collected, the sample sizes and mean age at every time point. At time point 1, part of the 

twins and their non-twin siblings received an online self-report survey. The survey contained 

items about regular exercise behavior, personality, exercise attitudes and subjective exercise 

ability. The mean age at completion of the survey was 16.9 ± 0.8 (N = 373). 

At time point 2, regular exercise behavior was queried by interview during an extended 

experimental protocol including tests of affective responses to exercise and objective exercise 

ability. Protocol details of the exercise tests are described elsewhere (Schutte et al., 2017b; 

Schutte et al., 2016a; Schutte et al., 2016b). Briefly, on arrival at the laboratory, height and 

weight were measured and a short lifestyle interview was completed, including detailed 
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questions on current levels of regular exercise. Next, four fitness tests were administered to 

measure balance, hand grip strength, flexibility and vertical jump height. Thereafter, two 

exercise test 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 below the 

intensity of the ventilatory threshold for most adolescents. Both submaximal tests consisted 

of 4 incremental stages of 5 minutes each followed by a 1-minute cooling-down phase and by 

a 5-minute recovery period. To ensure that the intensity of every stage was below the 

intensity of the ventilatory threshold for most adolescents, the ratio of the oxygen 

consumption and carbon dioxide production (V̇CO2/V̇O2) was monitored. This respiratory 

exchange ratio (RER) can be used to estimate the ventilatory threshold. This threshold is 

passed when exhalation of CO2 exceeds inhalation of O2, which is visualized by a RER > 1.00. 

For each test the load of each stage was adjusted when necessary to keep the intensity below 

an RER of 1.00. Finally, an incremental maximal exercise test was conducted on a cycle 

ergometer to establish V̇O2max. The work rate was increased every minute until exhaustion. 

After cessation of the test, every participant completed a mandatory cool-down phase on the 

cycle ergometer of 5 minutes on a low, individually chosen work rate.  

At time point 3, the original subjects to the exercise tests were sent an online follow-up 

survey on their current exercise status. When subjects failed to take the survey online, the 

survey was done by telephone. Five subjects unsubscribed from the Netherlands Twin 

Register and were therefore not available for the follow-up survey. 59 subjects were lost to 

follow-up due to missing contact information or did not fill out the questionnaire after several 

reminders or refused to participate by telephone. This resulted in a response rate of 88%. 

Complete follow-up data on exercise behavior was available for 423 subjects; 50 MZM pairs 

(of which 11 participated with a sibling); 26 DZM pairs (of which 1 participated with a sibling); 

46 MZF pairs (of which 11 participated with a sibling); 36 DZF pairs (of which 2 participated 

with a sibling); 28 DOS pairs, 2 (non-twin) sibling pairs and 26 singletons. Mean age at time of 

the follow-up was 19.7 ± 1.1. 
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Figure 8.2 Time points and measurements of the cohort. 

 

Measurements 

Regular exercise behavior The subjects were asked to indicate what types of regular sports or 

exercise activities they were involved in. Subjects were asked to indicate for each activity for 

how many years the subject participated in the activity, for how many months a year, how 

many times a week, and how many minutes each time. Each activity was recoded into a 

metabolic equivalent (MET) score, based on the compendium of energy expenditure for 

youth published by Ainsworth et al. (Ainsworth et al., 2000). By multiplying the MET score, 

the frequency, and the duration of each exercise activity, weekly MET-hours spent on exercise 

activities were calculated for each participant. We only included activities that were 

conducted for at least 3 months a year and since at least half a year (thereby excluding ski 

holidays, sailing camps, and similar). Exercise behavior was quantified in the same way at all 

three time points, but surveys were used at time points 1 and 3, whereas an interview was 

conducted at time point 2. Tracking coefficients (Pearson r) were .67 from time points 1 to 2, 

.57 for time points 2 to 3, and .49 for time points 2 to 3. 
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Personality Personality traits were measured by the short version of the NEO, reliability and 

validity of which are well-established (NEO-FFI: Costa & McCrae, 1992). The NEO-FFI consists 

of 60 items that are rated on a 5-point scale (1–5: “totally disagree”, “disagree”, “agree”, to 

“totally agree”.) and gives a score for the traits neuroticism, agreeableness, 

conscientiousness, extraversion and openness to experience. For each trait 12 items are 

summed to obtain a total score.  

Affective response 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; Thayer, 1986). The Feeling Scale (FS) is an 11-point bipolar measure of 

pleasure-displeasure. The scale ranges from -5 “very bad” to +5 “very good” and has been 

used as in many studies on the affective response to exercise (Ekkekakis et al., 2008; 

Ekkekakis et al., 2011; Hall et al., 2002; Parfitt et al., 2006; Schneider & Graham, 2009). 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 the analyses. This questionnaire is scored by averaging five scores for each subscale: 

Energy, Tiredness, Tension, and Calmness. Only the variables of the FS and AD ACL that 

showed significant genetic influences and a significant phenotypic correlation with exercise 

behavior in a previous study (Schutte et al., 2017b) were taken into account here.  

Perceived benefits & barriers Perceived benefits of exercise behavior were measured by 10 

items with a 4-point response scale, ranging from “strongly disagree” (1), “disagree”, “agree”, 

to “strongly agree” (4). Seven items were derived from a questionnaire by Devereaux Melillo 

et al. (1997). The remaining three items were taken from a questionnaire by Sechrist et al. 

(1987). Perceived barriers towards exercise behavior were measured by 23 items derived 

from a questionnaire by Sallis et al. (1989) (van Sluijs et al., 2005). Each item could be 

answered on a five-point response scale (ranging from “never” (1) to “very often”(5)). All 

items were combined into six components, according to Huppertz et al. (2014b).  
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Subjective exercise ability Subjective ability was measured using four items. The first three 

asked to compare a participant’s own sport performance, endurance capacity and muscle 

strength to their peers. Responses were measured with a 5-point response scale ranging from 

“I perform much worse than my peers” (1) to “I perform much better than my peers” (5). The 

final item asked the participant to indicate on a 10-point scale, ranging from “very bad” (1) to 

“really good” (10) how well they performed at sport activities. This final item was rescaled to 

a 5-point response scale by dividing the score by two. All four items were combined into one 

measure (a mean was calculated) for subjective exercise ability (Cronbach’s alpha = .78). 

Objective exercise ability As detailed elsewhere, tests of muscle strength as well as an 

maximal exercise test on a cycle ergometer were used to test exercise ability in these subjects 

(Schutte et al., 2016a; Schutte et al., 2016b). Briefly, explosive strength was measured with a 

vertical jump test. Subjects were instructed to jump straight up as much as possible and not 

go sideways Best out of 3 jumps was documented (jumping height in centimeters). To 

measure handgrip strength, subjects were instructed to hold a dynamometer (Baseline Digital 

Smedley Hand dynamometer, Fabrication Enterprises Inc., USA) in the dominant hand and 

when ready, the subject was encouraged to squeeze the dynamometer once with maximum 

effort (in kg). Flexibility was measured using a standard sit-and-reach box (Baseline Sit-and-

reach Trunk Flexibility Box, Fabrication Enterprises Inc., USA). Best out of 3 reaches (in 

centimeters) was used for analyses. The Balance Error Scoring System (BESS) was used to 

assess balance. Finally, oxygen uptake (V̇O2) and carbon dioxide production (V̇CO2) were 

recorded breath-by-breath by means of a telemetric gas exchange system (Cosmed K4b2, 

Cosmed Benelux, Nieuwegein, The Netherlands). To obtain maximal oxygen uptake (V̇O2max), 

only V̇O2 data with a corresponding Respiratory Exchange Ratio of at least 1.10 was selected 

to ensure good effort above the intensity of the ventilatory threshold. Breath-by-breath V̇O2 

data was cut into 20-second blocks. For every 20 second block, the mean V̇O2 was calculated, 

after discarding deviant breaths. V̇O2max was determined as the highest mean value of V̇O2 of 

all the 20-second blocks.  

Statistical Analysis 

Analysis of the data was done in three steps. First, saturated bivariate models including 

exercise behavior and one potential determinant were fitted in which phenotypic 
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correlations, MZ and DZ/sibling correlations, as well as cross-trait/cross-twin correlations 

were estimated to explore their association. To decrease the impact of measurement error 

and true fluctuation in exercise behavior over time we used the mean exercise behavior for 

every individual of the first two time points (Figure 8.3). Modeling was done in OpenMx 

(Boker et al., 2011) under R (R Development Core Team, 2011) with the raw-data ML 

procedure for estimation of parameters. For all analyses, a threshold of p < .05 was 

considered for statistical significance. Since (non-twin) siblings share, like DZ twins, on 

average 50% of their segregating genes, parameter estimates were constrained to be equal 

for DZ twins and siblings. Means were estimated separately for males and females.  

Next, total phenotypic variation in these variables was decomposed into additive genetic 

variance and covariance (A), variance and covariance that can be ascribed to sources that are 

shared by the twins (e.g. family environment, C) and sources of variance and covariance that 

are person-specific (unique environment, E). This latter component also includes 

measurement error. The significance of these components was tested by comparing the 

bivariate model including these components to a model in which A, C or E is constraint to be 

equal to zero. These nested submodels were compared by hierarchic χ2 tests. The χ2statistic is 

computed by subtracting log-likelihood (–2LL) for a reduced model from the -2LL for the full 

model (χ2= -2LLfull model – -2LLreduced model). This χ2statistic is distributed with degrees of freedom 

(df) equal to the difference in the number of parameters estimated in the two models (Δdf = 

dffull model – dfreduced model). If the difference test is significant the constraints on the reduced 

model cause a significant deterioration of the fit of model. By constraining the genetic 

correlation (rG) to zero (Figure 8.3), it was tested whether there is substantial overlap in 

genetic variants underlying the two phenotypes. When the genetic correlation proved to be 

significantly different from zero, these determinants were selected to be included in further 

analyses. 

A Cholesky decomposition was fitted to the selected determinants at baseline (time point 1 of 

2) and exercise behavior at follow-up (time point 3). Figure 8.4 shows (part of) this Cholesky 

decomposition, which reveals insight into the etiology of covariances between the 

determinants  and  prospective  exercise behavior. The  path  coefficients  between  the latent  
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Figure 8.3 Graphic representation of the bivariate models used to test the hypothesis that 

there is an overlap in genetic factors influencing potential determinants of exercise behavior 

as well as exercise behavior itself; this predicts a significant genetic correlation (rG). In the 

bivariate analyses, the mean of exercise behavior of time point 1 and 2 was used.  

 

genetic (A) and environmental (E) factors and the observed variables (the potential 

determinants and exercise behavior) can be used to calculate (using path tracing rules) how 

much of the covariance can be explained by genetics and how much by environmental 

factors. For example, the total variance in the first determinant is calculated as a1,1 * a1,1 (the 

genetic variance, also known as the heritability) + e1,1 * e1,1 (variance that is explained by 

environmental factors). The covariance between the first two determinants is computed as 

a1,1*a2,1 (which is the genetic covariance) + e1,1*e2,1 (which represents the covariance that is 

explained by environmental factors). Heritability can be computed by standardizing these 

coefficients by dividing the summed genetic variance for an observed phenotype by the total 
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variance. By decomposing the variance and covariance in sources of genetic and 

environmental factors, it is possible to estimate multivariate heritability and to examine how 

much of the genetic variance in exercise behavior at follow-up is shared with the 

determinants at baseline (path coefficients a12,1, a12,2 etc. up to a12,11) and how much of the 

genetic variance in exercise behavior at follow-up is unique (path coefficient a12,12).  

