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ARTICLE INFO ABSTRACT

Available online 16 June 2015 Context. The importance of physical activity to paediatric health warrants investigation into its determinants.
Objective measurement allows a robust examination of genetic and environmental influences on physical activity.

KEJ{W"rde Objective. To systematically review the evidence on the extent of genetic and environmental influence on

Twin children's objectively-measured activity levels from twin studies.

f\lcl;il:j/ity Data sources and search terms. Medline, EMBASE, PsycINFO, Health and Psychosocial Instruments and all Ovid

Genetic Databases. Search terms: “accelerometer” OR “actometer” OR “motion sensor” OR “heart rate monitor” OR

Environment “physical activity energy expenditure” AND “twin”. Limited to Human, English language and children (0-18 years).

Results. Seven sets of analyses were included in the review. Six analyses examined children's daily-life activity
and found that the shared environment had a strong influence on activity levels (weighted mean 60%), with a
smaller contribution from genetic factors (weighted mean 21%). Two analyses examined short-term, self-
directed activity in a standard environment and found a smaller shared environment effect (weighted mean
25%) and a larger genetic estimate (weighted mean 45%).

Conclusions. Although genetic influences may be expressed when children have brief opportunities for auton-
omous activity, activity levels in daily-life are predominantly explained by environmental factors. Future research
should aim to identify key environmental drivers of childhood activity.

© 2015 The Authors. Published by Elsevier Inc. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).
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that activity ‘tracks’ from childhood into adult life, with active children
being more likely to become active adults (Craigie et al., 2011; Telama
et al., 2005). Childhood physical activity is therefore important for
health over the life-course. However, surprisingly little is known about
the causes of variation between children's levels of physical activity.

Several studies have demonstrated that physical activity levels aggre-
gate within families (Craig et al., 2013; Freedson and Evenson, 1991; Jago
etal,, 2010; Moore et al., 1991; Spinath et al., 2002). Most have depended
on self-report or parent-report measures. The three studies that used ob-
jective measures of free-living activity found inconsistent effects. One
study found that 4-7 year olds with two active parents were around
six times more likely to be sufficiently active than those whose parents
were sedentary (Moore et al., 1991). Similarly, a large study of 539
parent-child pairs found that children with more active mothers or
fathers were more likely to be active themselves (Craig et al., 2013).
However, another study measuring activity over 3 days found no
parent-child correlations for activity levels (Jago et al., 2010); it is
possible that a shorter measurement period (compared with 7+ days
in the former studies) reduced the reliability of these results.

Studies of parent-child resemblance cannot distinguish between ge-
netic interpretations (e.g. activity level is a heritable trait) and environ-
mental interpretations (e.g. children's activity is influenced by parental
modelling). However, twin studies make it possible to estimate the rel-
ative extent of genetic and environmental influence by comparing the
similarity between genetically identical pairs (monozygotic; MZ) and
fraternal pairs (dizygotic; DZ) who share on average, half of their segre-
gating genes (Plomin et al., 2008). In addition, by assessing the extent to
which twin similarity exceeds the correlation expected by the heritabil-
ity of the trait, it is possible to divide the environmental component into
the shared environment effect (which makes twins reared in the same
home more similar) and the non-shared (or unique) environment effect
(which makes the children different from one another).

Most twin studies on physical activity have used data from adult
twin cohorts and have relied on self-reported measures of physical ac-
tivity. This literature was reviewed by Beunen and Thomas (1999)
who concluded that heritability of self-reported sports participation
ranged from 35 to 85%, while the heritability of self-reported daily
physical activity was slightly lower, at 29-62%. Two large twin studies
published since this review have supported the conclusion that there
is a moderate-to-strong genetic influence on adult physical activity
(Stubbe et al., 2005, 2006), although one study that used the criterion
of meeting adult guidelines for physical activity (>150 min per week)
found that the environmental effect predominated and the genetic
effect was non-significant (Duncan et al., 2008).

