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IS PHYSICAL ACTIVITY
REGULATED BY GENETICS?
EVIDENCE FROM STUDIES

IN HUMANS

Matthijs D. van der Zee and Eco de Geus

Introduction

Physical activity (PA) is a broad concept containing a variety of different human behaviors that
share the common denominator of expected beneficial effects on mental and somatic health
(1). Typically, daily PAs take up about 30% of total energy expenditure and reflect a mixture of
obligatory activities related to transportation, work, or household chores and self-chosen PA
behaviors including sports and exercise activities in leisure time. Objective measurements of
daily PA in studies conducted in Europe and the US have confirmed the existence of large indi-
vidual differences in activity levels (26, 27). These differences are observed in men and women
alike, and persist after stratifying for age which is known to have a strong effect on average PA
level (49).

To increase the success of intervention on this important health behavior, much research has
been devoted to the causes of the individual differences seen in PA in the general population.
In this chapter, we focus on the role played by genetic factors. Broadly, the genetic research on
PA phenotypes can be classified into a) twin studies that partition the observed variance in PA
phenotypes into environmental and genetic components based on well-established biometric
models of human inheritance (48), and b) gene-finding studies that use either candidate gene-
based approaches based on the known biological role of proteins (e.g., in neurotransmission) or
agnostic whole-genome searches using genome-wide microsatellite (linkage) or single nucleo-
tide polymorphism (SNP) markers to detect genomic loci harboring variants associated with
PA.We will summarize the current evidence from each of these types of studies to address the
question of whether PA is regulated by genetics.

Twin studies

PA behaviors appear to “run in the family,” for example, the chance of one family member
being a regular exerciser increases the chance of all other family members to be, or to become,
an exerciser. Familial aggregation of PA can be investigated by computing correlations among
relatives such as siblings, and parents and their offspring. However, siblings among each other,
and parents and their offspring, share not just half of their genes, they also share a house-
hold, socioeconomic status, the neighborhood, and various other aspects of belonging to the
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same family or living in the same neighborhood (the so-called shared environment), including
parenting behaviors, family functioning, shared peers, etc.

Twin studies can separate the two mechanisms of familial aggregation by comparing the
resemblance in monozygotic (MZ) or identical twins to the resemblance in dizygotic (DZ) or
fraternal twins (48). When twins are reared together, the amount of this sharing of the family
environment is the same for MZ and DZ twins. The important difference between MZ and
DZ twins is that the former share most, if not all, of their genotypes, whereas the latter share on
average only half of the genotypes segregating in that family. If the resemblance in PA within
MZ pairs is larger than that in DZ pairs, this suggests that additive genetic factors (A) influence
PA. It MZ resemblance is more than double as large, it suggests the influence of nonadditive
(D) genetic factors. Additive genetic factors represent the sum of all linear effects of the gen-
etic loci that influence the trait of interest. Nonadditive factors include dominance and epi-
static interaction effects. If, however, the resemblance in PA in DZ twins is as large as it is in
MZ twins, this points to shared environmental factors (C) as the cause of twin resemblance.
Furthermore, the extent to which MZ twins do not resemble each other is ascribed to the
unique environmental factors (E). These include all person-specific experiences such as differ-
ential jobs or lifestyles, accidents or other life events, and in childhood, differential treatment by
the parents, going to different schools, and having nonshared friends and peers. Measurement
error will also be subsumed by the unique environmental factor. For more details on the mod-
eling of twin and family resemblance, see Chapter 3.

We have previously reviewed all twin and family studies on the heritability of total PA
and regular sports and exercise behaviors in childhood or adolescent samples (50). In younger
children, the shared environmental factors (C) explain the largest part of the variation in PA.
However, the importance of these shared environmental factors decreases in adolescence and
young adulthood, where genetic effects become the dominant factor explaining individual
differences in both total PA and regular sports and exercise behaviors. A sample size-weighted
meta-analysis showed PA heritability estimates of 20% (95% confidence interval (CI) 13—-27%)
in children, 35% (95% CI 17-52%) in early adolescents, and 53% (95% CI 47-59%) in late
adolescents. This increase in heritability ran in parallel to a gradual decrease in the import-
ance of shared environmental factors, which are the main cause of individual differences in PA
and exercise behavior in young childhood, but then gradually become overwhelmed by the
importance of genetic factors during adolescence. Using longitudinal follow-up of twins from
childhood to adolescence, we showed that the increase in heritability, at least for voluntary exer-
cise behaviors, was due to a strong increase in the genetic variance in the course of adolescence
that was not paired to a similar increase in environmental variance (31). Whether the trend of
increasing heritability is continued or curbed in young, middle, or late adulthood remains to
be established.

