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ABSTRACT

Introduction Physical activity and academic performance are believed to be associated. Though
both traits are partially heritable, it remains unclear whether these traits also share a genetic
and/or environmental background in common. We aimed to examine to what extent leisure-time
physical activity and academic performance share genetic and environmental effects from early
adolescence to young adulthood. Methods Participants were Finnish twins (2543-2693
individuals/study wave) who reported their leisure-time physical activity at ages 12, 14, 17 and
24. Academic performance was assessed with teacher-reported grade point averages at ages 12
and 14 and by self-reported educational levels at ages 17 and 24. Bivariate quantitative genetic
modeling at each age and between different ages was performed to decompose the trait
correlation between academic performance and physical activity into genetic and environmental
components. Results The trait correlations between leisure-time physical activity and academic
performance were positive, but modest at most (ry.i=0.08-0.22 in males, and 0.07-0.18 in
females). The genetic correlations between leisure-time physical activity and academic
performance were higher than the trait correlations (ra=0.17-0.43 in males, and 0.15-0.25 in
females). Common genetic influences explained 43-100% of the trait correlations.
Environmental influences shared by co-twins between leisure-time physical activity and
academic performance were also correlated (rc=0.27-0.54 in males, and 0.21-0.69 in females)
explaining 41-100% of the trait correlations. Unique environmental influences were correlated
only in females (re=0.10-0.15). Conclusion Both common genetic background and shared family

environment (i.e., familial background) partially account for the associations observed between



leisure-time physical activity and academic performance. However, the estimates vary in

magnitude by age.
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INTRODUCTION

Regular physical activity (PA) is associated with several health benefits (1), but an increasing
interest has also arisen in investigating the association between PA and other factors not directly
related to health. One of these factors has been academic performance (AP) and several
systematic reviews and meta-analyses have been conducted to examine how AP is associated
with PA (2-7). Thus far, the evidence has been conflicting — previous studies have suggested a
positive (3, 5, 6), negative (2, 8) or no association (3, 4, 8, 9) between these traits. Moreover, it is
still under debate whether the possible association between the traits is causal (10). Lees et al.
(2013) (10) provided evidence in their systematic review of randomized controlled trials that
aerobic PA had a positive causal role in academic achievement. However, no statistically
significant improvement had been detected in any of the individual studies included in the
review, which makes the interpretation questionable. Our recent longitudinal twin study from
early adolescence to young adulthood was also informative of potential causal effects between
these traits (11): in contrast to Lees et al. (2013) (10), we found evidence for the fact that better
AP potentially increases leisure-time physical activity (LTPA), rather than the reverse direction

of association.

Numerous studies have supported a significant role of genetic factors in the regulation of both
PA (12, 13) and AP (14-17). Based on the recent review by the American College of Sports
Medicine sponsored roundtable committee, the heritability estimates for PA have ranged from
moderate to very high (13). Finding specific genes for PA has been challenging in molecular
genetic studies (12, 13, 18), but recently very large studies have started to make progress (19-

21).



In terms of AP, a large meta-analysis of more than 12,000 primary school-aged twins from 6
countries (17) along with a study of 16-year-old British adolescents at the end of their
compulsory education (15) have revealed the importance of genetic influences on the different
aspects of the AP. Heritability estimates ranged from 44% (spelling) to 73% (reading) in these
studies. This meta-analysis also revealed that the importance of genetic effects on AP differed
between countries (17), which was also found by another international meta-analysis exploring
the variation in the heritability of educational attainment (22). Furthermore, large-scale genome-
wide association studies have identified hundreds of single nucleotide polymorphisms (SNPs)

associated with educational attainment (23).

Because the existing results have been inconclusive in terms of the direction of association and
limited with regard to their potential for clarifying the causality of the association between PA
and AP, it is poorly known what lies behind the apparent association of these traits. It is possible
that the association is causal, but there is also another possible explanation for the correlation
between these traits. Very often familial factors (i.e., genetic and shared environmental factors)
do not affect only one trait at a time, but rather are shared with several traits, and, thus, can
create an association between the traits even in the absence of a causal effect (24). A common
genetic and/or shared environmental background could also explain the inconsistent results on

the direction and possible causality of the association between PA and AP.

To the best of our knowledge, no studies exist on the topic of whether PA behavior and AP share
a genetic and/or environmental background. However, a few previous studies have shown that

AP shares genetic factors with several aspects of health that are highly related to the level of PA,



such as waist circumference (25), self-reported health (26) and body mass index (27, 28). In
these studies, the common genetic factors explained from 15% (waist circumference) to 30%
(body mass index) of the associations between the traits. In a large genome-wide association
study, genetic correlations between AP and many other health-related traits such as body mass
index and risks of Alzheimer’s disease, neuroticism and schizophrenia were observed (14).
Moreover, shared genetic influences on physical function and cognition were found by a recent
Chinese study (29). All this evidence is suggestive of a common genetic and/or environmental

background between PA and AP as well.

A twin study design can provide fundamental information about the extent to which there may be
genetic and environmental influences common to PA and AP. This may help to understand the
ways in which the association between these two traits emerges. The aim of this study was to
examine to what extent LTPA and AP share a genetic and environmental background from early
adolescence through adolescence to young adulthood. Our focus was on LTPA, which may
better reflect voluntary behavior and inherent abilities of the individual than many other aspects
of PA behavior (e.g., school- or work-based PA). LTPA is also the most effective way to
increase PA levels. Given the previous evidence, we hypothesize that there may be common
genetic and/or environmental factors that may be partly responsible for the association between

LTPA and AP.