Fewer adult studies have used objective measures of physical activ-
ity. A small exploratory study using accelerometers in 20 twin pairs
suggested strong genetic influence of 78% (57-87%) on free-living
daily physical activity (Joosen et al., 2005). A larger study involving
225 twin pairs, which measured activity over a 6 hour period in a con-
trolled setting in which participants carried out a variety of tasks, such
as psychological testing, role playing and giving presentations, found
that the genetic effect explained almost half of the variation (Spinath
et al., 2002).

In infants and young children there are a number of studies using
parent-reported activity (often from activity subscales on temperament
questionnaires), which generally suggest a slightly lower genetic influ-
ence (in the region of 19-40%, as reviewed in Hwang and Rothbart,
2003). However, parent-reported child activity can be unreliable
(Corder et al., 2009), and a particular critique of its use in twin studies
is the possibility of ‘contrast bias’ where parents over-report the differ-
ences between their DZ twins, or ‘assimilation bias’, whereby parents
over-report the similarity of their MZ twins (Neale and Stevenson,
1989; Saudino, 2003; Saudino et al., 2000). These biases are indicated
when DZ correlations are less than half of the MZ correlations and
they generate inflated heritability estimates (Neale and Stevenson,
1989; Saudino, 2003; Saudino et al., 2000).

Objective measurements of physical activity avoid contrast or
assimilation bias and provide more robust estimates of genetic and
environmental effects. This paper systematically reviews paediatric
twin studies that have used objective measures to quantify the
extent of genetic and environmental influences on physical activity.

Materials and methods
Literature search

The following databases were searched simultaneously for peer-
reviewed journals; Medline, PsycINFO, EMBASE, Health and Psychoso-
cial Instruments and all OVID Databases in April 2015. Results were lim-
ited to human, English language and “all child” (0 to 18 years). Searched
terms used were “twin” AND “accelerometer” OR “actometer” OR “heart
rate monitor” OR “physical activity energy expenditure” OR “motion
sensor.” A total of 3134 papers were identified. Titles and abstracts
were scanned for relevance by three reviewers (AF, AS, LS), after remov-
ing papers based on title 74 were carried forward to abstract screening.
Seven potentially eligible papers were identified. References lists of
these papers were searched for relevant articles and reference lists of
those papers and so on until no more articles could be identified. Four
additional papers were included. Eleven papers were taken forward to
full text review (Fig. 1).

We identified eleven papers that provided heritability estimates of
objectively-measured activity in children, but two sets of reports used
the same twin sample with data examined in different ways. One set re-
ported analyses of accelerometer data in one paper (Wood et al., 2007)
and analyses of a composite index of accelerometer plus subjective
measures in another (Wood et al., 2008). The other set reported

Initial search
(3854 titles)

|

Limited to 0-18 years
(3592 titles)

!

Limited to English Language
(3492 titles)

|

Limited to humans
(3308 titles)

|

Duplicates removed
(3134 titles)

|

Removed based on title
(74 titles)

|

Removed based on abstract
(7 titles)

l

Reference searches of remaining
abstracts produced 4 additional
papers
(11 titles)

!

Removed based on full text
review
(7 titles)

Fig. 1. Flow of citations.
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analyses of activity level in different settings using a composite score for
each setting (Saudino, 2009) or multiple individual scores (Saudino and
Zapfe, 2008), and compared data with measures of attention deficit hy-
peractivity disorder (ADHD) (Ilott et al., 2010), and baseline data
(Saudino, 2012). We selected one study from each set to include in
this review, based on their relevance to our research question (Wood
et al., 2007; Saudino, 2009). One of the selected studies had data both
on free-living activity and activity in a standard environment; both
sets of data were included because they contributed to separate analy-
ses (Saudino, 2009). One small study assessed motor activity (waving
of arms and legs) in infants who were not yet walking, but because it
is unclear whether this behaviour is analogous to later childhood loco-
motor activity (Saudino and Eaton, 1991), this was not included. How-
ever, the findings were similar to those observed in the other studies
included in the review.

Seven papers were therefore included in the final review (Fig. 1).
The quality of all studies was then assessed using the Newcastle-Ottawa
Scale adapted for cross-sectional designs (Hezrog et al., 2013). Each
paper received a score out of 10 stars, with 10 being the highest possible
score (Table 1).