Sufficient studies in adult twins (>18 years of age) have now accrued to allow a similar meta-
analytic approach and to arrive at solid estimates of additive genetic and shared environmental
variance for PA phenotypes in adulthood. We searched publications in the English language on
human subjects in PubMed and Web-of-Science from January 1980 to December 2017 using
the keywords (“Physical Activity” OR Exercise OR Sports OR Lifestyle) AND (Genetic OR
Genes OR Linkage OR QTL OR Twin OR Family OR Familial OR Heritability) AND
“Humans” [MeSH terms]. From the 850 putative papers, title and abstract analysis was used to
select only those publications reporting MZ and DZ/sib correlations (in at least 30 complete
pairs) and/or estimates of (non-)additive genetic, shared, and/or unique environmental vari-
ance components. Reference sections of selected papers were used to identify additional papers
missed by these search terms. We then removed samples reporting on twins with a mean age
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less than 18. Next we removed partly overlapping datasets from the same twin cohorts. When
the same phenotype was used in largely the same age group, we only used the study reporting
the largest dataset, which typically would be the most recent study. A final set of 27 adult twin
studies (2, 3, 8, 11, 14-16, 2024, 29-32, 34, 35, 40, 44, 45, 46, 47, 51, 53, 54, 58) were selected
by the above search criteria.

Physical activity phenotypes

In the final set of 27 adult twin studies, we encountered a large variation in measure-
ment instruments and PA measures used. By far the largest common denominator was the
use of survey-based methods using subjective PA reporting on self or family members. In
large population-based twin registries, surveys are often considered the only feasible strategy.
However, subjective reporting of PA is vulnerable to distortion due to recall error and reporting
biases (25). It is particularly difficult to estimate both the duration and frequency of PAs that
are light to moderate in intensity, including common activities such as walking and standing, or
household activities (5). For total PA and light to moderate PA, objective measurement strat-
egies using indirect calorimetry, the doubly labeled water method, or movement sensors (60)
are therefore superior.

When the focus is not on the detection of total PA, but when people are asked to report
moderate to vigorous PA, specifically when confined to structured activities in leisure time,
self-reporting seems to fare much better (10). The cognitive salience of such intensive PAs is
higher than light to moderate intense activities occurring as part of daily routine. Reliability of
self-reporting further increases when a restriction is made to the reporting of regular exercise
and sports behaviors in leisure time. In our own research, for instance, we have shown a high
short-term test—retest reliability (17, 55) as well as substantial tracking over longer periods of
time for the weekly volume of voluntary exercise behavior (31).

Our meta-analysis was organized into the main domains of PA that we encountered in
the literature: total physical activity (TPA), moderate to vigorous physical activity (MVPA,
including separate measures for moderate or vigorous PA where applicable), leisure-time phys-
ical activity (LTPA), and voluntary exercise behavior (VEB). The first two categories (TPA and
MVPA) cover activities that are only partly under the individual’s control, whereas the latter
two (LTPA and VEB) cover PA that is largely voluntary in nature. We excluded PA measures
that deliberately excluded sports and exercise activities (e.g., Baecke’s nonexercise-related PA
index), measures exclusively reporting on PA in the occupational setting (e.g., Baecke’s Work/
School index), and measures of daily activities of low intensity (e.g., accelerometer derived time
spent in low LPA).

To convert the measured PA behaviors into an actual summary metric for use in the genetic
analyses, again a breadth of different strategies has been used. Most studies adopt an estima-
tion of the total energy expenditure by PA as their focus. Estimation of energy expenditure
is usually based on published compendia (4) that convert each activity into equivalents of the
resting energy expenditure (1 MET, approximately 1 kcal/kg/hour). For VEB, most studies use
a strategy akin to what we do in the Netherlands Twin Register, where we use an open format
that allows reporting all sports and exercise activities that are performed for at least 3 months
a year and then record duration, frequency, and intensity of each reported activity. Typically,
activities are censored that do not reach a minimal threshold of intensity such as fishing or
chess. Exercise related to swimming, sailing, or skiing that are restricted to the annual holidays
is discarded. Physical education classes are also discarded as they are poorly standardized and the
activities are not voluntary. Energy expenditure in all leisure-time VEB is then summed across
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all valid exercise activities in a weekly MET-hour score by taking the sum of the products of
their weekly frequency, average duration, and MET score.