METHODS

PARTICIPANTS

The participants of this study were drawn from the FinnTwin12 study, which is a longitudinal
study of health and behavior in Finnish twins and their families (30). The twins were from the
birth cohorts 1983-1987 and identified from the Central Population Registry of Finland. Thus
far, four waves of the FinnTwin12 study have been completed. In the first phase, the twins and
their parents completed study questionnaires when the twins were 11-12 years old.
Subsequently, the twins were surveyed again at the mean ages of 14.0 (standard deviation (SD)
0.08 years, range 13.7-14.9), 17.6 (SD 0.26 years, range 17.2-19.5) and 24.2 years (SD 1.64
years, range 20.5-27.5). The data for the study have been collected through mailed
questionnaires. The response rates have been high in each wave of data collection, ranging from
73% to 90%. The teachers of twins assessed the twins’ behavior and AP at school at ages 12 and

14.

The total number of twins enrolled to the FinnTwin12 study was 5,600. In this study, we had
data available on LTPA and AP from 4,179 twins (50% females) at age 12 years, 2,853 twins
(51% females) at age 14 years, 4,190 twins (52% females) at age 17 years, and 3,156 twins (56%
females) when they were 24 years old. Out of these individuals, 1,915 were full twin pairs at age
12, 1,173 at age 14, 1,925 at age 17, and 1,261 at age 24. The zygosity of these twins has been

determined using a well-validated questionnaire (31).



ASSESSMENT OF ACADEMIC PERFORMANCE

School performance was assessed by teachers at school with a grade point average at the ages of
12 and 14 years. Teachers answered the following question: “What was the twin's grade point
average at the end of the academic year?”. The responses were categorized as follows: 1) better
than 9, 2) from better than 8 to 9, 3) from better than 7 to 8, 4) from better than 6 to 7, 5) six and
under, and 6) numeral grades not given. In the Finnish school system, grade point averages range
from the lowest value of 4 to the highest value of 10. For the twins for whom numeral grades
were not given at ages 12 (n=1,275) or 14 (n=12) years, their most likely grade point average
category membership was imputed by using several other school performance variables reported
by the teachers, such as spelling, reading aloud, and mathematics. These estimations did not bias
the associations with LTPA (Supplemental Digital Content 1, Imputation of grade point average

values, http://links.lww.com/MSS/B720).

At age 17 years, the twins themselves reported their current student status, which was used as a
measure of AP at that stage of their lives. The responses for this item in our study were classified
into three groups: 1) not studying currently, 2) in vocational school, and 3) in academically
oriented upper secondary school. The self-reported highest educational degree achieved at the
average age of 24 years was used as the measure of AP in young adulthood. For those twins who
had not completed their education, we treated their ongoing studies as the final level of
education. Educational attainment was classified into four groups: 1) compulsory education only,
2) vocational secondary education, 3) upper secondary education, and 4) tertiary education

(university or polytechnic college). At age 17, the majority of the twins (62%) studied at upper



secondary school, and at age 24, the most common educational level achieved was tertiary

education (53%).

ASSESSMENT OF LEISURE-TIME PHYSICAL ACTIVITY

Self-reported LTPA behavior was assessed for each study wave. The assessment of the twins’
PA level was based on a structured question on the frequency of LTPA excluding physical
education classes at school. The item was asked in exactly the same form in all study waves:
“How often do you exercise or take part in sports in your leisure time?”. However, the response
options were somewhat different over time. At the study wave of age 12 years, there were 5
response options: 1) just about every day, 2) two to three times a week, 3) two to three times a
month, 4) two to three times in six months, and 5) not at all. At ages 14 and 17, the 7 response
options were: 1) just about every day, 2) four to five times a week, 3) two to three times a week,
4) about once a week, 5) one to two times a month, 6) less than once a month, and 7) not at all.
In young adulthood, the options were the same as at ages 14 and 17, but one extra response
option was included: “several times every day”. The most often reported frequency of LTPA was
two to three times a week at each age of the twins. Previous studies have shown strong
correlations between the self-reported questions on the frequency, duration and intensity of
LTPA sessions used in the Finnish twin cohort studies and PA data obtained by interview
(r=0.56, p<0.001) (33) or by a detailed assessment of 12-month LTPA history (r=0.73, p<0.001)

(34).



STATISTICAL METHODS

We began the statistical analyses by producing the means and SDs in monozygotic (MZ) and
dizygotic (DZ) twins of the LTPA and AP variables using Stata 14.1 software (StataCorp,
College Station, Texas, USA). Quantitative genetic modeling of the data was performed using
structural equation modeling in OpenMx software (version 2.0.1), which is a package for

extended structural equation modeling on the R statistical platform (35).

Because the quantitative genetic modeling is based on the different genetic relatedness of MZ
and DZ co-twins (i.e., MZ co-twins have virtually the same DNA sequence, whereas DZ co-
twins share, on average, 50% of their segregating genes), we started with information on the
similarities of MZ and DZ twins with regard to LTPA and AP. We estimated intra-class
correlation coefficients to quantify the degrees to which MZ and DZ twins resemble each other.
The within-twin-pair correlations for LTPA and AP were systematically higher among MZ pairs
than DZ pairs (see Table, Supplemental Digital Content 2, Intra-class correlation coefficients of
LTPA and AP, http:/links.lww.com/MSS/B721). This indicates that genetic factors are of
importance in both traits. Most DZ twin correlations were more than half the MZ correlations,
which suggests that environmental factors shared by co-twins are also important for both LTPA
and AP. Further, DZ twin correlations for opposite-sex twin pairs were lower than for same-sex
twin pairs suggesting that different genetic factors operate in males and females with regard to

LTPA and AP.