Six analyses assessed free-living activity over several days (Fisher
et al., 2010; Franks et al., 2005; Hopkins et al., 2010; Plomin and Foch,
1980; Saudino, 2009; Saudino and Eaton, 1995) and two assessed activ-
ity over a short period in a standard controlled environment (children
were taking part in psychological testing in a research centre, then
were allowed to play freely in breaks without parental direction)
(Saudino, 2009; Wood et al., 2007). The different settings might expose
real differences in the determinants; for example heritable genetic ef-
fects might be revealed more strongly when family influence is taken
away. The methods were also very different, with a much shorter mea-
surement period in the standard environment (hours opposed to days),
which might be less reliable than the data collected over several days in
the free-living setting (Penpraze et al., 2006). The two types of data
were therefore included separately.

All studies measured physical activity objectively, using motion sen-
sors such accelerometers, actometers or pedometers (Fisher et al., 2010;
Franks et al., 2005; Hopkins et al., 2010; Plomin and Foch, 1980;
Saudino, 2009; Saudino and Eaton, 1995; Wood et al., 2007) or by
assessing physical activity energy expenditure (PAEE) with doubly-
labelled water (DLW). PAEE was calculated as (Total Energy
Expenditure — (Resting Metabolic Rate + 0.1 x Total Energy Expendi-
ture)) (Franks et al., 2005).

A summary of the twin design

Central to understanding the genetic and environmental estimates
provided in this paper is an appreciation of the twin design. Intraclass
correlations give an estimate of effects: if a phenotype is entirely
under genetic influence, the correlation between MZ pairs would be
1.0 and between DZ pairs would be 0.5. A correlation between DZ
twins that is over half of the MZ correlation indicates shared environ-
ment influence (being reared in the same home inducing similarity).
Difference between MZ twins denotes unique environment, but
also includes measurement error. Structural equation modelling
generates quantitative parameter estimates including confidence
intervals (a = the genetic component, ¢ = the shared environment
component, e = the non-shared environment component). Mea-
surement error is included in the e parameter.

In extracting results from the studies reviewed, if the paper only
reported correlations, we have calculated genetic and environmental
contributions using a simple formula by Falconer (11): a%> = 2(rMZ —
DZ); > = tMZ — a%; e> = 1 — (a® + ¢?) for ease of comparison.
Because studies differed greatly in sample size, a weighted mean was
calculated for summary purposes using the predefined weighted
mean formula in Microsoft Excel (https://support.microsoft.com/en-
us/kb/214049).

Table 1

Study quality assessment score.

Score (out of 10 with 10
being the best possible

score)

Statistical test

Assessment of
the outcome

The subjects in different
outcome groups are

Sample size Non-respondents Ascertainment
comparable

Representativeness
of the sample

Study

of the exposure

~S O~ Moo O

*%

*x

Saudino (2009)

*

Hx

Hx

Saudino and Eaton (1995)

Franks et al. (2005)

*

sk

Hx

I * * =

Not enough information to score

e

Not enough information to score

*x

*

Plomin and Foch (1980)
Fisher et al. (2010)

Hx

sk

#x

Hopkins et al. (2010)
Wood et al. (2007)

*%

*x
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Table 2
Estimates of genetic and environmental effects of objectively-measured physical activity in children, ordered by age (in a free-living setting).
Ref n MZ pairs n DZ pairs Age (years) Method Duration Activity tMZ 1DZ a® c? e?
behaviour
Saudino (2009) 144 168 2.07 Accelerometer 2 days Free-living 0.87 0.70 0.32(0.18,0.48) 0.54(0.39,0.66) 0.14(0.11,0.18)
Saudino and Eaton (1995) 37 16 2.92 Actometer 2 days Free-living 0.76 0.51 0.50° 0.26 0.24
Franks et al. (2005) 62 38 4-10 PAEE by DLW 14 days Free-living 0.87 0.76 - 0.69 (0.33,0.77) 031 (0.23,0.29)
Plomin and Foch (1980) 30 18 6-10 Pedometer 7 days Free-living 0.99 0.94 0.14° 0.85 0.01
Fisher et al. (2010) 57 60 9-12 Accelerometer 6 days Free-living 0.76 0.71 - 0.73 (0.63,0.81) 0.27 (0.19,0.37)
Hopkins et al. (2010) 11 11 13 Accelerometer 7 days Free-living 0.68 0.60 0.16" 0.52 0.32