Another major difference across studies is the type of scale used to quantify PA. Continuous
interval scales seem most optimal in terms of statistical power but quite often either ordinal
categories (e.g., tertiles of MET-hours weekly; frequency of LTPA as once per month, once per
week, every day) or even nominal dichotomies (YES/NO regular exerciser; YES/NO adheres
to PA guidelines) were used. This use of dichotomies and categories is mostly inspired by the
frequency distribution of some of the LTPA and VEB phenotypes. For instance, moderate to
vigorous PA in leisure time is very skewed. Likewise, many individuals do not engage in vol-
untary exercise behavior (zero score) and even in those who do the amount of exercise can
still show a skewed distribution. Often no transformation is available that converts such mixed
distributions to a normal distribution. For these phenotypes, therefore, the use of ordinal cat-
egories or a dichotomy can be meaningful. A liability threshold model can then be used in the
genetic analysis to recapture the normal distribution of the latent “liability to be a (vigorous)
exerciser.

Meta-analyses

To assess heritability and influence of common environmental factors in the four PA categories
mentioned previously, meta-analysis on A and C estimates was conducted across twin studies.
Within the 27-study database, the A and C estimates and their standard errors were often
reported separately for males and females. However, if the A and C estimates were reported
only for males and females combined, we assigned the same estimates to the male and female
part of the sample, adjusting the N to reflect the number of male or female twins. Most studies
used age and sex as covariates, but additional covariates were sometimes used too, including
socloeconomic status, body mass index, or fitness. When multiple estimates were generated for
different covariate compositions, we opted to use the estimates only correcting for age and sex
effects on mean PA level. In these studies, structural equation-based variance decomposition
modeling was by far the most used analytic strategy. Unless stated otherwise, the results from
the most parsimonious structural equation model were used in the meta-analysis. This model
was most often an AE or ACE model. If the AE model was used, C was set to zero. No studies
reported a model with nonadditivity (D).

For each of the four PA phenotypes, the estimates for A and C were computed in a sample-
size weighted meta-analysis across all available studies for males and females separately. Inverse
variance weighting was not possible because not all studies provided either standard errors of
the estimates or 95% ClIs from which the standard errors could be approximated. Forest plots
in Figures 6.1 and 6.2 present the characteristics and the A and C estimates per study, and the
meta-analytic results per PA phenotype. Study characteristics are as follows: country, whether
males and females were combined in A and C estimation, whether PA measurement was
through surveys (SUB]) or experimental (OB]J), type of scale used (DIchotomy,CATegorical, or
CONtinuous), mean age, and sex-specific sample size. The estimates for A and C are listed in
the forest plots as a function of mean sample age.

Results for total physical activity

For the meta-analysis of TPA (see Figures 6.1 and 6.2) a total of six studies using eight
phenotypes was available, most using an objective measure to quantify PA, and all combining
males and females. The meta-analytic heritability estimate was 48% for females and 51% for
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Figure 6.1 Forest plot containing study-specific and meta-analytic estimates of heritability (A) of total
physical activity (TPA), moderate to vigorous activity (MVPA), leisure-time physical activity (LTPA), and
voluntary exercise behavior (VEB), for males and females. Estimates include results from subjective (Sub),
and objective (Obj), continuous (CON), categorical (CAT), and dichotomous (DI) variables. *=studies
where an AE model was fitted. C=estimates from a combined male and female sample.
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Figure 6.2  Forest plot containing study-specific and meta-analytic estimates of shared environmental
contribution (C) to the variance in total physical activity (TPA), moderate to vigorous activity (MVPA),
leisure-time physical activity (LTPA), and voluntary exercise behavior (VEB), for males and females.
Estimates include results from subjective (Sub), and objective (Obj), continuous (CON), categorical
(CAT), and dichotomous (DI) variables. *=studies where an AE model was fitted. C=estimates from a
combined male and female sample.
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males. Largest heritability estimates were found by Joosen et al. (34) who used the most reliable
methods, namely the doubly labeled water method and more than 14 days of accelerometer
recording, albeit in the smallest sample. The two survey methods using the Baecke questionnaire
yielded results comparable to the objective methods. No evidence for common environmental
effects was found.