Based on these principles, we decomposed the trait variation in LTPA and AP into three

components: additive genetic variation (A), shared environmental variation (C), and unique



environmental variation (E) (36). Measurement error is included in the unique environmental
variation. The proportion of variation accounted for by genetic influences (A effects) is called
heritability (genetic influences correlate 1.0 in MZ and 0.5 in DZ twins). Shared environmental
influences (C effects) refer to all environmental influences that make members of a twin pair
alike (correlate 1.0 in both MZ and DZ twins) — usually interpreted as factors related to parents,
siblings, household and neighborhood. Unique environmental influences (E effects) denote all
environmental influences that make members of a twin pair unlike (uncorrelated in both MZ and
DZ twins). High heritability estimates indicate a minor role for environmental influences,
whereas low heritability estimates are suggestive of a greater role for environmental influences,

shared or unshared, on the differences between individuals.

Genetic modeling began by comparing different univariate models to select the best-fitting
model at each age to be used in the further analyses (see Table, Supplemental Digital Content 3,
Univariate ~ model-fitting  statistics  for  the LTPA and AP  variables,
http://links.lww.com/MSS/B722). First, we determined whether shared environmental factors
were present to explain the variation in the twins’ LTPA and AP by comparing the full ACE
model to the AE model at each age separately. Univariate model-fitting results revealed that
there were significant differences in model fit between the full ACE and AE models in both
LTPA and AP (p-values range from <0.001 to 0.004), except LTPA at ages 17 and 24 (see Table,
Supplemental Digital Content 3, Univariate model-fitting statistics for the LTPA and AP
variables, http://links.lww.com/MSS/B722), indicating that the simpler AE models did not
describe the data as adequately as the more complex ACE model; thus, the shared environmental

components were included in the bivariate models.



Subsequently, we tested whether there was evidence for sex-specific genetic factors related to
LTPA and/or AP by analyzing whether the genetic correlations for opposite-sex twins could be
constrained to 0.5 (i.e., the same as for same-sex DZ twins). The analysis of whether separate
parameters should be estimated for males and females revealed evidence for a sex-specific
genetic effect in LTPA at age 12 (p-value <0.001) and AP at ages 12, 14 and 17 (p-values from
<0.001 to 0.02), indicating that there are different genetic influences on these traits in males and
females at these ages (see Table, Supplemental Digital Content 3, Univariate model-fitting
statistics for the LTPA and AP variables, http://links.lww.com/MSS/B722). Therefore, the ACE -

models were conducted with separate parameter estimates for males and females.

Then, we tested whether there were differences in the absolute genetic and environmental
variances in LTPA and AP between males and females. In addition to testing absolute variances,
we further tested whether there were differences in the relative genetic and environmental
variances (i.e., in standardized variances) between males and females. The results of absolute
and relative genetic and environmental variances in LTPA and AP also showed some significant
differences in both traits between males and females (see Table, Supplemental Digital Content 3,
Univariate ~ model-fitting  statistics  for  the LTPA and AP  variables,
http://links.lww.com/MSS/B722). With regard to absolute variances, there were statistically
significant differences in LTPA between the sexes at ages 12 (p=0.0008) and 17 (p=0.01) as well
as in AP at ages 12 (p=0.02), 14 (p<0.001) and 24 (p=0.002) (see Table, Supplemental Digital
Content 3, Univariate model-fitting statistics for the LTPA and AP variables,

http://links.lww.com/MSS/B722), whereas the relative genetic and environmental variances in



LTPA were significantly different between sexes at ages 12 (p=0.009), 17 (p=0.004) and 24

(p=0.04), and in AP at age 17 (p=0.02).

Finally, bivariate Cholesky decompositions were conducted to estimate trait correlations
(phenotypic correlation) as well as genetic and environmental correlations, and proportions of
the trait correlations explained by genetic and environmental factors between LTPA and AP (37).
The genetic and environmental correlations were estimated to see to what extent the covariation
of the traits is potentially explained by the same genetic and environmental factors. The
correlations were initially performed based on the univariate model-fitting results (ACE models)
(see Table, Supplemental Digital Content 3, Univariate model-fitting statistics for the LTPA and
AP variables, http://links.lww.com/MSS/B722). However, shared environmental correlations, for
example, could not be reliably estimated at all ages due to the lack of significant shared
environmental paths to LTPA. Because of this reason, we decided that in addition to full model
estimates of the decomposed source of trait correlations, we would also conduct model estimates
at each age that include only those genetic and environmental correlations that do not

significantly reduce the fit of the initial full model.

We began by conducting the Cholesky decompositions between LTPA and AP separately at each
age as well as across all ages. However, the results between non-consecutive ages (e.g., LTPA at
age 12 and AP at age 24) showed insufficient statistical power to assess the trait correlations and
to decompose the different sources of the trait correlations (see Table, Supplemental Digital
Content 4, Trait correlations as well as the correlations between additive genetic, shared

environmental and unique environmental factors for LTPA and AP,



http://links.lww.com/MSS/B723). Therefore, we chose to focus on cross-sectional results and

results between consecutive ages.

ETHICS OF THE STUDY

The ethics committee of the Department of Public Health of the University of Helsinki (Helsinki,
Finland), the ethics committee of the Helsinki University Central Hospital District (Helsinki,
Finland) and the Institutional Review Board of Indiana University (Bloomington, Indiana, USA)
approved the FinnTwin12 study protocol. All study methods were carried out in accordance with
the approved guidelines. The parents of the participating twins or twins themselves as young

adults provided written informed consent for participation in the study.