MZ = monozygotic, DZ = dizygotic; rMZ = intra class correlation between MZ pairs, rDZ = intra class correlation between DZ pairs; a> = genetic estimate, c> = shared environment
estimate, e = non-shared environment estimate; PAEE by DLW = physical activity energy expenditure by doubly labelled water. The best fitting model on which the authors based

their conclusions is presented in each case.

2 Genetic and environmental influences were not provided so were calculated by the review authors using the equation by Falconer (11).

Results

Quality assessment scores were ranked out of 10 stars and ranged
from 3 to 8 with a mean score of 6 (Table 1). A total of four papers scored
well (7 to 8 stars) on quality assessment (Saudino, 2009; Franks et al.,
2005; Fisher et al., 2010; Wood et al., 2007). Studies examining genetic
and environmental influences on objectively-assessed activity level in
children are summarised in Tables 2 and 3. Five of the six estimates
for daily-life activity in children identified shared environmental effects
as the dominant influence (Fisher et al., 2010; Franks et al., 2005;
Hopkins et al., 2010; Plomin and Foch, 1980; Saudino, 2009). In these
studies, the overall environmental (shared and non-shared) effect
accounted for nearly 80% of the variation in children's activity levels.
One smaller study involving 2-year old twin pairs (n = 53) produced
a lower shared environmental estimate, but overall the environmental
effect still accounted for half of the variance (Saudino and Eaton,
1995). The two adolescent studies both found that the shared environ-
ment explained most of the variance in total daily activity (Fisher et al.,
2010; Hopkins et al., 2010). However, one examined different intensi-
ties of activity (moderate/vigorous physical activity and sedentary
time) and showed that time spent in more intense activity had stronger
genetic influence (Fisher et al., 2010).

The weighted mean proportions of variance explained by genetic,
shared and unique environmental factors for daily-life activity are
shown in the first set of bars in Fig. 2. The shared environment was
the main influence (weighted mean estimate 60%) while genetic effects
were much smaller (weighted mean estimate 21%).

Two fairly large studies examined activity levels in a standard envi-
ronment, with the children taking part in psychological tests as well as
being allowed to play freely during break sessions without parental
direction (Saudino, 2009; Wood et al., 2007). In this context, the genetic
effects on activity level were higher, with a weighted mean heritability
of 45% (Saudino, 2009; Wood et al., 2007). In one of these studies, data
had also been collected under free-living conditions, allowing for direct
comparison (Saudino, 2009) and showed that heritability was higher in
the standard setting (59%) than the daily-life setting (32%), while the
shared environment effect explained more variance in daily-life set-
ting (54%) than in the standard setting (3%) (Saudino, 2009).

Genetic factors had the strongest influence on children's objectively-
measured physical activity in a standard environment, explaining
around half of the variance (see Fig. 2); but shared and unique environ-
mental factors were also important.

Discussion

This review quantified genetic and environmental effects on
children's physical activity using twin studies in which activity was
measured objectively, thereby avoiding the biases that may influence
parent-reported child activity. In the free-living setting, shared environ-
mental influences predominated in all the studies, with no more than a
small genetic effect. In contrast, the two studies which assessed activity
over the short-term in a standard environment, without parental direc-
tion, found a substantially higher genetic influence (Saudino, 2009;
Wood et al., 2007).

Heritability estimates based on short snapshots of children's activity
in a standard environment were similar to estimates of genetic influ-
ence on self-reported leisure-time activity or sports participation in
adults (reviewed in Beunen and Thomas, 1999). This could suggest
that the key issue to allow expression of genetic tendencies is the oppor-
tunity to choose their level of activity freely. This would be more likely
in adults, but also more likely when children are playing on their own
outside the home, and therefore outside of parental and sibling influ-
ence. Although studies testing this in physical activity are required,
there is a well-established significant increase in heritability of intelli-
gence with age and a proposed mechanisms is a gene-environment cor-
relation (whereby children select, modify and create environments
associated with their genetic propensities) (Plomin and Deary, 2015;
Bouchard, 2013).