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 8.4 Graphic representation of the Cholesky decomposition. Variance and covariance of 

all twelve determinants and exercise behavior at follow-up were decomposed into genetic (A) 

and environmental (E) sources. The names next to the arrows represent the unstandardized 

path coefficients and their 95% confidence intervals. Notations for the other path coefficients 

follow analogous reasoning.   
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Finally, a multiple regression analysis was run in Stata/SE (version 14.1, StataCorp LP, USA) to 

determine how much of the variance in exercise behavior at follow-up could be explained by 

the determinants at follow-up. All determinants were forced into the model simultaneously. 

Family was used as a random effect to take familial relatedness into account.   

 

RESULTS 

General descriptives 

Table 8.1 shows the means and standard deviations (SDs) for exercise behavior measured at 

the 3 time points for males and females separately. METs spent on exercise behavior 

reported by survey at the youngest age were higher than those measured by interview in the 

lab study and by survey at 2-year follow-up. Females had lower MET scores compared to 

males at all three time points. Table 8.1 also shows the means and SDs of the potential 

determinants in the five different domains. Males had lower scores on the Personality 

subscales Neuroticism and Agreeableness. Females felt more energetic after the submaximal 

exercise test, whereas males reported higher feelings of tiredness. Regarding the exercise 

motives and barriers, females scored lower on ‘lack of energy’ higher on ‘embarrassment’. As 

expected, males score higher on all four measures of objective exercise ability, but no 

significant differences were seen for subjective exercise ability.  

Table 8.2 shows the (univariate) heritability estimates of exercise behavior. In our sample, the 

heritability was 67% (95% CI: 55% - 76%) for exercise behavior at time point 1, 81% (95% CI: 

73% - 86%) at time point 2 and 60% (95% CI: 42% - 72%) for exercise behavior at time point 3. 

Bivariate genetic analyses 

Table 8.2 displays the heritability estimates of the potential determinants and significant 

phenotypic correlations to mean exercise behavior across the different time points. In the 

final column of Table 8.2, the genetic and environmental correlations are listed. The five 

personality traits showed heritability estimates of 41% to 59%. Extraversion and 

Conscientiousness showed phenotypic correlations (r = .24 and .12 respectively) with exercise 

behavior, but only extraversion also showed a significant genetic correlation (rG = .28). 
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Heritability estimates for exercise-induced affective responses ranged from 15% to 37%. All 

measures, except for Calmness measured after the submaximal cycle ergometers test showed 

low, but significant phenotypic correlations with exercise behavior (.11 < r < .14). However, 

only Calmness measured after the submaximal test on the treadmill showed significant 

genetic correlation with exercise behavior (rG =.41). 

Heritability estimates for perceived benefits was 47%. For perceived barriers, the estimated 

ranged from 30% for ‘time constraints’ to 59% for ‘embarrassment’. All phenotypic 

correlations (r = .21 for perceived benefits and -.36 < r < -.20 for the remaining perceived 

barriers) with exercise behavior were moderate. Both perceived benefits and barriers showed 

significant genetic correlations with exercise behavior. 

Subjective exercise ability showed a moderate phenotypic correlation (r = .40) with exercise 

behavior, and high genetic correlation with rG = .50. Finally, close to half or more of the 

variation in objective exercise ability quantified by V̇O2max, handgrip strength, vertical jump 

performance, balance and flexibility could be explained by genetics (44% to 80%). Higher 

V̇O2max, better vertical jump performance and flexibility were associated with a higher amount 

of exercise behavior (r = .29 and .30 for V̇O2max, r = .17 for vertical jump performance, and r = 

.16 for flexibility). Significant genetic correlations were detected between exercise behavior 

and V̇O2max (rG = .40 and .46) and between exercise behavior and flexibility (rG = .15).  

Multivariate analyses 

In total, 12 of all our potential determinants showed significant phenotypic as well as genetic 

correlations with mean exercise behavior across all time points: Extraversion, Energy and 

Calmness measured after the submaximal exercise tests, all six motives and barriers for 

exercise behavior, subjective ability, V̇O2max  measured in mL/min as well as min/mL/kg, and 

flexibility. We included V̇O2max measured in mL/min/kg in the subsequent analyses, making a 

total of eleven determinants of interest. These eleven determinants were included in a 

multivariate Cholesky decomposition, together with exercise behavior at follow-up only. Table 

8.3 shows the unstandardized estimates of the path coefficients of the Cholesky 

decomposition. The headings of Table 8.3 correspond to the path coefficients depicted in 

Figure 8.4. The path coefficients a12,1, a12,2 etc. up to a12,11 larger than the path coefficients 

e12,1, e12,2 etc. up to e12,11, suggesting that the prospective association between these 
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determinants and exercise behavior at follow-up largely reflect shared genetic factors. 

Moreover, path coefficient a12,12 (Figure 8.4) was only -.03 (SE = 2.8, p > .05) which was not 

significant different from zero. Consequently, no additional genetic factor unique to exercise 

behavior and not shared by any of the eleven determinants was found.  

Finally, these eleven determinants were included in a multiple regression analysis (corrected 

for family structure) to predict exercise behavior at follow-up. Table 8.4 shows the regression 

coefficient estimates and their significance. Nineteen percent of the variance in follow-up 

exercise behavior could be explained by these determinants. However, we caution that only 

exercise ability (subjective exercise ability as well as objective exercise ability quantified by 

V̇O2max) was significant, and only at a liberal p-value of 0.05.  
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Table 8.1 Means and SDs for males and females for cross-sectional exercise behavior and 

exercise behavior at 3-year follow-up and its potential determinants.  

    Males Females 

  

Mean SD Mean SD 

Exercise behavior Time point 1 33.3 28.4 22.9 27.1 

(METs/week) Time point 2  25.2 22.8 18.7 21.0 

 

Time point 3  23.6 27.7 19.3 22.0 

      Personality  Neuroticism 28.7 7.1 31.9 7.7 

 

Extraversion 42.6 6.1 43.7 5.9 

 

Openness to experience 35.6 4.8 34.9 5.1 

 

Agreeableness 42.7 4.7 44.9 4.4 

 

Conscientiousness 42.4 6.7 43.9 5.8 

      Affective  submaximal exercise tests:  

    response Feeling Scale - cycle ergometer -1.3 3.4 -1.9 3.7 

 

Energy             - cycle ergometer 3.4 0.5 3.3 0.6 

 

Tiredness        - cycle ergometer 1.4 0.5 1.6 0.6 

 

Calmness        - cycle ergometer 2.9 0.7 2.8 0.7 

 

Calmness        - treadmill 2.9 0.8 2.8 0.7 

 

maximal exercise test: 

    

 

Calmness 3.3 0.6 3.3 0.6 

 
     

Perceived benefits 31.4 4.9 32.2 4.4 

Perceived barriers Lack of skills, support and/or resources 13.0 4.5 12.9 4.6 

 Time constraints 9.1 3.2 9.7 3.2 

 

Lack of energy 8.3 2.7 9.4 3.2 

 

Lack of enjoyment 6.6 2.9 6.8 2.9 

 

Embarrassment 4.5 1.7 5.3 1.9 

 
 

    Subjective exercise ability 3.5 0.6 3.4 0.6 

 
     

Objective  V̇O2max  (mL/min) 3134 510 2233 321 

exercise ability V̇O2max  (mL/min/kg) 46.9 6.6 36.6 5.8 

 

Hand grip 40.1 7.9 29.6 4.6 

 

Vertical Jump 45.8 6.4 35.4 5.3 

 

Flexibility 19.7 10.4 28.9 9.9 

  Balance 44.9 6.8 46.7 7.1 
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Table 8.3 Unstandardized path coefficients. 

  a…,1 a…,2 a…,3 a…,4 a…,5 a…,6 a…,7 a…,8 a…,9 a…,10 a…,11 a…,12 

a1,.. 4.71 

           a2,.. 0.18 -0.31 

          a3,.. -2.04 0.65 -2.56 

         a4,.. 2.03 0.29 -0.24 2.33 

        a5,.. 0.07 0.84 -1.30 -0.35 1.12 

       a6,.. -1.07 0.98 -1.41 0.02 0.78 -0.51 

      a7,.. -1.57 0.60 -0.87 -0.31 -0.17 -0.30 0.61 

     a8,.. -0.37 0.51 -0.45 -0.50 0.16 -0.81 0.29 0.49 

    a9,.. 0.26 -0.12 0.13 0.06 0.09 -0.03 -0.03 -0.28 -0.12 

   a10,.. 0.18 -0.58 1.56 0.95 -0.37 -0.75 -2.99 -2.48 0.52 -1.19 

  a11,.. 1.79 1.81 0.95 0.49 -1.63 -1.06 -4.15 -1.96 -5.91 3.83 0.00 

 a12,.. 3.62 -5.72 7.41 5.18 0.64 -2.40 -4.06 2.45 -9.58 -13.48 -0.08 -0.03 

 

e…,1 e…,2 e…,3 e…,4 e…,5 e…,6 e…,7 e…,8 e…,9 e…,10 e…,11 e…,12 

e1,.. 3.74 

           e2,.. -0.09 0.69 

          e3,.. -0.90 -0.27 2.90 

         e4,.. -0.12 0.15 -0.81 3.28 

        e5,.. -0.36 0.27 1.01 -0.42 2.23 

       e6,.. -0.51 0.13 0.75 -0.26 0.29 1.73 

      e7,.. 0.03 0.29 0.77 -0.45 0.55 0.53 1.66 

     e8,.. -0.39 0.03 0.59 0.20 0.00 0.32 -0.01 0.85 

    e9,.. 0.08 -0.02 -0.03 0.08 -0.01 -0.03 -0.02 0.02 0.29 

   e10,.. -0.23 0.05 0.22 0.18 0.58 -0.24 0.41 -0.55 -0.06 3.96 

  e11,.. 0.08 0.21 0.37 0.77 -0.26 -0.08 -0.32 0.04 -0.74 0.51 4.29 

 e12,.. 1.51 -0.83 0.31 1.51 -0.40 0.78 -2.56 -0.15 0.16 0.25 1.03 14.41 

Note. The path coefficients correspond to the path coefficients depicted in Figure 8.4. For clarification: 

1 = Extraversion; 2 = Calmness – treadmill; 3 = Perceived benefits; 4 = Lack of skills, support and/or 

resources; 5 = Time constraints; 6 = Lack of energy; 7= Lack of enjoyment; 8 = Embarrassment; 9 = 

Subjective ability; 10 = V̇O2max  (mL/min/kg); 11 = Flexibility; 12 = Exercise behaviour at follow-up. 
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Table 8.4 Results of the multiple regression analysis. A regression analysis was corrected for 

family structure.  