RESULTS

The means and SDs of LTPA and AP stratified by zygosity and sex are provided in Table 1.
There were no significant differences by zygosity groups, except LTPA at age 17 in females
(p=0.003). At each age, males reported higher frequencies for LTPA than females (p=0.001 to
p<0.001), whereas females reported systematically higher levels of AP than males (p<0.001 at
each age). Descriptive statistics are presented in Supplemental table 5 (see Table, Supplemental
Digital Content 5, Descriptive statistics, http://links.lww.com/MSS/B724). The most common
grade point average at ages 12 and 14 was 8-9 (47%) with the maximum grade point average
being 10. The majority of the twins (62%) were studying at upper secondary school at age 17,
and the most common educational attainment in young adulthood was tertiary education (53%).

The most often reported frequency of LTPA was 2-3 times a week in each study wave. Among



twin’s mothers and fathers, the frequency of LTPA was about the same: 6-10 times a month was

the most often reported frequency for both (26% mothers, 25% fathers).

The heritability estimates of LTPA ranged from 30% (age 12) to 56% (age 24) in males and from
17% (age 12) to 43% (age 17) in females (Figure 1). For AP, the heritability estimates were
similar or somewhat higher than for LTPA, ranging from 31% (ages 14 and 17) to 55% (age 12)
in males and from 41% (age 14) to 66% (age 12) in females. The contribution of shared
environmental influences to LTPA decreased dramatically from adolescence to young adulthood
in both sexes (from 35% to 0% in males and from 53% to 5% in females), but were more stable
in AP during the follow-up (from 27% to 29% in males and from 13% to 31% in females). The
unique environmental influences were more important for LTPA (from 30% to 57%) than for AP

(from 18% to 30%) at each age in both sexes.

Results of the decomposed source of the trait correlations within study waves and between
consecutive study waves of LTPA and AP are presented in Tables 2 (males) and 3 (females).
Statistically significant genetic and shared environmental correlations are summarized in Figure
2. Trait correlations for both LTPA and AP were positive and statistically significant but weak,
ranging from 0.08 to 0.22 in males (Table 2) and from 0.07 to 0.18 in females (Table 3). The
highest trait correlations between LTPA and AP were seen in late adolescence and young
adulthood in both sexes: between LTPA at age 17 and AP at age 17 (rui=0.22) in males, and
between LTPA at age 17 and AP at age 24 (ryi=0.18) in females. The genetic and environmental
correlations based on the full model between LTPA and AP fluctuated quite a bit over the

transition period from early adolescence to young adulthood in both sexes.



Not all correlations could be reliably estimated in the initial full models that were based on the
univariate model-fitting results. Therefore, without significant loss to the full models, the best-
fitting models were identified. The importance of familial factors explaining the associations
between LTPA and AP was highlighted by the fact that genetic and shared environmental
correlations could not be dropped from the best-fitting models simultaneously without degrading
the fit of the models — this was the case at each age in both sexes (Tables 2 and 3). Particularly,
shared environmental correlations between LTPA and AP were shown to have a significant role
over the follow-up from early adolescence to young adulthood: the range of significant shared
environmental correlations between LTPA and AP was from 0.27 to 0.54 in males and from 0.21
to 0.69 in females (Figure 2, Tables 2 and 3). In these best-fitting models, the shared
environmental influences explained almost half of the trait correlations observed between LTPA
and AP (i.e., from 41% to 100%). The highest proportions of shared environmental influences
explaining the trait correlation between LTPA and AP were found in early adolescence and
adolescence in males, while in females the highest proportions were found in adolescence and

young adulthood.

In males, the statistically significant best-fitting model correlations between the genetic
influences for LTPA and AP were found when LTPA in early adolescence and young adulthood
were involved (ra from 0.17 to 0.43) (Figure 2 and Table 2). In females, the statistically
significant genetic correlations were seen between LTPA at age 14 and AP at age 12 (r,=0.15)
and between LTPA at age 24 and AP at age 24 (ra=0.25) (Figure 2 and Table 3). Similarly to the
shared environmental influences, the genetic influences explained a substantial portion of the

association between LTPA and AP — from 43% to 100% of the trait correlations between LTPA



and AP. The importance of common genetic influences explaining the trait correlation was

highlighted particularly in young adulthood in both sexes, but also in early adolescence in males.

In many of the best-fitting models, unique environmental correlations could be dropped as a
source of the trait correlations. Those unique environmental correlations that were still shown to
have a role in the best-fitting models were estimated to be very low. Unique environmental
influences explained less than half of the trait correlations between LTPA and AP (i.e., from

14% to 49%) — the highest proportions were found in females in early adolescence.

DISCUSSION

In the present study, we investigated to what extent LTPA and AP share a common genetic and
environmental background from early adolescence to young adulthood using a genetically
informative twin design. The results indicated that the associations between LTPA and AP were
positive, but weak from early adolescence to young adulthood. The most important finding to
emerge from this study was that the observed associations between LTPA and AP partly result
from both overlapping genetic influences and overlapping familial environmental effects, which,
however, vary in magnitude by age. Particularly in males, genetic influences explained a large
part of the associations between LTPA and AP in early adolescence and young adulthood,
whereas in females, shared environmental factors mainly explained the trait correlations between
LTPA and AP. The longitudinal study design indicated that the common genetic and shared
environmental influences explaining the associations between the consecutive ages of LTPA and
AP were also substantial with few exceptions. In the bivariate twin model, a causal association

between LTPA and AP should appear as overlap between all the variance components



contributing to both variables (i.e., as significant A, C, E correlations in our analyses). This was
not the case for any pair of LTPA and AP variables, thus our findings are not supportive of a
causal association existing between PA and AP, but rather indicate that familial factors (i.e.,
genetic and non-genetic factors shared by co-twins) are responsible for much of the association

between LTPA and AP.