Recent longitudinal research investigating the drivers of continuity
and change in objectively measured activity level from 2 to 3 years in
304 same-sex twins reported a strong environmental underpinning to
change in activity level when measured in the home environment, but
a stronger genetic underpinning when measured in a standard, labora-
tory setting (Saudino, 2012). The authors posited that the predominant
role of environment in activity level change within the home might
relate to the introduction of age-dependent family activities.

Table 3
Estimates of genetic and environmental effects of objectively-measured physical activity in children, ordered by age (in a standard, laboratory setting without parental direction).
Ref nMZ nDZ Age Method Duration Activity behaviour MZ DZ a° c? e’
pairs  pairs (years)
Saudino (2009) 144 168 2.07 Accelerometer 15 min + test Standard environment ~ 0.63 0.36 0.59 (0.37,0.70) 0.03 (0.00,0.21) 0.38 (0.30, 0.48)

administration

Wood et al. (2007) 150  224* 7-9 Accelerometer 2.5h

Standard environment

073 058 0.36(0.17,056) 0.39 (0.21,0.55) 0.25 (0.20, 0.32)

MZ = monozygotic, DZ = dizygotic; rMZ = intra class correlation between MZ pairs, rDZ = intra class correlation between DZ pairs; a> = genetic estimate, c> = shared environment
estimate, e = non-shared environment estimate. The best fitting model on which the authors based their conclusions is presented in each case.
2 Including 111 opposite sex pairs — 89 ‘singleton’ twins were also included in the twin modelling analysis in this study.
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Fig. 2. Genetic and environmental influences on objectively-measured physical activity in
children. Data are weighted mean estimates of variance from six studies of objectively-
measured physical activity in childhood in a free-living setting and two studies conducted
in a standard, laboratory setting.

One study also found that in the transition from adolescence to
adulthood there was a shift from environmental to genetic determi-
nants of leisure time physical activity (Stubbe et al., 2005). A recent
study examining self-reported activity data from 8355 adolescent
twins, which stratified the sample by age and sex, found a predominant
genetic effect overall, but a stronger shared environment effect in the
younger girls (van der Aa et al., 2010). Objective physical activity data
in adolescents are lacking, and a valuable contribution to the literature
would be to assess habitual activity during important transition periods
(e.g. from childhood to adolescence, or adolescence to adulthood) in a
large twin sample to determine whether genetic influences change
over time. In the current review, the number of eligible studies was
too small and age-range too varied to draw inferences about whether
the importance of the environment versus genes changes with age (as
is observed in other phenotypes such as intelligence (Plomin and
Deary, 2015; Bouchard, 2013) and body mass index (Haworth et al.,
2008)). However, a longitudinal twin study using objective measures
of physical activity is warranted.

A large proportion of children's daily activities are directed by par-
ents, teachers, or even co-twins. Indeed there is some evidence from
singleton children that the modern environment suppresses activity
(Esliger et al,, 2010), and that parental factors, such as support and en-
couragement, are required to promote children's physical activity
(Hinkley et al., 2008; Sallis et al., 2000). An exploratory study in which
24 children wore accelerometers compared a novel ‘active learning en-
vironment’ (where they were allowed to move about freely during les-
sons), a ‘standing classroom’ (where vertical work stations were used),
and a standard sitting desk-based classroom. Average activity levels
were substantially and significantly higher in the active learning envi-
ronment, providing preliminary evidence that children move more in
an activity-permissive environment, but it did not address individual
differences (Lanningham-Foster et al., 2008). At the same time ‘activi-
ty-permissive’ environments might allow greater expression of subtle
differences in preference for active vs. sedentary activities; a suggestion
that is supported to some extent by evidence for significant genetic in-
fluence on children's self-reported activity preferences (Fisher et al.,
2010).