Determinants Coefficient SE p 

1 Extraversion 0.17 0.30 0.580 

2 Calmness - treadmill -0.09 2.17 0.968 

3 Perceived benefits 0.15 0.45 0.731 

4 Lack of skills, support and/or resources -0.35 0.48 0.473 

5 Time constraints -1.01 0.55 0.068 

6 Lack of energy 0.06 0.66 0.929 

7 Lack of enjoyment -1.13 0.62 0.069 

8 Embarrassment 0.91 0.89 0.308 

9 Subjective ability 7.27 3.09 0.020 

10 V̇O2max  (mL/min/kg) 0.58 0.27 0.036 

11 Flexibility 0.02 0.13 0.856 

 

 

DISCUSSION 

The genetic contribution to individual differences in regular voluntary exercise behavior peaks 

in adolescents and young adults (Figure 8.1). Here, a prospective twin design was used to test 

whether the heritability of exercise behavior in these age groups could be accounted for by a 

number of potential determinants of exercise behavior: personality, affective response to 

acute exercise, exercise motives and barriers, objective exercise ability as well as subjective 

exercise ability. The first four of these correlates of exercise behavior had been shown to be 

heritable in previous studies (Aaltonen et al., 2016; Bartels et al., 2012a; de Moor et al., 2012; 

Distel et al., 2009; Huppertz et al., 2014b) with strongest evidence for objective exercise 

ability (for meta-analyses see Schutte et al., 2016a and Schutte et al., 2016b). We now also 

provide evidence for substantial heritability (66%) of subjective exercise ability: one’s self-

reported ranking of physical fitness compared to peers. 

Eleven determinants showed significant genetic overlap with exercise behavior at a three-

year follow-up: Extraversion, Calmness measured after the submaximal exercise tests, the 

perceived benefits and barriers, subjective exercise ability, V̇O2max, and flexibility. When 

including these determinants in a covariance decomposition model, we accounted for all the 
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genetic variation in exercise behavior at follow-up. Hence, the substantial heritability of 

exercise behavior (60%) in our sample of young adults aged 19 to 20 is explained by the 

genetic variation in these eleven determinants measured three years earlier. This finding 

inevitably reflects some overfitting and independent replication is direly needed. 

Nonetheless, it is unlikely that these eleven determinants would cease to be of importance. 

This study therefore provides a valuable glimpse on the factors that give rise to the high 

heritability estimates reported in late-adolescents and young adults. 

Exercise behavior is, like many other behaviors, a complex polygenic trait; whether people 

perform exercise activities in leisure time and how often are the result from variation within 

multiple genes (and their interaction with environmental factors). Each of these genetic 

variants will explain only a very small percentage of the variance (Flint, 2013). To detect them, 

a major collaborative effort is needed that collects DNA with genome-wide genotyping in a 

sample large enough to perform genome wide association (GWA) study on regular voluntary 

exercise behavior, followed by the estimation of molecular genetic correlations between 

voluntary exercise and the heritable determinants. In parallel, a candidate gene approach 

could be used based on some of the determinants detected by our analyses. Such an 

approach could help establish that the traits that we putatively labeled as ‘determinants’, 

truly are causes of variation in exercise behavior, rather than a consequence of exercise 

behavior (reverse causality).  

A source of candidate genes repeatedly implicated in voluntary wheel running in animal 

models is the mesolimbic dopaminergic reward system (Rhodes et al., 2005). However, 

attempts to link dopaminergic candidate genes to voluntary exercise behavior in humans has 

showed mixed results (Huppertz et al., 2014a; Jozkow et al., 2013; Simonen et al., 2003). This 

does not, of course, rule out individual differences in the neurobiology of reward seeking or 

sensitivity. At least one other reward system, the endocannabinoid system, has long been 

implicated in exercise (Raichlen et al., 2012; Sparling et al., 2003). In general, genetic variants 

increasing the balance of appetitive over aversive experiences during and after exercise 

should be regarded potential candidate genes for exercise behavior. Bryan et al. (2007) 

reported that a single nucleotide polymorphism (SNP) in the brain-derived neurotrophic 

factor (BDNF) gene (G/A at nucleotide 196; Rs6265) moderated the effect of exercise on 

positive mood and perceived exertion in a sample of healthy exercisers (Bryan et al., 2007). 



CHAPTER 8 – HERITABLE COMPONENTS OF EXERCISE BEHAVIOR  

160 

 

8

 

 2

 
1 

BDNF is a peptide with a broad influence on brain function and it has been linked to neural 

development, cell survival and synaptic plasticity. Karoly et al. (2012) found two SNPs 

(rs8044769 and rs3751812) in the fat mass and obesity-associated protein gene (FTO) gene to 

be related to positive affect change during exercise (Karoly et al., 2012). The FTO gene is 

strongly linked with body mass index. The risk alleles within this gene seem to act on appetite 

ratings and satiety, but not on resting energy expenditure or physical activity (Speakman, 

2015). The FTO gene effect could be related to the ‘embarrassment’ component of the 

exercise attitudes linked to voluntary exercise behavior in this study might. Feelings of shame 

or embarrassment during exercise are known to be larger in overweight adolescents (e.g. 

Gillison et al., 2006).   

Exercise ability was a further determinant of exercise behavior. A number of candidate genes 

for exercise ability also exist (Sarzynski et al., 2016) although here too caution about potential 

false positives has been voiced (Pitsiladis et al., 2016). Especially for objective measures of 

strength and endurance, like maximal oxygen uptake, it is challenging to collect enough data 

to be well-powered for gene finding studies as measuring these traits involves laboratory 

equipment and a significant amount of time. This might explain the lack of (well-replicated) 

findings in this field. Interestingly, we here show an important determinant of regular exercise 

behavior that should be easy to collect in large samples: people's subjective belief about their 

capabilities to produce designated levels of exercise performance.   

It is essential here to note that the mean levels of most of these determinants, extraversion 

being the possible exception, are amenable to favorable change by intervention in 

adolescents and young adults. Our results confirm the usefulness of a strategy that optimizes 

the acute affective response to exercise, where achieving some fixed level of 

intensity/performance is made secondary to ‘feeling good’ while exercising (Ekkekakis, 2009; 

Parfitt et al., 2006; Williams et al., 2016). This might also improve the low expectation of 

enjoyment, a (perceived) barrier to regular exercise. While only a few individuals fail to 

improve their physical fitness from regular exercise activities, by necessity only half of the 

individuals will end up performing ‘better than average’, as innate ability plays a big role. The 

subjective perception of one’s relative ability can be a formidable opponent when trying to 

engage ‘the lower half’ of the exercise ability distribution, particularly in adolescence. A 

solution in interventions aiming to increase the adoption and maintenance of exercise 
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behaviors might be to shift attention from peer-group comparison to a within-person 

comparison to one’s own previous performance. For those lacking high levels of innate 

exercise ability, the competitive context should be downplayed or, conversely, the social 

aspects of exercise activities should be increased. 

 A number of limitations of the present study should be considered. We find no person-

specific environmental correlations between exercise behavior and the putative determinants 

of exercise behavior. Following the logic of De Moor et al. (2008) this could be taken to falsify 

a true causal effect of these determinants. However, below 5000 twin pairs, the power to 

detect a significant environmental correlation between exercise behavior and a correlate is 

very poor (Stubbe & de Geus, 2009) so the non-significance in the current study should not be 

interpreted.   

We did not take into account the possibility that, as part of maturation, different genes were 

expressed at baseline and follow-up. Modeling longitudinal data on exercise behavior in 7 to 

18 year olds by Huppertz et al. (2016) showed that genetic effects on exercise behavior were 

marked by both transmission (the same genetic effects influence exercise behavior at all ages) 

as well as innovation (newly emerging genetic effects on exercise behavior at all time points). 

At the age of 18 this was about fifty-fifty; half of the genetic variants is explained by the same 

genetic effects influencing exercise behavior at age 16, whereas the other half is explained by 

newly emerging genetic effects. When new genetic factors come into play only at follow-up 

they would act to reduce the genetic correlation with determinants measured at an earlier 

time point. However, in our study, all genetic variation at age of 19.7 was shared with the 

genetic variance of our selected determinants measured at age 17.1, suggesting far more 

transmission than innovation at these ages. The age range in our sample is wider than the age 

ranges in the study by Huppertz et al. (2016), suggesting that genetic factors that come into 

play during late-adolescence may be already picked up by our study at the first time point.  

Finally, a limitation of our experimental protocol, a consequence of logistic and feasibility 

constraints, was that submaximal and maximal exercise testing was done in a single session 

on one day. This prevented us from measuring the affective response at a fixed percentage of 

V̇O2max. In addition, our subjects could anticipate having to pedal until exhaustion during the 

maximal exercise test. This may have biased our results because individuals who have a low 
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tolerance for vigorous exercise activities or feel embarrassed when exercising vigorously 

could be underrepresented in our sample of volunteers. 

In conclusion, all five main classes of potential determinants examined showed significant 

associations with exercise behavior at follow-up: Extraversion, positive affect after exercise, 

perceived benefits and barriers (lack of skills, support and/or resources, time constraints, lack 

of energy, lack of enjoyment, embarrassment), subjective exercise ability and objective 

exercise ability, quantified by maximal oxygen uptake and flexibility. Multivariate modeling 

showed that the genetic variation in exercise behavior could be entirely explained by the 

genetic variation in these eleven determinants measured 3 years earlier. Demonstrating such 

high levels of heritability in determinants of (un)desirable health behaviors can appear 

intimidating. Heritability sounds like sentence for a life. It is not. Genetic variants are a route 

to increased future understanding of the actual biological pathways leading to the heritability 

of exercise behavior. These can provide a rational basis for stratified or personalized 

interventions on the mean level of exercise behavior.  
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It is not without reason that public health authorities worldwide have launched interventions 

aimed at physical activity during work/school time and transportation to work and school, and 

at physical activity in leisure time (e.g. the Global Recommendations on Physical Activity for 

Health by the World Health Organization (2010), the EU Physical Activity Guidelines by the EU 

Working Group Sport and Health (2008), and the Physical Activity Guidelines for Americans by 

the U.S. Department of Health and Human Services (2008)). Moderate to vigorous intensity 

exercise has been shown to have large protective effect on mortality (Samitz et al., 2011). Yet, 

in spite of these well-motivated attempts, large individual differences remain to be observed 

in physical activity habits, including the important component of regular exercise behavior in 

leisure time.  

In the knowledge that many twin and family studies have provided evidence that a substantial 

part of the variation in exercise behavior is determined by genetic predisposition (particularly 

in late-adolescence and young adulthood as shown in Figure 1.1), the main aim of this thesis 

was to identify the mechanisms that give rise to this heritability of exercise behavior.   