The results of the present study reinforce the suggestion of a positive association between PA
and AP that has previously been proposed in several studies (3-6, 11). We were also able to
confirm previous evidence of a significant contribution of genetic factors to PA behavior as well
as to AP (12, 13, 15-17). In our study, the heritability estimates range from low to high in both
LTPA and AP, which are somewhat inconsistent with previous studies suggesting moderate to
high heritability estimates for individual differences in PA and AP (13, 15, 17). However, when
comparing the results of different studies it is important to bear in mind that the associations
reported between PA and AP partly reflect the associations between PA and cognitive ability (2,
38, 39). Furthermore, both PA and AP as variables are complex to define and can be measured in
many ways. These methodological differences along with small sample sizes in some studies, as

well as the fact that genetic influences change over time, may result in the discrepant findings.

As far as we know, previous studies have paid no attention to the role of the common genetic and
environmental factors potentially affecting the association between PA and AP. However, many
human behavioral traits are associated with several genetic variants (polygenic traits) and PA and
AP are such complex traits (24). Because there are also previous studies that have suggested a

common genetic background between several aspects of health and AP (25-28), we believe that



our results provide a valuable insight into the assessment of whether there are a potential
common genetic and/or environmental background between different health-related variables

and AP.

As hypothesized, the results of this study show that LTPA and AP share a common genetic and
environmental background from early adolescence to young adulthood. We found positive
genetic correlations between the traits, especially in males, indicating that the increase in LTPA
is explained by the same genetic factors as the increase in AP. Further, the frequently seen
moderate and high positive estimates of shared common environmental correlations in males and
females indicated that a family environment that is conducive to LTPA also tends to increase AP.
The current study found that the common genetic and environmental factors explained from 41%
to 100% of the associations between LTPA and AP. These are markedly higher estimates than
the previously reported proportions explaining the association between AP and different aspects
of health (25-28). The differing results are likely explained by the variety of health and PA
variables used in the studies. In addition, in our results, some of the confidence intervals are
wide, which may indicate that our data is underpowered to decompose genetic and shared
environmental influences explaining the proportions of the trait correlations between LTPA and

AP.

Our study was limited by the absence of objective measures of LTPA. Even though the validity
of PA questionnaires used in Finnish twins have been demonstrated (33, 34), it is likely that non-
objective PA measures cannot be as accurate as objective PA measures (40). We were also able

to utilize only the frequency measures of LTPA, which is not the most optimal way to measure



PA behavior, but was the only available PA measure over time in the longitudinal data set used
in this study. We are aware of the fact that the lack of comprehensiveness in the assessment of
LTPA dimensions may restrict the picture of the total LTPA behavior. However, it should be
noted that the assessment method is unlikely to have an effect on the association between LTPA
and AP, because the non-objective measure of LTPA still represents twins’ PA behavior, yet not

as comprehensively and objectively as it could.

Student status at 17 years of age and AP as young adults were also self-reported by the twins,
thus, the possibility of errors cannot be avoided with regard to these variables either. In contrast
to these subjective measurements, grade point averages in adolescence were reported by teachers
when the twins were aged 12 and 14 years. The benefit of the measurement based on the
evaluation of professionals is that teachers have evaluated the twins’ school performance as
objectively as possible. Because in Finland schools follow a national curriculum, the school
systems and evaluations are based on similar principles all over the country. Moreover, the
proficiency level of the teachers is rather similar, since nearly all teachers have undergone
Master’s level training. Despite all this, we are aware of the fact that grade point averages are not
the most optimal measure of AP because they are not standardized and, thus, difficult to

compare.

The representativeness of the study participants may also be a potential issue in our study due to
the reason that we included only those twins who had complete data on LTPA and AP in the
analyses. However, no evidence was found that those twins whose AP data was unavailable

differed from twins whose AP data was available with regard to LTPA behavior except at age 12



(p=0.02). In contrast, those twins who did not report their LTPA behavior had significantly lower
AP than those who reported their LTPA behavior (p-values were <0.001, 0.03 and 0.03,
respectively) except at the latest study wave when twins were young adults. This might dilute the

association between LTPA and AP.

A major strength of our study is that it provided an important opportunity to investigate the
phenomenon cross-sectionally as well as longitudinally from early adolescence to young
adulthood. Thus, we were able to quantify changes in the magnitude of genetic and
environmental influences in different stages of life. This is important because genetic and
environmental influences are not stable. A further strength of this study is the large sample size.
The population-based dataset we used enables capturing the entire variation of LTPA behavior in
the Finnish population across the lifespan from early adolescence to young adulthood. Various
selection biases are also unlikely in our study because of the relatively high participation rates in
the study waves and the inclusion of multiple domains in the questionnaires. Even though the
generalizability of our study findings is good due to the population-based sample with relatively
equal sex representation as well as high response rates, it is important to keep in mind that our
findings are limited to individuals between 12 and 24 years of age. Thus, the trait correlations as
well as genetic and environmental correlations between LTPA and AP at other ages are still

poorly known.

In conclusion, the results of the present study suggest that the origin of the association between
LTPA and AP is likely to be partly located in the common genetic background and shared family

environment. Most importantly, the result of the present study challenges the assumption of a



potential causal relationship between LTPA and AP. In light of our results, it should not be
thought that the increase in PA or AP would directly cause an increase in the other variable. For
example, more practical implication to increase a child’s PA behavior and AP may require
interventions in a child’s family environment rather than interventions that are directly aimed at
promoting PA or AP. A favorable environment may also support a child’s potential genetic
predisposition to higher levels of PA and AP. For future studies, more information on the
genetic- and environmental-based associations between PA and AP utilizing twin and family
data are needed. The focus should not be only on adolescents and young adults but also on
younger children and older adults. The success of this study in presenting evidence of shared
common genetic factors between LTPA and AP should also lay the groundwork for potential

molecular genetic studies in the field.
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TABLE AND FIGURE LEGENDS

Table 1 Means and standard deviations of leisure-time physical activity (LTPA) and academic

performance (AP) in twins by zygosity and sex.