Results for moderate to vigorous physical activity

For the meta-analysis of MVPA (see Figures 6.1 and 6.2) a total of five studies using seven
phenotypes was available, all combining males and females. The meta-analytic heritability esti-
mate was 44% for females and 41% for males. Comparable heritability was found for objective
and subjective measures. Somewhat deviant results were found in the 26-year-old Add Health
study participants (47). Using a 7-day recall questionnaire to obtain a dichotomy of MVPA
frequency that indicated whether participants met national PA recommendations (>5 bouts/
week), lower heritability was paired to the only evidence for a shared household effect on
MVPA (50%).

Results for leisure-time physical activity

We used eight twin studies for the meta-analysis of LTPA (see Figures 6.1 and 6.2) reporting on
more than 200,000 twins from seven countries. The meta-analytic heritability estimate was 49%
for males and 45% for females with narrow confidence intervals (95% CI upper — lower=~10%)
reflecting little heterogeneity. LTPA was only available from self-report measures in these very
large epidemiological samples. In two countries, Norway and Australia, evidence for common
environmental impact on LTPA was found (~28%). Comparing sample sizes, the absence of a
large C in other twin studies cannot be attributed to low power.

Results for voluntary exercise behavior

VEB was also measured exclusively by survey or interview measures. A total of 15 different
studies using 14 unique samples/measures yielded a meta-analytic heritability estimate of 48%
for males and 51% for females (see Figure 6.1) with mild heterogeneity (95% CI upper —
lower=~20%). Some evidence for common environmental effects were found, mostly driven
by the younger samples (~10%, see Figure 6.2) with a particularly strong C effect in the young
adult Finnish twins (43% males, 49% females).

Gene-finding studies

The above meta-analyses show that genetic variants play a key role in adult PA, whether it is
total daily PA as measured with objective means (e.g.,accelerometers), or self-reported voluntary
sports and exercise activities in leisure time. We now turn to the gene-finding studies aiming to
detect the actual “PA genes”. For this, we have to use a narrative approach because not enough
replication is currently available for any single locus to consider meta-analysis. The majority of
gene-finding studies on TPA, MVPA, LTPA, and VEB have used a candidate gene approach.The
use of this approach was predicated on the expectation that individual genetic variants would
be associated with complex behavioral traits at a magnitude that would be small but detect-
able with hundreds, or a few thousand individuals. The advent of large international consortia
performing meta-analyses on genome-wide association results for many complex behavioral
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traits in samples as large as hundreds of thousands of participants has found this expectation to
be untenable. The risk contributed by any single variant is tiny rather than just small, with only
an increase of ~0.05 standard deviation per risk allele at best, necessitating much larger sample
sizes to be able to detect them (59). Based on these types of concerns regarding candidate gene
studies using small samples, we focus here mainly on the data-driven genome-wide approach in
linkage and genome-wide association studies (GWAS).

Linkage

The three genome-wide linkage studies (7, 19, 52) performed to date have only produced sug-
gestive hits, in keeping with their modest sample sizes (767 <N <1120). In the Quebec family
study, Simonen et al. (52) reported linkage forTPA (13q22—q31), MVPA (4928.2,7p11.2,9q31.1,
139q22—q31),and VEB (11p15 and 15q13.3). Interestingly, the latter 15q linkage region contains
the GABRG3 gene in which a SNP (rs8036270) was found to be significantly associated with
VEB in GWAS on a combined sample of 2622 Dutch and European American middle-aged
adults (18). Significant association with GABRG3 was replicated for LTPA in older adults in a
GWAS in 10,684 European and 11,093 African Americans (42) although with different SNPs
(rs72707657, 112438610, rs12902711, rs12595253). The GABRG3 gene may be involved in
the aversive effects of exercise-induced fatigue because high expression levels of the GABRG3
gene was found after a bout of exhaustive exercise (36). However,a GWAS in 13,980 Japanese
older adults did not find significant association with any SNPs in the GABGR3 gene region
and the gene also did not surface in the other two GWAS.

In the Viva La Familia study (7), physical inactivity, recorded as the percentage time in sed-
entary activity, significantly mapped to markers D18S1102-D18S64 in the chromosome 18q21
region where the MC4R gene resides. An additional suggestive linkage signal for TPA was
detected in the same region. MCR4 had been implicated in smaller-scaled candidate gene
studies (9, 43) but it failed to replicate in any of the five GWAS, two of which explicitly tested
it as a candidate gene (i.e., at lower P-value). In the Viva La Familia study, a further linkage
signal was found for MVPA in the region at 9q31.1, which harbors the RN7SK gene. A SNP
(rs7023003) near this gene produced a suggestive (P <107%) association with TPA in 8454
Korean participants (38). However, the same RN7SK SNP was explicitly but unsuccesstully
tested for replication in Japanese participants (28) and the gene also did not surface in the other
two GWAS.