The evidence for environmental effects is also consistent with find-
ings that children who walk or cycle to school have higher overall
daily activity levels and are fitter than those who travel by car,
supporting an environmental influence (Cooper et al., 2005, 2006). It
is also likely that children who are genetically predisposed to being
more physically active are more likely to choose more active transport

options, and indeed choose other options that are conducive to physical
activity, like spending more time outdoors, and this should be further
explored. However, external factors that cannot be influenced by the in-
dividual child, such as season or school physical activity policy, have also
been shown to have a significant impact on children's total daily activi-
ty, making a case for environmental effects (Ferreira et al., 2006; Fisher
et al., 2005; Kolle et al., 2009; Sallis et al., 2000). A recent review identi-
fied attributes of the physical environment that were correlated with
children's activity (such as availability and access to leisure facilities)
(Krahnstoever Davidson and Lawson, 2009) but further research is re-
quired in this area.

This review is limited by a shortage of research. Further research mea-
suring activity in both structured and unstructured environments could
elucidate the comparative contribution of environment and genes to ac-
tivity levels in children, investigating whether different settings might
manipulate the effect genes have on activity. It cannot be discounted
that differences in the findings reported in this review are in part due
to increased error arising from the reduced period of measurement in
laboratory-based studies which measure activity in a standard environ-
ment. However, overall a key finding is that the environment is an impor-
tant influence on children's activity in any situation.

Although the twin design is very valuable in allowing quantification
of genetic and environmental contributions to a phenotype, it is not
without limitations. It is feasible that MZ twins share their environ-
ments to a greater extent than DZ twin, because they are treated more
similarly. However, in the current context this would lead to a greater
proportion of the variance in physical activity being explained by
genes, rather than the shared environment. Additionally, there is empir-
ical support for the equal environment assumption from twin studies of
psychiatric illness (Kendler et al., 1993). Complimentary study designs
that would further enhance the elucidation of the genetic and environ-
mental influences on physical activity, and importantly, gene-environ-
ment interactions, include adoption studies, inclusion of siblings in a
twin design, and genome-wide complex trait analyses (Boomsma
et al., 2002). However, to the best of our knowledge these have not
been carried out in objectively measured physical activity in childhood.
This review highlights the need for further research in this important
field. Findings from twin studies may not be fully generalisable to sin-
gleton populations. However, similar levels of objectively measured ac-
tivity between young twin and singleton cohorts are encouraging
(Fisher et al., 2010).

The Falconer formula was useful in giving an estimate of the variance
explained by genes and the shared and unique environments where this
had not been provided in the manuscript. However, a limitation of the
equation is that it does not give model fit statistics or confidence inter-
vals. An alternative approach would be to request all original data from
authors and conduct formal quantitative genetic analyses. However this
was not feasible for the current review, and mean estimates are gener-
ally very similar between those calculated using the Falconer equation
and those acquired by more formal heritability analyses.

In comparing our findings to those from studies using parent-report
in early childhood, there is a problem of matching measures. A review of
twin studies using activity subscales on temperament questionnaires
estimate significant heritability estimates of 19-40% (Hwang and
Rothbart, 2003), which are similar to those found in the standard envi-
ronment studies. However, these data were generally derived from in-
fant studies using questions like ‘during the past week while dressing
how often did your baby wave their arms and kick’ from the Infant Be-
haviour Questionnaire (Gartstein and Rothbard, 2003; Hwang and
Rothbart, 2003; Rothbart, 1981). A small objective study of early infant
motor activity level also provided heritability estimates of around 40%,
suggesting the high genetic effects found in parent-report studies
might be particular to infant activity (Saudino and Eaton, 1991). There
are no twin studies assessing children's free-living habitual activity
level using parent-report as this cannot be measured reliably using
subjective measures (Corder et al., 2008; Reilly et al., 2008).
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Conclusions

This review of paediatric twin studies using objective measures of
activity, demonstrates that physical activity in children shows modest
genetic influence when measured over a short time-period in a stan-
dard environment, but in everyday life is predominantly determined
by the environment in which they live. These results highlight the
need for research into the modifiable environmental drivers of physical
activity in children's home and school environments.
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