Table 2 Trait correlations (ryair) as well as the correlations between additive genetic (ra), shared
environmental (rc) and unique environmental (rg) factors for leisure-time physical activity
(LTPA) and academic performance (AP) with 95% confidence intervals (CI) for the full and
best-fitting models at ages 12, 14, 17 and 24 in males. The table presents cross-sectional

correlations and correlations between consecutive ages.

Table 3 Trait correlations (ryait) as well as the correlations between additive genetic (ra), shared
environmental (rc) and unique environmental (rg) factors for leisure-time physical activity
(LTPA) and academic performance (AP) with 95% confidence intervals (CI) for the full and
best-fitting models at ages 12, 14, 17 and 24 in females. The table presents cross-sectional

correlations and correlations between consecutive ages.

Figure 1 The relative contributions of genetic and environmental factors to variances in leisure-
time physical activity (LTPA) and academic performance (AP) with 95% confidence intervals in

parentheses in males and females.



Figure 2 The statistically significant correlations between additive genetic and shared
environmental factors for leisure-time physical activity (LTPA) and academic performance (AP)
for the best fitting models at ages 12, 14, 17 and 24 in males and females. Line weights denote
the strength of correlations: dashed thin line (--) denotes a correlation between 0 and +0.19; solid
thin line (—) denotes a correlation between +0.2 and +0.29; dashed thick line (--) denotes a

correlation between +£0.3 and +£0.39; and solid thick line (—) denotes a correlation over +0.4.
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Table 1 Means and standard deviations of leisure-time physical activity (LTPA) and academic performance (AP) in twins by zygosity and sex.

Variables

MZ twins

DZ twins same sex

DZ twins opposite sex

Sex Mean (SD) Number of twin Mean (SD) Number of twin Mean (SD) Number of twin
individuals individuals individuals
LTPA at age 12 J 3.49 (1.37) 797 3.49 (1.37) 850 3.48 (1.35) 799
Q 2.85 (1.47) 851 2.97 (1.43) 745 2.92 (1.46) 789
LTPA at age 14 3 5.06 (1.60) 722 5.07 (1.47) 771 5.04 (1.50) 725
Q 4.94 (1.57) 786 4.95 (1.51) 639 4.89 (1.50) 754
LTPA at age 17 3 4.95 (1.71) 636 478 (1.71) 681 4.92 (1.61) 634
Q 4.87 (1.71) 753 4.83 (1.56) 650 4.91 (1.47) 667
LTPA at age 24 a 4.73 (1.49) 476 4.68 (1.49) 444 4.64 (1.57) 457
Q 4.92 (1.53) 659 4.94 (1.48) 547 4.99 (1.46) 578
AP at age 12 a 3.34 (0.68) 692 3.30 (0.69) 712 3.32(0.73) 662
Q 3.60 (0.64) 728 3.62 (0.68) 642 3.63 (0.66) 673
AP at age 14 o) 3.28 (0.90) 466 3.24 (0.85) 466 3.27 (0.88) 439
Q 3.81(0.76) 506 3.69 (0.79) 446 3.69 (0.80) 481
AP at age 17 3 1.51 (0.54) 634 1.50 (0.58) 673 1.46 (0.58) 636




1.67 (0.56) 752 1.63 (0.60) 653 1.63 (0.57) 667
AP at age 24 2.02 (1.00) 466 2.02 (1.01) 428 2.06 (1.01) 449
2.27(0.92) 629 2.27 (0.92) 503 2.27 (0.95) 552

MZ=monozygotic, DZ=dizygotic, SD=standard deviation




Table 2 Trait correlations (ry.it) as well as the correlations between additive genetic (ra), shared environmental (rc) and unique environmental (rg)

factors for leisure-time physical activity (LTPA) and academic performance (AP) with 95% confidence intervals (CI) for the full and best-fitting

models at ages 12, 14, 17 and 24 in males. The table presents cross-sectional correlations and correlations between consecutive ages.

Trait correlation

Additive genetic correlation

Shared environmental factors

Unigue environmental factors

Trait 1 Trait 2 Model Adf | p- Mrait (95% CI) ra (95% CI) % Explained | rc (95% CI) % Explained | rg (95% CI) % Explained
value Of Iyait Of Iyait Of Iyt
Males
LTPAage 12 | AP age 12 Full model - - 0.08 (0.03 t0 0.13) 0.22(-0.20t0 0.52) | * -0.10 (-0.61t0 0.78) | * 0.01 (-0.10 to 0.13) *
Best fitting model | 2 0.92 0.09 (0.04 to 0.13) 0.17 (0.08 to 0.28) 100% - - - -
LTPAage 12 | AP age 14 Full model - - 0.08 (0.02 to 0.12) -0.07 (-0.3810 0.21) | * 0.33 (0.03 t0 0.62) * 0.01 (-0.11t0 0.13) *
Best fitting model | 1 0.86 | 0.08(0.03t00.14) | - - 0.27 (0.09 0 0.46) | 100% - -
LTPAage 14 | AP age 12 Full model - - 0.12 (0.0810 0.17) | 0.16 (-0.09 to 0.44) | 64% 0.22 (-1.00t0 1.00) | 35% 0.005 (-0.10t0 0.11) | 1%
Best fitting model | 1 0.93 0.12 (0.08 t0 0.17) 0.16 (-0.06 to 0.41) | 66% 0.21 (-1.00to 1.00) | 34% - -
LTPAage 14 | AP age 14 Full model - - 0.13(0.07t00.18) | 0.23(-0.21t00.80) | * 0.09 (0.00t0 1.00) | * -0.009 (-0.15t0 0.13) | *
Best fitting model | 1 097 |0.13(0.07t00.18) | 0.15(-0.09t00.42) | 47% 0.25(-0.12t0 1.00) | 53% - -
LTPAage 14 | AP age 17 Full model - - 0.10 (0.05 to 0.15) 0.10(-0.20t0 0.36) | * 0.27 (-0.05t0 1.00) | * -0.03 (-0.14t00.08) | *
Best fitting model | 2 072 |010(0.05t00.14) |- - 0.36 (0.17 t0 1.00) | 100% - -
LTPAage 17 | AP age 14 Full model - - 0.20 (0.14t0 0.26) | 0.09 (-0.20 t0 0.35) | 18% 0.56 (0.22t0 1.00) | 76% 0.04 (-0.10t00.19) | 6%
Best fitting model | 1 0.56 0.20 (0.14 to 0.26) 0.13(-0.10t0 0.35) | 27% 0.54 (0.21 to 1.00) 73% - -
LTPAage 17 | APage17 Full model - - 0.22 (0.17t00.26) | 0.19 (-0.04 t0 0.39) | 37% 0.50 (0.20t0 1.00) | 59% 0.03(-0.08t00.14) | 4%