Finally, in a sample from the Netherlands Twin Register (19), a suggestive linkage with
exercise participation was found in all subjects on chromosome 19p13.3 (LOD 2.18). A SNP
(rs12462609) in this region, located in the CACNA 1A gene, was associated with vigorous PA
in 261,055 older adult participants in the UK Biobank (39), and with TPA in 8454 older adult
Koreans (38) whereas another SNP (rs111901094) in GATADZ2A in the 19p13 linkage region
was associated with VEB in the UK Biobank participants (39). The 19p13 region did not gen-
erate a significant or suggestive signal in the other two GWAS (28, 42). In summary, genes
suggested from linkage regions (GABRG3, MCR4, RN7SK, CACNA1A) have not held up
systematically when tested as candidate genes in GWAS.

Genome-wide association

Five GWAS (18, 28, 38, 39, 42) conducted for exercise behavior or related PA phenotypes were
available at the time of writing. The three smallest GWAS (2632 <N <11,093) did not detect
significant associations after the required stringent correction for the multiple testing burden
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that is inherent in the agnostic genome-wide approach (18, 38, 42). However, some genes
listed as receiving suggestive evidence based on more lenient thresholds (P <107°) showed
interest-generating patterns of replication across multiple studies. For example, a suggestive
association of VEB was found in Dutch and American participants of European descent (18) for
an eQTL (rs12612420) that influences the expression of the DNAPTP6 gene. This association
was replicated (P=0.0092) in 16,026 Japanese participants (28).

Suggestive evidence for an association between VEB and the PAPSS2 gene in Dutch and
American participants (18) was replicated in 11,903 African American participants (42) for
LTPA, although for different SNPs (rs10887741 vs. rs1819162). The PAPSS2 gene has been
linked to maximal exercise capacity (49) which may be a factor influencing the motivation to
engage in voluntary exercise (12). Explicit testing of an association between VEB and PAPSS2 in
13,980 Japanese participants, however, did not produce a significant replication (28). Suggestive
evidence for an association with LTPA was found for rs116550874 at 1p36.23, and rs3792874,
1s3792877,1s3792878, 1579173796 at 5q31.1 (P <8.61 X 107) in 11093 African Americans and
for rs28524846 at 14q23.3 (P <1.30 X 107) in 10,684 European Americans (42). The authors
point to the ENO1, SLC22A5, and PDLIM4 genes as potential sources of the association signal
at 1p36. ENO1 encodes a glycolytic enzyme and the integral membrane protein SLC22A5 is
associated with skeletal myopathy, whereas the PDLIM#4 protein is involved in the pathway of
actin cytoskeleton remodeling, and bone and skeletal muscle development. The rs28524846
SNP at 14923 is an eQTL for MPP5 and APT6171D in nerve tissue, with the MPP5 protein
known to regulate myelinating Schwann cells and ATP6171D related to synaptic vesicle cycle
and ATPase activity.

Encouragingly, the two largest GWAS to date did successtully detect genome-wide sig-
nificant associations with PA. In a Japanese sample (N=16,016), Hara et al. (28) identified an
association (Pmeta=2.2X107%) between LTPA and rs10252228, a SNP located in the intergenic
region between the NPSR1 and DPY19L1 genes. Although functional links of intergenic SNPs
to nearby genes should be interpreted with caution, Hara et al. (28) point out that the product
of the NPSR1 and that of the DNAPTP6 genes previously found by the GWAS of de Moor
et al. (18) are both involved in pulmonary function. Variants in NPSR1 have been shown to
be associated with asthma-related phenotypes, and DNAPTP6 could be involved in broncho-
dilator response via the downregulation of 32-adrenergic receptors. Impairments of pulmonary
function could be a barrier to the adoption of (vigorous) PA.