The heritability of adolescent exercise behavior 

Chapter 2 provides an overview of published studies on the quantitative genetics and 

molecular genetic findings for physical activity and exercise behavior. Up to 12 years of age, 

heritability estimates are low to moderate, whereas in (late-)adolescence, heritability 

estimates of voluntary exercise behavior are moderate to high. The results from the meta-

analyses in three different age groups confirm increasing influence of genetic factors with age 

on exercise behavior: meta-analytic heritability estimates of 20% (7 to 12 years), 35% (13 to 

15 years), and 53% (16 to 18 years) were reported. This changing genetic architecture of 

voluntary exercise behavior across the life span has been described before (Huppertz et al., 

2016; Stubbe et al., 2005; Stubbe & de Geus, 2009). The notion that shared environmental 

factors play a greater role in childhood than adolescence can be explained by the important 

role of the parents; they provide the children with the opportunity to become active, by 

means of transportation to exercise activities, give exercise activities the priority over other 

leisure time activities and motivation and encouragement to exercise. During adolescence, 

this parental meddling becomes less prominent, and the influence of genetic factors becomes 

more important (Huppertz et al., 2016). In spite of the evidence for this increasing 
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contribution of heritable factors to exercise behavior from twin and family studies, efforts to 

identify the actual genes contributing to this heritability are limited. The model by De Geus & 

De Moor (2008) (introduced in the first chapter of this thesis) provided us with testable 

hypotheses regarding the nature of the genetic factors affecting regular voluntary exercise 

behavior. In this model it is argued that likelihood of engaging in or maintaining exercise 

behavior might be increased by the presence of genetic variants that amplify the feelings of 

pleasure, sense of accomplishment and performance.  

A delicate balance: affective response to exercise 

The model by De Geus & de Moor (2008) is based on the principles of instrumental 

conditioning, determined by the positive reinforcement or feelings of punishment. Exercise 

induced positive affective responses (‘feel good’ experiences during or shortly after an 

exercise bout) may be an important contributor to appetitive effects of exercise. Previous 

studies showed a robust association between a more favorable affective response during 

exercise and the intention to engage in voluntary exercise (Kwan & Bryan, 2010; Ruby et al., 

2011) and greater actual participation in (voluntary) moderate to vigorous exercise (Dunton & 

Vaughan, 2008; Rhodes & Kates, 2015; Schneider & Graham, 2009; Williams et al., 2008; 

Williams et al., 2012). Short-term aversive effects may arise during exercise at higher 

intensities, most strikingly above the level where the supply of energy through oxygen must 

be supplemented by anaerobic metabolism. Blood lactate begins to accumulate above resting 

levels because lactate clearance is no longer able to keep up with lactate production and large 

individual variation in affective responses is seen (Ekkekakis et al., 2005; Ekkekakis et al., 

2011; Van Landluyt et al., 2000; Welch et al., 2007). In Chapter 4, we tested the role of 

exercise induced affective responses in the motivation to exercise, by estimating the 

heritability of the affective responses during and after exercise and the overlap with the 

genetic factors influencing regular voluntary exercise behavior. Genetic factors explained 12% 

to 37% of the individual differences in the affective responses during and after (sub)maximal 

exercise tests in the cycle ergometer and treadmill. Without exception, more positive 

affective responses were associated with higher amounts of regular exercise activity (.15 < r < 

.21) and this association was accounted for by an overlap in genetic factors influencing 

affective responding and exercise behavior. 
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Other studies that directly test the association between genetic variants and exercise-induced 

affective responses are scarce. Bryan et al. (2007) showed mediating effects of a single 

nucleotide polymorphism (SNP) in the brain-derived neurotrophic factor (BDNF) gene (G/A at 

nucleotide 196; Rs6265) on the association between exercise and positive mood, heart rate, 

and perceived exertion in a sample of healthy exercisers. Karoly et al. (2012) found two SNPs 

(rs8044769 and rs3751812) in the fat mass and obesity-associated protein gene (FTO) gene to 

be related to positive affect change during exercise (Karoly et al., 2012). Furthermore, a 

phylogenetically old mechanism that could influence the net balance of positive and negative 

affective responses during and after a bout of exercise could be an innate drive to be physical 

active (Swallow et al., 1998). The fulfillment of this ‘activity drive’ could be intrinsically 

rewarding, just as relieving hunger or thirst. Mouse lines that were selectively bred for 

voluntary-wheel running behavior have shed some light on this motivation to exercise. 

Behavioral pharmacological but also brain imaging studies in these mice by the laboratory of 

Garland showed that selection for increased voluntary wheel running altered dopamine 

signaling (Rhodes et al., 2005). Recently, it was shown that the facilitation of dopamine 

signaling is modulated by glutamate and GABA (Saul et al., 2016), neuromodulators that play 

a role in brain reward circuitry (Kelley & Berridge, 2002) and the neurotransmitter serotonin 

(Claghorn et al., 2016; Saul et al., 2016), which is also involved in the brain’s rewarding system 

(Kelley & Berridge, 2002).  

Tipping the balance: personality and perceived benefits & barriers 

Even more complex factors may influence the balance between aversive and appetitive 

effects of exercise in humans. A substantial body of evidence confirms personality to be a 

robust correlate of regular exercise behavior. Regular exercisers score lower on neuroticism 

and higher on extraversion, conscientiousness, and sensation seeking (de Moor et al., 2006; 

Rhodes & Smith, 2006; Wilkinson et al., 2013; Wilson & Dishman, 2015). In Chapter 8, we 

replicate the association of extraversion with voluntary exercise behavior, and show a 

significant genetic correlation between these traits. Extraverts are argued to be less aroused 

than introverts, whereas introverts have a higher level of activation to start with. Therefore, 

introverts might be easily overstimulated and less attracted to social situations and, 

consequently, exercise activities. The association with exercise behavior might be particularly 
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prominent in adolescence, when most exercise activities are performed in teams with friends 

and peers.  

In the above, we assume that the genetic correlation between extraversion and exercise 

behavior results from the causal effects of (heritable) extraversion on exercise behavior. In 

doing so, we implicitly rule out reverse causality with (heritable) exercise behavior increasing 

extraversion. Initial support for a causal effect of extraversion on exercise (and not the 

reverse) comes from twin studies modeling the longitudinal trajectories of both extraversion 

and exercise behavior over a prolonged time period (De Moor & de Geus, in press). Further 

support could be generated by studies using candidate genes for extraversion to predict 

exercise behavior, using what is known as the Mendelian randomization approach (Davey 

Smith & Hemani, 2014). Mendelian randomization entails the utilization of common genetic 

variants that have a well-characterized biological function to study the effect of a suspected 

environmental exposure on a disease risk or trait (in this case, exercise behavior). Under the 

causal hypothesis that extraversion is a determinant of exercise behavior, genetic variants 

influencing extraversion should also be associated with exercise behavior. Provided sufficient 

power, failure to find this genetic influence would act to falsify a causal effect of extraversion. 

Biological theories suggest that extraversion is linked to the mesolimbic dopamine system as 

this mechanism is related to individual differences in the functioning of the reward system 

(Depue & Collins, 1999) and several studies show an association of extraversion with genes 

involved in the dopaminergic system (Golimbet et al., 2007; Reuter & Hennig, 2005; Smillie et 

al., 2010). Following the Mendelian Randomization logic these genes should be associated 

with exercise behavior if extraversion is a causal agent. Simonen et al. (2003) indeed reported 

an association of a single nucleotide polymorphism (SNP) in the DRD2 gene with physical 

activity in families of the Quebec Family Study and HERITAGE Family Study. However, both 

Jozkow et al. (2013) and Huppertz et al. (2014a) failed to replicate this association. These 

mixed results could doubt the role of dopaminergic signaling in voluntary exercise behavior. 

However, as shown by Saul et al. (2016) in mice, the total dopaminergic pathway is complex 

and part of a large neurobiological framework. For instance, the neurobiology of 

dopaminergic reward seeking might be linked to another reward system, the 

endocannabinoid system, which has long been implicated in exercise (Raichlen et al., 2012; 

Sparling et al., 2003). In addition, we now know that the single genetic variants influencing 
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complex traits have a very small effect size and that they may not be picked up by samples 

comprised of ‘only’ thousands of subjects (Flint, 2013).  

Both these problems may be addressed by the more optimal strategy to find genes related to 

extraversion: a meta-analysis of genome wide association studies (GWAMA) with a large 

cumulative sample size (Flint, 2013; Visscher et al., 2012). A recent GWAMA for extraversion 

resulted in only one significant ‘hit’: a non-coding RNA site (LOC101928162) with unknown 

function (van den Berg et al., 2016). A clear prediction from our work, following the 

Mendelian Randomization logic is that this hit should also predict voluntary exercise behavior. 

As indicated, much larger samples than the one employed here are needed to test this as the 

effect size of this single variant is very modest. To increase power, a polygenic risk score for 

extraversion – for which GWA meta-analytic summary statistics are available in the public 

domain (de Moor et al., 2012) – could further be used to predict voluntary exercise behavior. 

Under the causal hypothesis that extraversion is a causal driver of regular exercise behavior 

this prediction should be significant. However, finding a significant effect would not rule out a 

genetic pleiotropic effect: in this case multiple genetic variants influence exercise, but 

independently also extraversion. 

Extraversion may also act through more complex routes, e.g. in attitude formation on exercise 

behavior. Courneya and Hellsten (1998) showed that extraversion was correlated to exercise 

motives, such as improvement of fitness and health, social contacts, and sheer enjoyment 

(Courneya & Hellsten, 1998). In Table 8.3 in Chapter 8, the path coefficients between 

extraversion and perceived benefits (a3,1) and ‘lack of skills, support and/or resources’ (a4,1), 

‘lack of energy’ (a6,1), and ‘lack of enjoyment’ (a7,1) were significant (p < .05), suggesting that a 

significant amount of this association is explained by genetic factors. The perceived benefits 

and barriers of exercise behavior form another set of psychological factors that could 

influence the net affective response to exercise behavior. Individuals who have come to 

believe that the (long-term) advantages of exercising outweigh the (short-term) 

disadvantages are more likely to adopt and maintain exercise activities (Becker, 1974). In line 

with this, many studies reported robust associations between perceived benefits and exercise 

behavior whereas perceived barriers are as robustly associated with less engagement in 

exercise behavior (Allender et al., 2006; Hagger et al., 2002; Rhodes & Smith, 2006; Trost et 

al., 2002). Perceived benefits of exercise behavior are amongst others fitness and health, 
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social contacts, and enjoyment, whereas lack of opportunity and support, feelings of 

embarrassment, the lack of energy, or time constraints are part of the perceived barriers of 

exercise behavior.  

Huppertz et al. (2014b) demonstrated moderate to high heritability estimates for the 

perceived benefits and barriers in adult twins and siblings, with the highest estimates for ‘lack 

of enjoyment ‘(44% to 47%) and ‘lack of skills, support and resources’ (including items such as 

‘I do not have anybody to exercise with’ and ‘I do not have the required materials for 

exercising’, 45% to 48%). Aaltonen et al. (2016) reported comparable heritability estimates for 

motives for engaging in physical activity in leisure time in adult twins, ranking ‘Enjoyment’ 

(33% to 53%) and affiliation (‘be with friends and/or do activity with others’, 35% to 39%) as 

the motive dimensions with the highest heritability. Both studies also report perceived 

barriers or motive dimensions related to ‘to be fitter and/or look better than others’ or the 

other side of the spectrum ‘embarrassment’ to be substantial heritable (27 to 49%). 

Moreover, Huppertz et al. (2014b) revealed that perceived benefits and barriers of exercise 

may have a causal effect on exercise behavior even in the presence of pleiotropic genetic 

effects independently influencing exercise motives and barriers and exercise behavior. In 

Chapter 8, we replicated the heritability estimates for perceived benefits and barriers and 

showed that they have a substantial genetic overlap with exercise behavior. 