Best fitting model 058 [0.22(017t00.26) | 0.22(0.03t00.39) | 43% 0.48 (0.19t0 1.00) | 57% - -
LTPA age 17 | AP age 24 Full model - 0.21 (0.1510 0.27) 0.22 (-0.04t0 0.48) | 45% 0.40 (0.06 to 1.00) 45% 0.07 (-0.07 t0 0.20) 10%
Best fitting model 0.32 0.21 (0.15 10 0.27) 0.29 (0.07 to 0.51) 59% 0.36 (0.03 to 1.00) 41% - -
LTPAage 24 | AP age 17 Full model - 0.19(0.13t00.25) | 0.26 (-0.06t00.61) | * 1.00 (-1.00t0 1.00) | * -0.03(-0.17t00.12) | *
Best fitting model 0.20 0.18 (0.12 to 0.24) 0.43 (0.28 t0 0.63) 100% - - - -
LTPA age 24 | AP age 24 Full model - 0.17 (0.11t0 0.22) 0.21 (-0.09 to 0.50) | 58% 1.00 (-1.00 to 1.00) | 26% 0.07 (-0.06 to 0.21) 16%
Best fitting model 0.45 0.16 (0.11 to 0.22) 0.34 (0.20 to 0.54) 100% - - - -

*=cannot be calculated




Table 3 Trait correlations (ryait) as well as the correlations between additive genetic (ra), shared environmental (rc) and unigue environmental (rg)

factors for leisure-time physical activity (LTPA) and academic performance (AP) with 95% confidence intervals (CI) for the full and best-fitting

models at ages 12, 14, 17 and 24 in females. The table presents cross-sectional correlations and correlations between consecutive ages.

Trait correlation

Additive genetic correlation

Shared environmental factors

Unigue environmental factors

Trait 1 Trait 2 Model Adf p- Iyait (95% CI) ra (95% CI) % Explained | rc (95% CI) % Explained | rg (95% CI) % Explained
value Of Iyait Of Iyait Of Iyt
Females
LTPAage 12 | AP age 12 Full model - - 0.09 (0.04 to 0.14) 0.01(-0.41t00.27) | 5% 0.25 (0.04 to 0.85) 67% 0.10 (0.00 to 0.20) 28%
Best fitting model | 1 0.93 0.09 (0.05 to 0.14) - - 0.26 (0.09 to 0.56) 72% 0.10 (0.01 t0 0.19) 28%
LTPAage 12 | AP age 14 Full model - - 0.07 (0.01 t0 0.13) 0.01(-0.35t00.35) | 6% 0.07 (-0.12t0 0.26) | 47% 0.14 (0.02 to 0.26) 47%
Best fitting model | 1 0.93 0.07 (0.01 t0 0.13) - - 0.08 (-0.04t0 0.20) | 51% 0.15 (0.04 to 0.25) 49%
LTPAage 14 | AP age 12 Full model - - 0.09 (0.04 10 0.14) | 0.11(-0.11t00.32) | 58% 0.10 (-0.27t0 0.48) | 21% 0.06 (-0.04100.17) | 21%
Best fitting model | 1 0.56 0.09 (0.04 to 0.14) 0.15 (0.03 t0 0.31) 82% - - 0.05 (-0.05 to 0.16) 18%
LTPAage 14 | AP age 14 Full model - - 0.12 (0.06 to 0.18) -0.41 (-0.841t00.16) | * 0.98 (0.17 to 1.00) * 0.12 (0.00 to 0.24) 28%
Best fitting model | 2 025 |[012(007t00.17) |- - 0.36 (0.20t0 0.66) | 100% - -
LTPA age 14 | AP age 17 Full model - - 0.11 (0.07 to 0.16) 0.15(-0.04t0 0.36) | 51% 0.21 (0.00 to 0.47) 49% 0.00 (-0.10 to 0.10) 0%
Best fitting model | 1 0.98 0.11 (0.07 to 0.16) 0.15(-0.01t00.33) | 51% 0.21 (0.00 to 0.47) 49% - -
LTPAage 17 | AP age 14 Full model - - 0.11 (0.05t0 0.17) | 0.07 (-0.22t0 0.31) | 26% 0.28 (-0.09t0 1.00) | 64% 0.04 (-0.09t0 0.16) | 10%
Best fitting model | 1 0.59 0.10 (0.05 to 0.16) - - 0.35 (0.12 to 1.00) 86% 0.05 (-0.05 t0 0.16) 14%
LTPA age 17 | AP age 17 Full model - - 0.12 (0.07 to 0.16) 0.03(-0.18t0 0.20) | 10% 0.48 (0.20 to 1.00) 87% 0.01 (-0.08 to 0.11) 3%
Best fitting model | 2 0.88 | 0.11(0.07t00.15) |- - 0.51(0.29t0 1.00) | 100% - -




