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Abstract Body mass index (BMI) has a strong genetic
basis, with a heritability around 0.75, but is also influenced
by numerous behavioral and environmental factors.
Aspects of the built environment (e.g., environmental
walkability) are hypothesized to influence obesity by di-
rectly affecting BMI, by facilitating or inhibiting behaviors
such as physical activity that are related to BMI, or by
suppressing genetic tendencies toward higher BMI. The
present study investigated relative influences of physical
activity and walkability on variance in BMI using 5079
same-sex adult twin pairs (70 % monozygotic, 65 % fe-
male). High activity and walkability levels independently
suppressed genetic variance in BMI. Estimating their ef-
fects simultaneously, however, suggested that the walk-
ability effect was mediated by activity. The suppressive
effect of activity on variance in BMI was present even with
a tendency for low-BMI individuals to select into envi-
ronments that require higher activity levels. Overall, our
results point to community- or macro-level interventions
that facilitate individual-level behaviors as a plausible
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Introduction

The prevalence of obesity, defined as a body mass index
(BMI) exceeding 30 kg/m?, among US adults aged
20 years or older was 35 % in 2011-2012 based on na-
tional surveillance data, compared to 31 % one decade ago
(1999-2000 national data) and 23 % two decades ago
(1988-1994 national data) (Flegal et al. 2002, 2010; Hed-
ley et al. 2004; Ogden et al. 2006, 2012). Obesity is con-
sidered a major public health threat because of its high
prevalence and because it is associated with adverse and
costly conditions including type 2 diabetes, cardiovascular
disease, and certain types of cancer (ADA 2008; Anderson
et al. 2005; Flegal et al. 2005; NIH 1998; Pronk et al. 1999;
Wang et al. 2011). As the obesity epidemic in the US
continues to worsen, researchers have increased their ef-
forts to unravel the complex causes of obesity, identify its
consequences, and explore possible proactive or preven-
tative measures that individuals and communities can take
to combat this chronic condition. The present study eval-
uates the roles of physical activity, and aspects of the built
environment that promote physical activity, on BMI and
genetic factors that influence BMI.

Genetic etiology of BMI and obesity

Body mass appears to have a strong genetic basis. The fact
that lean individuals exist in obesogenic environments—
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and obese individuals in food-limited environments—is
support for a biological propensity toward low (or high)
BMI (O’Rahilly and Farooqi 2008). Genetically informed
studies estimate the heritability of BMI to be between 24
and 90 %, averaging around 75 % (Elks et al. 2012) and
typically decreasing with age following adolescence
(Dubois et al. 2012; Elks et al. 2012; McCaffery et al.
2009; Min et al. 2013). Studies of monozygotic twin pairs
have found between-family variance to be greater than
within-family variance across a wide range of indicators
and correlates of weight gain and adiposity following pe-
riods of overfeeding (Bouchard et al. 1990; Poehlman et al.
19864, b), further support for a genetic basis of body mass
and weight gain. Genetic studies of humans and animals
have identified over 500 candidate genes related to obesity
(Vimaleswaran et al. 2012), with FTO generating the
greatest attention (O’Rahilly and Farooqgi 2008; Fawcett
and Barroso 2010).

Behavioral and environmental influences on genetic
variation in BMI

Research suggests that behavioral and environmental fac-
tors which protect against obesity and weight gain also
interact with an individual’s genetic makeup to predict
obesity. For example, physical activity mitigates the ge-
netic propensity toward high BMI (McCaffery et al. 2009;
Mustelin et al. 2009) and large waist circumference
(Karnehed et al. 2006; Mustelin et al. 2009). Further,
weight gain at 6-year follow-up was smaller and more
heritable in active males, and was greater and strongly
environmental in inactive males (Heitmann et al. 1997),
suggesting that physical activity promotes expression of
genes that maintain weight levels.