Tipping the balance further: exercise ability  

Being good at exercise and performing better than others will lead to feelings of competence, 

whereas lower levels of performance might lead to disappointment or shame. Perceptions of 

differences in ability will therefore greatly contribute to the affective response to exercise. 

This might be especially during (late-)adolescence, when the influence of role models in 

health behaviors is large (DuBois & Silverthorn, 2005; Yancey et al., 2011). Exercise 

performance level may be influenced by skills specific to a sport, although a number of 

general fitness characteristics including strength and endurance, are strong predictors of 

performance across a variety of sports and exercise activities (McArdle, 2009). Chapter 5 and 

6 show that both adolescent muscle strength, as well as flexibility, balance and endurance 

capacity (quantified by V̇O2max) are influenced by innate factors. When including the 

heritability estimates for these traits in meta-analyses, genetic factors explained most of the 
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variance in vertical jump (62%; N = 874), handgrip strength (63%; N = 4516) and flexibility 

(50%; N = 1130), V̇O2max  (in mL/min 59%; N = 1088 and in mL/min/kg 72%; N = 1004) in 

children, adolescents and young adults (age < 30y). However, in our sample we cannot 

currently determine the exact contribution of the two different components that make up the 

heritability of physical fitness: genetic factors that contribute to baseline (untrained) physical 

fitness levels and those related to the extent of the training-induced gains in physical fitness 

(i.e. genetic factors contributing to ‘trainability’).  

Substantial individual differences exist in trainability, i.e. individuals differ to a great extent in 

their response to a standardized training protocol. This is in part due to genetic variation. 

Bouchard demonstrated this effect in families in the HERITAGE Study (Bouchard et al., 1995), 

by submitting more than 200 families to a 20 week exercise program. Large individual 

differences in trainability were seen for several performance phenotypes; the training-

induced changes in V̇O2max, several skeletal muscle phenotypes, resting heart rate, resting 

blood pressure, and other risk markers for cardiovascular diseases could for a large part be 

explained by genetics (An et al., 2003; Bouchard et al., 1999; Hong et al., 2000; Perusse et al., 

2000; Rice et al., 2002; Rico-Sanz et al., 2003). In our study we could not separately compute 

heritability for basal ability and trainability as our study used a mixture of sedentary subjects 

and moderately and vigorous exercisers. Physical fitness in the former will mostly reflect 

genetics of baseline exercise ability whereas fitness in the two latter groups will reflect a 

mixture of the genetics of baseline exercise ability and trainability.  

So far, identifying the genes involved in either basal exercise ability or trainability has proven 

difficult (Pitsiladis et al., 2016). Candidate genes studies of muscle strength have focused on 

insulin-like growth factor- and myostatin-related genes and genes involved in inflammatory 

factors. Linkage analyses revealed several additional regions of interest in the genome, 

although individual genes could not be identified as yet (see Thomis and Aerssens, 2012 for a 

review). One of the most studied polymorphisms is the R577X variation in the ACTN3 gene. 

This gene seems to influence the performance of fast skeletal muscle fibers and ACTN3 XX 

homozygotes may have modestly lower skeletal muscle strength in comparison with R-allele 

carriers (Yang et al., 2003). For maximal oxygen uptake, only one GWA study has been 

conducted to date by Bouchard et al. (2011b). Strikingly, in spite of the small sample size, this 

study revealed that 16 SNPs accounted for 45% of the variance in gains in V̇O2max after 



CHAPTER 9 – SUMMARY & SYNTHESIS 
 

173 
 

9

 

 2

 
1 

exposure to a standardized 20-weeks exercise program in a sample of 473 sedentary adults 

(Bouchard et al., 2011b). No GWA studies have yet been performed on V̇O2max in the 

untrained or baseline state (before training). It is challenging to collect enough data to be 

well-powered for gene finding studies as measuring maximal oxygen uptake involves 

laboratory equipment and a significant amount of time (especially in training studies). This 

might explain the lack of (well-replicated) findings in this field.  

Exercise ability should not only be defined in terms of peak performance capacity but also in 

terms of being able to withstand potential injuries. A downside of being a fervent exerciser is 

the increased risk of sports injuries. Of importance is the nature of the injury and the duration 

of the treatment and discomfort (pain) as well as lost sporting time, school, and working time, 

and healthcare costs. Environmental risk factors for sports injuries are for example training 

using incorrect or below-standard sportswear, unmatched opponents in competitive exercise 

activities, and nutrition (Shanmugam & Maffulli, 2008). However, there is growing evidence 

that genetic factors are implicated in the susceptibility for sports injuries (Collins & Raleigh, 

2009). Especially the COL1A1 gene, that encodes for the protein type 1 collagen, which is a 

major component of tendons and ligaments. A SNP upstream of this gene is associated with a 

decreased risk for acute soft tissue ruptures (Collins et al., 2010). Although the data on sports 

injuries was not included in this thesis, it might be an interesting addition to ‘exercise ability’ 

in the model when explaining the heritability of voluntary exercise behavior. 

Expanding the model of De Geus & de Moor (2008)   

In Chapter 8, we aimed to establish the prospective contribution of personality, perceived 

benefits and barriers, exercise-induced affective response, and subjective and objective 

exercise ability to the heritability of voluntary exercise behavior in a sample of adolescents 

and young adult twins. We hypothesized that the genetic factors contributing to these 

determinants correlate with the genetic factors that are responsible for the individual 

variation seen in exercise behavior in adolescents and young adults. We showed that eleven 

determinants have genetic overlap with exercise behavior. These determinants included the 

‘extraversion’ dimension of personality, calmness measured by the Activation-Deactivation 

checklist after a submaximal exercise test, perceived benefits of exercise and perceived 

barriers to exercise, and subjective and objective exercise ability. When including these  
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determinants in a covariance decomposition model, we showed that all of the covariance of 

these determinants with exercise behavior at follow-up is due to genetic factors.  

These findings allow us to expand the model by De Geus & de Moor (2008). Figure 9.1 shows 

the expanded model based on the new work in this thesis. The upper part of the extended 

model consists of the core concept of instrumental conditioning (Hall, 1976) that remains 

central as it was in the original model. When people engage in regular exercise activities, they 

are exposed to a combination of acute (during the exercise bout and shortly after) aversive 

and appetitive effects. The net balance of these effects determines whether the activity will 

be experienced as rewarding or punishing, and this will strongly contribute to the adoption 

and maintenance of regular exercise behavior. We add six modulators of the affective 

response: personality, perceived benefits and barriers, self-regulation, social support, activity 

drive, and subjective exercise ability. A role for three of these, personality, perceived benefits 

and barriers and subjective exercise ability, were directly supported by the work in this thesis 

(Chapter 8).  

Self-regulation is the ability to regulate one's emotions, thoughts, and behavior in the face of 

acute temptations and impulses. It is necessary for regulating one's behavior in order to 

achieve specific longer term goals (Baumeister et al., 2007). A large body of literature shows 

that self-regulation, or the related concepts of self-motivation and self-efficacy are correlates 

of regular exercise behavior (Dishman et al., 2005; MacAuley et al., 1998; Nigg, 2001). 

According to the model depicted in Figure 9.1, these concepts do so in part by influencing the 

perception of acute aversive effects. Being able to endure the temporary discomforts of 

exercise in view of a future reward (e.g. fitness, losing weight, winning the game) or long-term 

goal (health) is a core characteristic of self-regulation. In addition, the feeling of 

accomplishment of this self-discipline might tip the balance between aversive and appetite 

effects even during exercise. The concept of self-regulation is also argued to be shaped by 

genetic variants (Posner & Rothbart, 2009). Furthermore, including the innate ‘activity drive’ 

(Rowland, 1998) in the model, as the fulfillment of which is intrinsically rewarding, is based on 

a large literature of animal studies. Studies with spontaneous wheel-running inbred mice-

strains and selective breeding in mice for high voluntary wheel-running activity resulted in 

numerous genomic regions that were associated with physical activity in mice (Kelly et al., 

2010; Lightfoot et al., 2008; Nehrenberg et al., 2010). This suggests a biological mechanism 
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that propels the motivation to exercise. Finally, social support is a known factor to be of 

relevance in any behavioral intervention and exercise is no exception (Dishman et al., 1985; 

Sallis et al., 2000). As reviewed in Chapter 2, we find that in childhood common 

environmental factors that are shared by siblings of the same family play a much larger role in 

exercise behavior than genetic factors and this may largely reflect a positive effect of social 

support by parents and siblings. In part this effect can be purely instrumental; the parents 

need to enable the children to partake in sports and exercise activities by providing them 

sportswear, gear, and arranging transportation. However, family social support can also have 

a component of encouragement which can act to increase the acute appetitive effects of 

exercise for the child.  

A new factor in the model is the importance of subjective exercise ability, measured as the 

relative ranking of one exercise performance and skills against peers. Although linked to 

actual exercise ability, it is possible that this subjective ability is even more important than 

objective ability in modulating the affective response to exercise. In Chapter 8 we 

demonstrate for the first time that subjective exercise ability, as expected from the 

underlying objective exercise ability, is a heritable trait (66%) and genetically associated with 

exercise behavior. Moreover, it may also explain the genetic association between exercise 

behavior and mental wellbeing that we reported in Chapter 7. People's beliefs about their 

capabilities to produce designated levels of exercise performance lead to feelings of 

competence and mastery. The subjective perception of exercise ability may therefore be an 

important determinant of exercise-induced increases in self-esteem. Together with the often 

reported ‘feel good’ in those exercisers that are characterized by a favorable balance of 

appetitive and aversive acute psychological effects, self-esteem can cause the increased 

wellbeing reported by exercisers. 

Many potential and complex interactions between all components of the model have 

currently been left out. For instance, subjective exercise ability, although based on objective 

exercise ability, could be influenced by personality and social support. The latter may be 

particularly relevant in younger children who may find it easier to believe their parents about 

their performance, in spite of evidence to the contrary, based their actual performance. The 

biology of the activity drive may overlap with that of the extraverted personality and 

perceived barriers like ‘lack of time’ may be a function of self-regulatory capacities. While 
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appreciating these complexities, with the exception of social support, all elements in the 

model have been shown to be heritable. In keeping with the original model, they remain to be 

considered part of the intermediate pathways between the genomic level and the behavioral 

level, and meaningful explanatory variables for the high heritability of regular voluntary 

exercise behavior. 

Remaining tasks 

Throughout this thesis, we trustingly labeled the studied traits ‘determinants’, yet reverse 

causality cannot simply be ruled out. As previously discussed in relation to extraversion, 

genetic correlation may arise because the genetic variants influencing exercise behavior could 

become part of the heritability of the so-called determinant if regular exercise itself affects 

the determinant. Furthermore, a third scenario is that the same genetic variants 

independently influence the determinant and the tendency to become a regular exerciser. 

Mixtures of these three causal scenarios may be at play as well, e.g. 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 

individuals (regular exercisers would not show meaningful changes). Twin studies can resolve 

causality in unselected population-based samples if the sample size is sufficiently large to 

detect environmental correlations (de Moor et al., 2008), but might be a challenging 

undertaking for the relatively 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). 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 et al., 2008). 