LTPAage 17 | AP age 24 Full model - 0.18(0.13t00.24) [ -0.04 (-0.37t00.21) | * 0.64 (0.26t0 1.00) | * 0.15 (0.04 to 0.26) *
Best fitting model 0.76 0.19 (0.13t0 0.24) - - 0.60 (0.32 to 1.00) 75% 0.14 (0.04 to 1.00) 25%

LTPAage 24 | AP age 17 Full model - 0.08 (0.03t0 0.13) -0.04 (-0.30t0 0.18) | * 0.67 (0.10 to 1.00) * 0.05 (-0.07 t0 0.16) *
Best fitting model 073 [ 0.07(0.03t00.12) | - - 0.69 (0.18t0 1.00) | 100% - -

LTPA age 24 | AP age 24 Full model - 0.10 (0.05 to 0.15) 0.12 (-0.21t0 0.70) | 45% 0.29 (-1.00t0 1.00) | 39% 0.04 (-0.07 to 0.15) 17%
Best fitting model 0.66 0.10 (0.05 t0 0.15) 0.25(0.11 t0 0.53) 100% - - - -

*=cannot be calculated
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Imputation of grade point average values

A standard grading system is used in Finland, but not all schools give numerical grades
during the first comprehensive school years. In the present sample, teachers of 1,249 twin
participants at age 12 reported that numerical grades were not given. For these participants
we imputed their most likely grade point average category based on several school
performance measures reported by the teachers, as was done in earlier studies*?. We used a
total of seven academic and behavioural measures (i.e., spelling, writing essays, reading
aloud, comprehension, mathematics, diligence, and attentiveness), reported by the teachers,
as predictors of the ordinal grade point average variable in a multinomial logistic regression
model. Correlations between these measures and grade point average were between 0.59 and
0.69. Based on the pseudo-R2 statistic, the measures collectively explained 44% of the

variation in the grade point average variable in the multinomial logistic model.

We used the post-estimation command with the outcome option in Stata 12 (StataCorp,
College Station, Texas)® to estimate the probability of each category and then selected the
most likely category for each individual with a missing grade point average value. Of the
1,249 twin participants, 616 participants (49.3%) were imputed as having a grade point
average from better than 8 to 9, 568 participants (45.5%) as having a grade point average
from better than 7 to 8, and 65 participants (5.2%) as having a grade point average from
better than 6 to 7. These proportions were in line with the grade point average distribution in

the full sample where the corresponding proportions were 46.5%, 40.0% and 8.3%,



respectively. The predicted probabilities of belonging to these categories ranged from 0.83 to

0.93.

To check for any potential bias introduced by the imputation, we compared the correlations
of the original (non-imputed) and the final (imputed and non-imputed) grade point average
variables with leisure-time physical activity measures at age 12. The correlations were similar

(0.03 and 0.04, respectively), suggesting that no bias was present.
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Supplemental Digital Content 2 Intra-class correlation coefficients of leisure-time physical activity (LTPA) and academic

performance (AP) in twin pairs by zygosity and sex.

Variables Sex Intra-class correlation
MZ pairs DZ same sex pairs DZ opposite sex pairs
r* (95% CI) Number of r* (95% Cl) Number of r* (95% CI) Number of
twin pairs twin pairs twin pairs
LTPA at age 12 3 0.66 (0.60-0.71) 393 0.51 (0.43-0.57) 419 0.28 (0.22-0.35) 779
Q 0.70 (0.65-0.75) 422 0.60 (0.53-0.66) 366
LTPA at age 14 J 0.63 (0.57-0.69) 354 0.37 (0.28-0.46) 377 0.20 (0.13-0.27) 710
Q 0.62 (0.55-0.68) 388 0.43 (0.34-0.52) 339
LTPA at age 17 3 0.71 (0.66-0.77) 310 0.45 (0.35-0.53) 325 0.20 (0.12-0.27) 623
Q 0.64 (0.57-0.69) 368 0.37 (0.27-0.46) 318
LTPA at age 24 3 0.56 (0.46-0.64) 204 0.22 (0.07-0.36) 174 0.15 (0.05-0.25) 400
Q 0.45 (0.35-0.53) 306 0.24 (0.12-0.35) 249
AP at age 12 3 0.81 (0.77-0.84) 339 0.53 (0.44-0.60) 346 0.47 (0.41-0.53) 650
Q 0.78 (0.74-0.82) 359 0.48 (0.39-0.56) 314
AP at age 14 3 0.78 (0.73-0.83) 210 0.61 (0.51-0.69) 201 0.47 (0.39-0.55) 375
Q 0.80 (0.75-0.85) 232 0.61 (0.52-0.69) 194




AP atage 17 3 0.75 (0.70-0.79) 308 0.62 (0.55-0.68) 320 0.36 (0.29-0.42) 625
Q 0.72 (0.67-0.77) 368 0.53 (0.44-0.60) 321

AP at age 24 3 0.69 (0.61-0.75) 205 0.50 (0.37-0.60) 168 0.39 (0.30-0.47) 395
Q 0.73 (0.67-0.78) 292 0.52 (0.42-0.61) 230

MZ=monozygotic, DZ=dizygotic, Cl=confidence intervals