In the UK Biobank (N=380,492), Klimentidis et al. (39) detected genome-wide signifi-
cant genetic associations with touchscreen-survey based measures of MVPA. After applying
corrections for work-related PA and an indicator of socioeconomic status, associations with
MVPA were found at rs429358 (APOE), rs169504 (PBX2), rs4129572 (EXOCH4), rs3094622
(RPP21), 15181220614 (ARHGEF26-AS1), 15149943 (ZNE165), and 152988004 (PAX5).
Intriguingly, the Alzheimer disease risk allele (E4) of the APOE gene was associated with higher
levels of MVPA. As noted by Klimentidis et al. (39), APOE e4 carriers had a more favorable
response to exercise, for instance, as suggested by a study showing larger aerobic fitness in
response to training (56). This is in keeping with the theoretical notion that individuals who
have higher exercise ability and/or trainability will find it easier to adopt regular exercise as a
lifestyle (12,13, 41).

From the UK Biobank self-reports (39), two dichotomous measures of more vigorous PA
were defined: VPA by classifying participants as engaged in vigorous PA if they spend more
than 25 minutes on activities “that make you sweat or breathe hard” for 3 or more days a week
and VEB by classifying participants as regular vigorous exercisers if they spend more than 15
minutes on 2 or more days a week doing strenuous sports or other exercises. Significant genetic
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association for VPA was found at rs1248860 (CADM?2), rs2764261 (FOXO3), rs3781411
(CTBP2), 1512707131 (EXOC4), and rs328919 (DPY19L1) and for VEB at rs62253088
(CADM?2), 15166840 (AKAP10), rs10946808 (HIST1H1D), 1575930676 (SIPA1L1), and
1s4865656 (LOC642366). In addition, accelerometer data were available in just over 91,000
participants. From up to 7 days of accelerometer wear, overall acceleration was obtained as
a measure of TPA and the fraction of accelerations >425 myg as a measure of VPA, yielding
significant associations at 1s55657917 (CRHR1) and rs185829646 (ANKRDZ22) for TPA and
1rs743580 (PML) and rs6433478 (CIR1) for VPA.

The CADM?2 gene, primarily expressed in the brain, surfaced in the UK Biobank study as a
gene influencing vigorous sports and exercise-related PA. Previously this gene had been linked
to risk-taking behavior and extraversion (6) as well as executive function (33). This shows a
remarkable parallel to results reported in the largest candidate study to date by van der Mee et al.
(57) where a polygenic dopaminergic risk score that summed the increaser alleles in COMT
and DATT for both executive function and reward sensitivity was associated with the volume
of externally paced sports and exercise activities. Possibly, CADM?2, like these dopaminergic
genes operates through a “double whammy” of increased reward value of exercise and increased
sports skills.

Conclusion

Although the gradual rise in heritability of PA seen in adolescence is not continued in adulthood,
it is clear that genetic factors remain a major contributor to individual differences in adult PA
behaviors. In the reports on over 283,904 adult twins, we find that about half of the variance
in the four PA phenotypes can be explained by genetic factors (males 48%; 95% CI 44-52%;
females 47%; 95% CI 44-50%).The substantial contribution of the shared environment (C) to
childhood PA seems to have largely dissipated in adulthood (males and females 6%; 95% CI 3—
10%).There is generally a good correspondence in estimates across individual studies even when
they use samples from different countries or measures. For TPA and MVPA, objective measure-
ment showed slightly higher genetic estimates than subjective measurement, but the differences
are not striking. Major sex differences in genetic architecture of LTPA and VEB seemed to be
absent; for TPA and MVPA estimates, the verdict is still out as analyses were mostly based on
combined male/female samples.

The extant studies using a candidate gene, linkage, or whole-genome association approach
have yielded a number of genes and variants worth careful monitoring in future gene-finding
efforts. Previously, three biological themes have emerged as a potential source for “phys-
ical activity genes” from theory: (1) the brain circuitry related to motivational and affective
aspects of PA; (2) the brain circuitry involved in the maintenance of energy intake/expend-
iture balance; and (3) the physiological determinants of the ability to perform (intense and/
or prolonged) PA, ideally at an above average level (12, 13, 41). Many of the variants reviewed
above do seem to fit these theoretical notions, but we issue a note of caution that this may
partly reflect our deep desire (and uncanny ability) to make sense of data by “reasoning
towards” our theoretical models. Rigorous replication followed by experimental validation
(in animal models) is direly needed. However, the experience from many other complex
behavioral traits allows us to end upbeat: once very large samples are amassed in international
meta-analytic consortia, we can confidently expect large progress in our understanding of’
how PA is regulated by genetics.
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