Fortunately, for some of our determinants, global genome-wide association analyses 

initiatives exist and a robust (and replicated) set of genetic variants influencing our intended 

determinants will become available in time.  

Future exploration of the genetic mechanisms underlying exercise behavior should also more 

prominently model possible gene-environment interplay. The effect of an environmental 

exposure on an individual may depend on his or her genotype. Vice versa the effects of a 

specific genetic variant may be dependent on the environment. The effect of genetic variants 
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can be amplified during or after being exposed to specific environmental factors. New 

previously ‘dormant’ genetic variants may become expressed due to exposure to 

environmental factors, whereas ‘active’ genetic variants may become suppressed by them. 

These (heritable) changes in gene expression are also known as epigenetics. Classic twin 

studies typically assume the gene-environment (GxE) interaction to be negligible, as the 

design (estimating A, C, and E) cannot discriminate between the main effects of genes and 

their interaction. When applying the classical twin model, interactions between genetic 

factors and the shared environment will result in an overestimation of the main effects of 

genes, whereas interactions between genetic factors and the unique environment will result 

in an underestimation of the main effects of genes. Fortunately, when (multiple) measures of 

environmental factors are collected GxE interaction terms can be included in heritability 

modelling, thereby improving the accuracy of the heritability estimate (Purcell, 2002). Gene-

environment interaction can also be incorporated in candidate gene studies (Dick et al., 2015) 

and even in GWA studies (Thomas, 2010; Winham & Biernacka, 2013).  

Implications for intervention on exercise behavior 

To encourage adolescents and young adults to adopt a physically active lifestyle, the innate 

individual differences can be used as a starting point. Acknowledgement of the existence of 

heritable individual differences in the determinants of exercise behavior can suggest that it 

may be harder to engage some people in exercise than others, but that in no way means that 

we should stop trying. As opposed to general beliefs regarding the heritability of behavior, 

heritable traits can still be worthy targets for intervention (Plomin & Haworth, 2010). Many 

intervention studies for many traits have shown that genetic influences on the variance in a 

trait do not hamper attempts to favorably change the mean population level of the trait. Even 

if genetic factors are still a main cause of remaining variation around the increased post-

intervention mean.  

Understanding the genetic pathways that lead to differences in voluntary exercise behavior 

may help identify specific biological and psychological determinants that would be solid 

targets for intervention. Individuals may experience rather different ‘gains’ when exercising. 

Favorable 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 
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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 experienced 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, may elicit feelings of punishment and cause the individual to drop-out. The 

latter individuals might benefit more from an individualized exercise intervention, in which 

the appetitive aspects for that specific individual should be emphasized and the aversive 

aspects reduced as much as possible. To optimize the appetitive aspects of exercising that are 

specific to that individual and generating realistic person-specific goals, different genotypes 

may require entirely different exercise programs. 

Final remarks 

The large individual differences in regular voluntary exercise behavior in late-adolescents and 

young adults are for a large part due to genetic factors. This thesis aimed to unravel the 

genetic components of this healthy behavior by studying its genetic association with known 

correlates and determinants. Increased understanding of the individual differences in 

voluntary exercise behavior is a necessary step to innovate and invigorate public health 

programs aimed at exercise behavior change. Focusing on the population variation and 

increasing the appetitive aspects of exercising that are specific to an individual by generating 

realistic person-specific goals will, in the end, increase overall exercise behavior in 

adolescents and young adults.  
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Het is niet zonder reden dat autoriteiten wereldwijd aandacht besteden aan programma’s en 

interventies om mensen meer te laten bewegen. Sportactiviteiten van gemiddelde tot zware 

inspanning dragen bij aan de gezondheid. Desondanks zijn er nog steeds grote individuele 

verschillen in regelmatig sportgedrag. Studies in families en tweelingen hebben aangetoond 

dat sportgedrag een erfelijke eigenschap is. In hoofdstuk 2 laat ik in drie grote meta-analyses 

zien dat in een leeftijdsgroep met een gemiddelde leeftijd van 7 tot 12 jaar, de genen nog niet 

zo’n belangrijke rol spelen: maar 20% van de verschillen in sportgedrag wordt verklaard door 

genetische invloeden. Waarschijnlijk is hier de rol van ouders belangrijker: zij bieden hun 

kinderen de kans om te gaan sporten door hen te motiveren, door sport de voorkeur te geven 

boven andere vrijetijdsbestedingen, hen van en naar de sportfaciliteiten te brengen etc. In de 

vroege adolescentie (leeftijd 13 tot 15 jaar) gaan genen steeds meer een rol spelen (35%). In 

de leeftijd van 16 tot 18 jaar wordt meer dan helft van de verschillen in sportgedrag verklaard 

door genen.  

Ondanks deze hoge erfelijkheid tijdens de late adolescentie zijn er tot nu toe nog weinig 

genetische varianten geïdentificeerd die deze erfelijkheid kunnen verklaren. Een model 

geïntroduceerd door de Geus & de Moor (2008) kan meer inzicht bieden in de erfelijke 

componenten van sportgedrag. Dit model gaat er vanuit dat de waarschijnlijkheid dat iemand 

regelmatig gaat sporten afhangt van genetische varianten die plezierige, positieve gevoelens 

tijdens en na het sporten versterken en die het goed kunnen presteren in sport beïnvloeden. 

Dit model voorziet in toetsbare hypothesen om meer te weten te komen over de oorsprong 

van de hoge erfelijkheid van sportgedrag tijdens de late adolescentie. 

Hiertoe heb ik een onderzoek naar de individuele verschillen in sportgedrag opgezet en 

uitgevoerd, waaraan tweelingen tussen de 16 en de 18 jaar oud (en hun zusje of broertje) die 

stonden ingeschreven bij het Nederlands Tweelingen Register werden gevraagd deel te 

nemen. Het onderzoek bestond uit het afnemen van fitheidstesten, zoals 

spierkrachtmetingen en balans, een leefstijlinterview, twee submaximale inspanningstesten 

(op de fietsergometer en op de loopband), en een maximale inspanningstest. Bijna 500 

personen namen deel aan het onderzoek. Het protocol staat uitgebreid beschreven in 

hoofdstuk 3. Tijdens de testen werden hartslag en zuurstofopname continu gemeten. Bijna 3 

jaar later (op een gemiddelde leeftijd van ongeveer 20 jaar) werden zij nogmaals gevraagd 

aan te geven of en hoeveel zij op dat moment nog regelmatig sportten.  
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Eerdere studies lieten zien dat er een verband bestaat tussen positieve gevoelens tijdens het 

sporten en (de intentie om meer te gaan) sporten maanden later. Een hele hoge mate van 

inspanning, boven de lactaatdrempel, lokt voor iedereen gevoelens van misnoegen uit. Juist 

onder die drempel, waarbij het fysieke systeem nog steeds flink wordt uitgedaagd, is er een 

grote variabiliteit in hoe mensen zich voelen in reactie op het sporten. In hoofdstuk 4 worden 

de gevoelens tijdens en vlak na de submaximale inspanningstesten gemeten. De individuele 

verschillen in gevoel (gemeten met verschillende vragenlijsten) werden voor 12 tot 37% 

verklaard door genetische verschillen. Meer positieve gevoelens tijdens en meer gevoel van 

kalmte en energie na de inspanning waren geassocieerd met meer regelmatig sportgedrag.  

Bekwaamheid in sport of het snel boeken van resultaten bij trainingen kunnen de balans 

tussen positief en negatief gevoel tijdens en na sporten beïnvloeden. Betere sportprestaties 

(dan anderen) dragen bij aan gevoelens van bekwaamheid, terwijl minder goede 

sportprestaties kunnen leiden tot schaamte of teleurstelling. Juist tijdens de adolescentie, 

waarin competitief gedrag een grote rol speelt, kan meer of minder bekwaamheid in sport 

leiden tot overheersing van een positieve of juiste negatieve gevoelens tijdens of vlak na het 

sporten. Hoofdstuk 5 en 6 laten zien dat de belangrijkste indicator van bekwaamheid voor 

sport, de fysieke fitheid, erg erfelijk is in de leeftijd van 16 tot 18 jaar. In een meta-analyse in 

kinderen, adolescenten en jongvolwassenen tot 30 jaar zien we dat meer dan de helft van de 

verschillen in elementen van fitheid wordt verklaard door genetische factoren: verticale 

sprongkracht 62%, handknijpkracht 63%, flexibiliteit 50%, maximale zuurstofopname 59-72%.  

In hoofdstuk 8 kijk ik naar de voorspellende waarde van de gevoelens tijdens sporten en de 

fysieke fitheid op het toekomstig sportgedrag. Ons onderzoek laat zien dat verticale 

sprongkracht, flexibiliteit en vooral maximale zuurstofopname genetisch samenhangt met 

sportgedrag 3 jaar later. Ook subjectieve bekwaamheid (hoe goed je bent ten opzichte van 

leeftijdsgenoten) in sport hangt (genetisch) samen met het sportgedrag in de toekomst. Twee 

andere factoren die in eerder onderzoek van het Nederlands Tweelingen Register een 

belangrijke bijdrage bleken te leveren aan verschillen in sportgedrag, persoonlijkheid en 

sportattitudes, werden eveneens getest. Persoonlijkheid van een individu kan de balans 

tussen positief en negatief gevoel tijdens en na sporten kan beïnvloeden. Eerdere studies 

toonden al een verband aan tussen sportgedrag en lagere scores op neuroticisme en hogere 

scores op extraversie, zorgvuldigheid en openstaan voor nieuwe ervaringen. In hoofdstuk 8 
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zien we een erfelijk verband tussen extraversie tijdens de adolescentie en sportgedrag op 

latere leeftijd. In de literatuur wordt extraversie in verband gebracht met dopaminerge 

genen. Studies die de relatie tussen dopamine en sportgedrag in mensen onderzoeken laten 

wisselende resultaten zien, maar het dopaminerge systeem maakt onderdeel uit van een 

complex neurobiologisch netwerk, waarin ook het endocannabinoide systeem (welke al 

langer in verband wordt gebracht met sport) en serotonerge systeem samenwerken. 

Persoonlijkheid kan ook een rol spelen in bij sportattitudes, dat wil zeggen de voordelen van 

sport die mensen zien en de barrières die ze noemen die hun sportgedrag in de weg kunnen 

zitten. Voorbeelden van voordelen zijn fitter worden en interactie met vrienden/anderen. Als 

barrières worden tijdsgebrek, gebrek aan sociale ondersteuning, schaamte en futloosheid 

genoemd. Ook deze zelfervaren voordelen en barrières laten een substantiële erfelijkheid 

zien (30%-59%) en ze hangen (genetisch) samen met sportgedrag op latere leeftijd.  

Al deze bevindingen maken het mogelijk het model van De Geus & de Moor uit te breiden, 

zoals weergegeven hoofdstuk 9 (Figuur 9.1). Centraal in het bovenste gedeelte van het model 

staat het principe van instrumentale conditionering. Wanneer mensen gaan sporten, worden 

ze blootgesteld aan een combinatie van positief en negatief gevoelens. De netto balans van 

deze effecten zal uiteindelijk de doorslag geven of de sportactiviteit wordt gezien als 

belonend of juist als ‘straf’ en dit draagt sterk bij aan de voorzetting of beëindiging van de 

regelmatige sportactiviteiten. Aan het model hebben we zes modulatoren van deze gevoelens 

toegevoegd: (subjectieve) bekwaamheid, persoonlijkheid, zelfervaren voordelen & barrières, 

zelfregulatie, sociale ondersteuning en intrinsieke behoefte tot bewegen. De rol van eerste 

drie worden bevestigd in dit proefschrift, de overige drie komen uit voorgaande studies maar 

behoeven nog nader onderzoek. 

In dit proefschrift ga ik overwegend uit van een oorzakelijk verband tussen de componenten 

in het model en sportgedrag. Maar een omgekeerd causaal verband kunnen we niet zomer 

uitsluiten. Daarnaast kan een genetische samenhang ook wijzen op genetische pleiotropie, 

waarbij dezelfde genetische varianten onafhankelijk van elkaar twee verschillende 

eigenschappen beïnvloeden. Tweelingstudies kunnen een rol spelen in het oplossen van dit 

probleem, maar de steekproefgrootte moet daarvoor wel groot genoeg zijn. Een alternatieve 

strategie is Mendeliaanse randomisatie, waarbij gebruik wordt gemaakt van genetische 

varianten waarvan we weten welk effect ze hebben op een eigenschap (in dit geval 
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sportgedrag). Genetische varianten die geassocieerd met componenten uit het model zouden 

ook geassocieerd moeten zijn met sportgedrag, terwijl het omgekeerd niet waar hoeft te zijn. 

Mits de steekproef groot genoeg is (en er genoeg statistische power is) dan zou het uitblijven 

van deze genetische associatie een causaal effect falsificeren. Alhoewel het een uitdaging is 

om bij heel veel mensen zowel DNA als (objectieve) gegevens over de componenten in het 

model te verzamelen, zijn er voor sommige van de componenten (bijvoorbeeld voor 

extraversie) al resultaten van genoomwijde associatiestudies gepubliceerd en zullen 

betrouwbare sets van (gerepliceerde) genen spoedig beschikbaar zijn.  

Het ontrafelen van de genetische mechanismen onderliggend aan sportgedrag draagt bij aan 

het identificeren van biologische en psychologische determinanten van sportgedrag, waar 

interventies op kunnen worden gericht. In een geïndividualiseerd sportprogramma kan de 

focus worden gelegd op het vergroten van positieve gevoelens en minimaliseren van 

negatieve gevoelens. Verschillende genotypen zullen verschillende sportprogramma’s 

behoeven, zodat voor elk individu specifieke doelen kunnen worden gesteld. Het focussen op 

individuele verschillen en het vergroten van persoon-specifieke aantrekkelijke aspecten van 

sportgedrag zullen uiteindelijke bijdragen aan het verhogen van het gemiddelde sportgedag 

in adolescenten en jongvolwassenen. 
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APPENDIX A – INFORMATION BROCHURE  
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APPENDIX A – INFORMATION BROCHURE 
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APPENDIX B – LIFESTYLE INTERVIEW 

Leefstijlinterview 

Inventarisatie dag / beroep / school of studie 

1. Wat voor dag is het? 

 Vrije dag 

 Werkdag (ook indien je huisvrouw / -man bent) 

 Je hebt momenteel geen werk (door naar 5) 

 Een schooldag (door naar 5) 

 Anders, namelijk …………………………………………. 

Werk/beroep 

2. Wat voor soort werk doe je momenteel?  

 student/schoolgaand (door naar 5) 

 fulltime betaald werk: meer dan 32 uur per week, namelijk ………. uur 

 parttime betaald werk: 12-32 uur per week, namelijk ………. uur 

 parttime betaald werk: minder dan 12 uur per week, namelijk ………. uur 

 werkeloos, sinds ………. (jaartal) (door naar 4) 

 huisman / huisvrouw, sinds ………. (jaartal) (door naar 4) 

 arbeidsongeschikt ………. (jaartal) (door naar 4) 

 anders, namelijk ………. (door naar 4) 

3. Wat is jouw beroep? (Gedetailleerd weergeven, ook: leidinggevende functie of niet?) 

……………………………………………………………………………………………………………………………………………

…………………………………………………………………………………………………………………………………………… 

4. Wat is jouw hoogst genoten opleiding welke je met een diploma hebt afgerond? 

 Lager onderwijs  

 Middelbaar onderwijs (mavo, lbo, vmbo)  

 Hoger middelbaar onderwijs (havo, vwo, mbo) 

 Hoger onderwijs (universiteit, hoger niet-universitair, hbo, BaMa) 
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 Anders, namelijk: ……………………….. 

School / studie 

5. In welk jaar van de opleiding zit je momenteel?  

 middelbare school afgerond 

 ………. Jaar middelbaar onderwijs 

Niveau: 

 VMBO (basisberoepsgerichte leerweg - kaderberoepsgerichte leerweg - gemengde 

leerweg - theoretische leerweg)   

 HAVO 

 VWO (atheneum - gymnasium) 

 middelbaar beroepsonderwijs (MBO) 

 hoger beroepsonderwijs (HBO) 

 universiteit of post-hbo onderwijs (WO) 

 anders, namelijk: ……………………….. 

Ben je ooit blijven zitten? ………. Zo ja, in welke klas? ………. Klas van het basis / middelbaar 

onderwijs 

Gezondheid 

6. Hoe is in het algemeen jouw gezondheid? 

 slecht  

 matig 

 redelijk (door naar 8) 

 goed (door naar 8) 

 uitstekend (door naar 8) 

7. Kun je aangeven waarom je je matig / slecht gezond voelt? 

……………………………………………………………………………………………………………………………………………

…………………………………………………………………………………………………………………………………………… 

Sport en beweging 

8. Doe je regelmatig aan sport of lichaamsbeweging?  
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 Nee (door naar 10) 

 Ja, alleen gymnastieklessen op school, namelijk ………..uur (door naar 10) 

 Ja, geen gymnastieklessen op school 

 Ja, plus gymnastieklessen op school, namelijk ………..uur 

9a. Zo ja, welke sport(en) beoefen je?  

Sport Aantal 

jaren 

Aantal maanden 

per jaar 

Aantal keren 

per week 

Aantal minuten 

per keer 

Opmerkingen 

      

 

 

      

 

 

      

 

 

      

 

 
 

9b. Heb je wel eens een blessure gehad? 

 Ja, namelijk ………………………………………………………………………………………… 

 Nee 

10. Hoeveel fiets je in een normale week?       ……….. uur en ……….. minuten per week 

11. Hoeveel wandel je in een normale week?    ……….. uur en ……….. minuten per week  

12. Heb je je gisteren fysiek ingespannen? (In tuin werken, sportwedstrijd, verhuizing) 

 Ja, namelijk ………………………………………………………………………………………… 

 Nee 

Roken 

13. Heb je ooit gerookt? 
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 Nee > sectie roken kan worden overgeslagen 

 Een paar keer om te proberen > sectie roken kan worden overgeslagen  

 Ja 

14. Hoeveel jaar rook of rookte je in totaal?    ……….. jaar  

15. Hoe vaak rook je nu? 

 Ik ben gestopt met roken sinds …………………….. (mm/jjjj) 

 Ik rook 1 keer per week of minder 

 Ik rook meerdere keren per week, niet elke dag 

 Ik rook 1 of meerdere malen per dag 

16. Hoeveel keer heb je serieus geprobeerd met roken te stoppen?      ……….. keer  

17. Wat rook of rookte je? 

 Sigaretten en/of shag, eventueel samen met sigaren, pijptabak etc. 

 Uitsluitend sigaren of pijptabak > sectie roken kan verder worden overgeslagen 

 Softdrugs (marihuana) 

VOOR ROKERS EN EX-ROKERS VAN SIGARETTEN 

18. Hoeveel sigaretten rook(te) je gemiddeld per dag?  ……….. sigaretten per dag 

Alcohol  

19. Hoeveel glazen alcohol drink je gemiddeld per week (inclusief weekend)? 

 Minder dan 1 glas 

 1-5 glazen per week 

 6-10 glazen per week 

 11-15 glazen per week 

 16-20 glazen per week 

 21-40 glazen per week 

 Meer dan 40 glazen per week 

Nachtrust  

20. Hoe laat ben je gisteravond naar bed gegaan?     ……….. uur ……….. minuten  

21. Hoe laat ben je vanochtend opgestaan?                ……….. uur ……….. minuten 
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        (totaal = ……….. uur) 

22. Slaap je normaal ook ongeveer zo lang? 

 Ja 

 Nee, normaal slaap ik             ……….. uur ……….. minuten 

Medicatie 

23. Welke medicijnen gebruik je? 

Merknaam  Substantienaam            Dosis / hoe vaak         Reden  

……………………………      ……………………………        ……………………………     ………………………… 

……………………………      ……………………………        ……………………………     ………………………… 

……………………………      ……………………………        ……………………………     ………………………… 

ALLEEN VOOR VROUWEN 

Menstruatie 

24. Enkele vragen met betrekking tot de menstruele cyclus. 

Is jouw menstruele cyclus regelmatig? 

 Ja 

 Nee onregelmatig 

 Menopauze 

 Anders, nl. …………………………………………… 

25. Wat is gemiddeld het aantal dagen tussen twee menstruaties?     ……….. dagen 

26. Wat was de eerste dag van jouw laatste menstruatie?    ……………………….. (dd/mm/jjjj) 

27. Gebruik je anticonceptie? 

 Ja, nl. ………………………………. (pil / spiraaltje / pessarium / injecties / etc.) 

van het merk: ………………………………………………..  

 Nee 

VOOR IEDEREEN 

28. Als je jouw leven een cijfer moest geven, waarbij 10 betekent: het beste leven dat je je 

kunt voorstellen en de 1 het slechtste leven dat je je kunt voorstellen, welk cijfer zou dat 

dan zijn? …………. 
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APPENDIX C – DELAY DISCOUNTING QUESTIONNAIRE 

In elke rij zie je twee opties: keuze A of keuze B. Kies de optie die jij het liefst zou 
willen hebben als dit echte keuzes zouden zijn. Dit is geen test met goede of foute 
antwoorden. Kies waar jij voor zou gaan als dit echte keuzes waren! 

A) € 19 vandaag of B) € 25 over 53 dagen 
A) € 55 vandaag of B) € 75 over 61 dagen 
A) € 54 vandaag of B) € 55 over 117 dagen 
A) € 31 vandaag of B) € 85 over 7 dagen 
A) € 14 vandaag of B) € 25 over 19 dagen 
A) € 47 vandaag of B) € 50 over 160 dagen 
A) € 15 vandaag of B) € 35 over 13 dagen 
A) € 25 vandaag of B) € 60 over 14 dagen 
A) € 78 vandaag of B) € 80 over 162 dagen 
A) € 40 vandaag of B) € 55 over 62 dagen 
A) € 11 vandaag of B) € 30 over 7 dagen 
A) € 67 vandaag of B) € 75 over 119 dagen 
A) € 34 vandaag of B) € 35 over 186 dagen 
A) € 27 vandaag of B) € 50 over 21 dagen 
A) € 69 vandaag of B) € 85 over 91 dagen 
A) € 49 vandaag of B) € 60 over 89 dagen 
A) € 80 vandaag of B) € 85 over 157 dagen 
A) € 24 vandaag of B) € 35 over 29 dagen 
A) € 33 vandaag of B) € 80 over 14 dagen 
A) € 28 vandaag of B) € 30 over 179 dagen 
A) € 34 vandaag of B) € 50 over 30 dagen 
A) € 25 vandaag of B) € 30 over 80 dagen 
A) € 41 vandaag of B) € 75 over 20 dagen 
A) € 54 vandaag of B) € 60 over 111 dagen 
A) € 54 vandaag of B) € 80 over 30 dagen 
A) € 22 vandaag of B) € 25 over 136 dagen 
A) € 20 vandaag of B) € 55 over 7 dagen 
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APPENDIX D – FEELING SCALE 
 

Hoe voel jij je op dit moment? 
 

+5  Erg goed 
+4   
+3  Goed 
+2   
+1  Beetje goed 

0  Neutraal 
-1  Beetje slecht 
-2   
-3  Slecht 
-4   
-5  Erg slecht 
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APPENDIX E – ACTIVATION DEACTIVATION ADJECTIVE CHECKLIST 

 

De woorden hieronder beschrijven hoe jij je op dit 
moment voelt. Geef aan hoe jij je voelt 

 

            Zeker  Een beetje     Weet niet     Nee 

Actief ++ + ? Nee 

Onbezorgd ++ + ? Nee 

Slaperig ++ + ? Nee 

Gejaagd ++ + ? Nee 

Energiek ++ + ? Nee 

Intens/Sterk ++ + ? Nee 

Kalm ++ + ? Nee 

Moe ++ + ? Nee 

Krachtig ++ + ? Nee 

In rust ++ + ? Nee 

Druilerig/Slaperig ++ + ? Nee 

Angstig ++ + ? Nee 

Levendig ++ + ? Nee 

Stil/Kalm ++ + ? Nee 

Uitgeslapen ++ + ? Nee 

Beklemd ++ + ? Nee 

Rustig ++ + ? Nee 

Vol van energie ++ + ? Nee 

Gespannen ++ + ? Nee 

Waakzaam ++ + ? Nee 
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APPENDIX F – RPE (BORG’S RATING OF PERCEIVED EXERTION) 

 

Geef aan hoe zwaar je de belasting vindt 

6   
7  zeer zeer licht 
8   
9  zeer licht 

10   
11  tamelijk licht 
12   
13  redelijk zwaar 
14   
15  zwaar 
16   
17  zeer zwaar 
18   
19  zeer zeer zwaar 
20   
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APPENDIX G – EXAMPLE OF A REPORT FOR THE SUBJECTS 

Resultaten       
Sportonderzoek 

    

Naam:     xxx 

   Datum:      14 augustus 2013 

Bloeddruk in rust:    112 / 65 

   Hartslag in rust:     75 hartslagen/min 

 

   Maximale spronghoogte:   43 cm 

   Flexibiliteit:     13.5 cm 

   Maximale handknijpkracht:  Rechts: 41.2 kg 

         Links:  31.7 kg 

 

   Maximale zuurstofopname:  45.4 ml/min/kg  

   Maximaal gefietste wattage:  250 W 

   Maximale hartslag:    197 hartslagen/min 

 
 
 
 
 
 
 

Bekijk 

hier je 

foto! 

Persoonlijke link naar foto:  http://www.tweelingenregister.org/03d70ca9-1ec0-4cf1-b97f-6d9221d30f4c 
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Spronghoogte, flexibiliteit en handknijpkracht 
Bij het sportonderzoek van het Nederlands Tweelingen Register hebben we al bij ruim 100 
tweelingparen tussen de 16 en 18 jaar spronghoogte, flexibiliteit en handknijpkracht gemeten.  
De gemiddelde spronghoogte voor jongens was 46 cm, voor meisjes was dit 36 cm. De gemiddelde 
flexibiliteit voor jongens was 20 cm, voor meisjes was dit 28 cm. De gemiddelde handknijpkracht voor 
jongens was 40 kg, voor meisjes was dit 29 kg.  
 
Hieronder zie je een grafiek waarin je hartslag en beweging kunt zien. De groene lijn is beweging en de 
zwarte lijn is hartslag. Een standaardregel om je maximale hartslag te schatten is 220 minus je leeftijd. 
Dus als je 16 jaar oud bent is je geschatte maximale hartslag (220 – 16 =) 204. Dit is dus een schatting; 
je werkelijke maximale hartslag kan dus hoger of lager zijn. Je echte maximale hartslag weet je alleen 
na een maximaaltest die jij zojuist hebt gedaan!  

 
Grafieken 
Met behulp van het masker dat je tijdens het onderzoek moest dragen hebben we een aantal 
grafieken gemaakt. Een korte uitleg van de grafieken op de volgende pagina:  
VE = Hoeveelheid uitgeademde lucht in liters per minuut. 
VO2 = de hoeveelheid zuurstof (in milliliters) die je lichaam per minuut verbruikt. Zodra je gaat 
sporten, verbruikt je lichaam meer zuurstof dan wanneer je rustig zit. Met behulp van deze zuurstof 
maakt je lichaam energie om te kunnen bewegen. Je maximale zuurstofopname (VO2max) is de beste 
maat voor uithoudingsvermogen. Deze waarde vind je ook terug op je certificaat. Gebruikelijk voor 
jouw leeftijd is deze waarde 32 tot 51 ml/min/kg (vrouwen) of 38 tot 62 ml/min/kg (mannen).  
VCO2 = de hoeveelheid koolstofdioxide (in milliliters) die je lichaam per minuut produceert. Deze 
waarde behoort in rust en tijdens lage inspanning ietsje lager dan VO2 te zijn en tijdens maximale 
inspanning iets hoger dan VO2. 
R = de ratio tussen VCO2 en VO2; dus VCO2 gedeeld door VO2. In rust is dit ongeveer 0.80 (dus je 
verbruikt meer zuurstof dan je koolstofdioxide produceert). Als je gaat sporten gaat deze waarde 
omhoog (zoals je in je grafiek kunt zien). Dit ratio heeft alles te maken met het substraat dat je lichaam 
verbrandt om aan energie te komen; vet of koolhydraten. In rust verbrand je vooral vetten (''langzame 
energie''). Zodra R boven de 1 komt, is VCO2 groter dan VO2. Dit betekent dat je lichaam op een 
andere soort energie is overgegaan om energie te krijgen: je bent nu vooral koolhydraten aan het 
verbranden (''snelle energie'').  
T = tijd in minuten. Op het tijdstip 00:00 zijn we de testen begonnen. 

Voor meer informatie over dit rapport kunt u bellen naar 020-5988766 of een email sturen naar 
ntr.sportonderzoek@vu.nl 

 

 

http://www.tweelingenregister.org/cc3d55ff-c1f8-4042-8836-d3d9fe781f82 
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APPENDIX H – INSTRUCTION FOLDER DNA COLLECTION 
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APPENDIX I – FOLLOW-UP SURVEY 

Follow-up vragenlijst 

Sport 

1a. Doe je regelmatig aan sport of lichaamsbeweging?  

 Nee (door naar 3) 

 Ja 

1b. Zo ja, welke sport(en) beoefen je?  

Sport 
Aantal 

jaren 

Aantal 

maanden 

per jaar 

Aantal 

keren 

per week 

Aantal 

minuten 

per keer 

Plezier Competitie Selectie Regionaal Nationaal 

         

 

 

         

 

 

         

 

 

         

 

 

 

Blessures 

2a. Heb je wel eens een sportblessure gehad?  
(Een sportblessure is een letsel dat direct of indirect is ontstaan door deelname aan sport en ertoe heeft geleid dat je minstens één dag niet hebt 

kunnen sporten) 
 Nee  

 Ja 

2b. Hoeveel sportblessures heb je gehad?    ………..   

2c. Wat was de blessure die je het meest heeft beperkt in sporten? 

 Schaafwond 

 Verstuiking/gescheurde banden 

 Verrekking/gescheurde spier 

 Open wond/snee 

 Kneuzing 

 Zwelling/ontsteking 

 Breuk (incl. verdenking op) 

 Dislocatie/subluxatie (ontwrichting) 
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 Overbelasting van spier of pees(-aanhechting) 

 Blaren 

 Hersenschudding 

 Anders, namelijk…………………………………………………………………………. 

2d. Welk lichaamsdeel was geblesseerd? 

 Hoofd/gezicht 

 Nek/hals 

 Schouder 

 Bovenarm 

 Elleboog 

 Onderarm 

 Pols/hand 

 Vinger 

 Borstkas incl. organen 

 Buik incl. organen 

 Bovenrug (borst) 

 Onderrug (lumbaal) 

 Bekken 

 Heup/lies 

 Bovenbeen 

 Knie 

 Onderbeen 

 Enkel 

 Voet/teen 

 Borst  

 Anders, namelijk…………………………………………………………………………. 

2e. Hoeveel dagen heb je door deze blessure niet kunnen sporten?   …….. 

2f. Ben je voor deze blessure medisch behandeld? 

 Nee 

 Ja 

Subjectieve bekwaamheid 

 Veel minder 

goed 

Minder 

goed 

Ongeveer 

even goed 

Beter Veel 

beter 

3a. Hoe goed ben je in sport ten 

opzichte van je leeftijdsgenoten? 

     

3b. Hoe goed is je 

uithoudingsvermogen ten opzichte van 

je leegtijdsgenoten? 
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3c. Hoe goed is je spierkracht ten 

opzicht van je leeftijdsgenoten? 

     

 

3d. Op schaal van 1 tot 10, hoe goed ben je in sport? ………………………. 

Beweeggedrag 

4a. Hoeveel fiets je gemiddeld per week (inclusief het weekend?)  ………… uur ………… 

minuten  

4b. Hoeveel wandel je gemiddeld per week (inclusief het weekend?)  ………… uur 

………… minuten 

4c. Heb je gymnastieklessen op school?  

 Nee  

 Ja, namelijk: …………..minuten 

4d. Hoeveel dans je gemiddeld per week tijdens het uitgaan?                ………… uur 

………… minuten 

Zitgedrag 

 Doordeweekse dag Dag in het weekend 

5a. Hoe lang ben je aan het zitten terwijl je 

onderweg bent? (met de auto of in het OV) 

 

………… uur  

………… minuten 

 

………… uur  

………… minuten 

5b. Hoe lang ben je aan het zitten terwijl je 

aan het werk bent of op school bent? 

 

………… uur ………… 

minuten 

 

………… uur  

………… minuten 

5c. Hoe lang ben je aan het zitten terwijl je 

TV aan het kijken bent? 

 

………… uur ………… 

minuten 

 

………… uur  

………… minuten 

5d. Hoe lang ben je aan het zitten terwijl je 

thuis achter je computer zit? 

 

………… uur 

 ………… minuten 

 

………… uur  

………… minuten 

5e. Hoe lang ben je aan het zitten terwijl je 

andere dingen aan het doen bent? (Bij 

vrienden op bezoek, bioscoop, uit eten) 

 

………… uur  

………… minuten 

 

………… uur  

………… minuten 
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