Studies investigating the interaction of physical activity
with candidate genes converges with evidence from twin
studies. Numerous studies have detected an interaction
between FTO risk alleles and physical inactivity to predict
greater risk for obesity (Ahmad et al. 2013; Cauchi et al.
2009; Corella et al. 2012; Kilpeldinen et al. 2011), higher
BMI (Andreason et al. 2008; Cauchi et al. 2009; Corella
et al. 2012; Jacobsson et al. 2009; Lee et al. 2010; Ram-
persaud et al. 2008; Scott et al. 2010; Sonestedt et al.
2009; Vinaleswaran et al. 2009; Xi et al. 2010), higher
body fat percentage (Ruiz et al. 2010), and larger waist
circumference (Corella et al. 2012; Ruiz et al. 2010; Vi-
naleswaran et al. 2009). Other obesity-related genes
similarly interact with physical inactivity to predict lower
BMI, including ACE (Moran et al. 2005), ADRB2 (Cor-
balan et al. 2002; Lagou et al. 2012; Meirhaeghe et al.
1999), ADRB3 (Marti del Moral et al. 2002), PPARGCIA
(Ridderstrale et al. 2006), SECI6B (Ahmad et al. 2013),
and UPC3 (Otabe et al. 2000). Although several other
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studies have failed to observe such interactive effects
(Berentzen et al. 2005; Cauchi et al. 2009; Edwards et al.
2013; Jonsson et al. 2009; Jozkow et al. 2011; Kaakinen
et al. 2010; Lappalainen et al. 2009; Liem et al. 2010; Liu
et al. 2010; Nakashima et al. 2013; Tan et al. 2008) or
have found interaction effects in the opposite direction
(Alonso et al. 2005), several experimental studies of in-
terventions for weight loss that compare wild type indi-
viduals and persons with a risk allele have provided
compelling evidence for physical activity as a moderator
of genetic influences on high adiposity or obesity (de Luis
et al. 2006; Shiwaku et al. 2003; but see Miiller et al.
2008).

Other non-behavioral factors, such as low socioeco-
nomic status, are related to increased risk for being over-
weight or obese, presumably because they limit access to
exercise resources (Gordon-Larsen et al. 2006). Recently,
there has been an upsurge in interest in the built environ-
ment and its effects on obesity. Neighborhood greenness
(i.e., amount of healthy green vegetation) is negatively
associated with BMI and changes in BMI over a two-year
period in children and adolescents (Bell et al. 2008).
Neighborhood design features such as environmental
“walkability,” are also related to lower BMI (Black and
Macinko 2008; Papas et al. 2007). Such features are
thought to facilitate or inhibit other behaviors, such as
physical activity, that are also related to BMI. For example,
individuals in highly walkable environments who increase
their physical activity show more weight loss and waist
circumference reduction compared with similarly active
individuals in less walkable environments (Li et al. 2009).
Despite evidence that such neighborhood design charac-
teristics may protect against high BMI, no study to date has
investigated whether this effect exists within families as
well as between them. If aspects of the built environment
(such as walkability) do not protect against high BMI
within families, then this effect cannot be causal and in-
stead represents nonrandom exposure (via genes or family
characteristics) to environments that promote healthier
body weight.

Resources which promote or inhibit health behavior
have also been shown to affect genetic variance in BMI.
High socioeconomic status, for example, decreases genetic
variance in BMI (Johnson and Krueger 2005; Johnson et al.
2011). As noted above, walkability—like socioeconomic
status—is hypothesized to facilitate or inhibit behaviors
such as physical activity that are related to variability in
BMI, yet previous studies also have not examined the in-
teractive effects between neighborhood design character-
istics and variability in BMI. If such an effect exists, it
would provide a cornerstone for community-level inter-
ventions that successfully combat the obesity epidemic
faced by modern-day Americans.
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Nonrandom exposure to obesogenic environments

Although environments (or behaviors) may enhance or
suppress the expression of a genetic propensity for high
BM]I, it is an unrealistic assumption that individuals en-
counter such environments (or engage in such behaviors) at
random. Similarly, the assumption that the same BMI-in-
fluencing genotypes are present across all levels of envi-
ronments (or behaviors) is far too simplistic. Lower-BMI
individuals may be both leaner and more active because of
genetic reasons, but the activity phenotype, which itself is a
culmination of both genetic and environmental factors
(Carlsson et al. 2006; den Hoed et al. 2013; Duncan et al.
2008; Joosen et al. 2005; Perusse et al. 1989; Simonen
et al. 2002; Stubbe et al. 2006), may simultaneously be
acting to suppress the expression of obesogenic genes or
enhance the expression of genes related to leanness. Lifting
the assumptions that genes and environments are inde-
pendent of one another and static over time, and instead
examining systematically their plasticity with respect to
one another, is important for understanding the biological
or environmental pathways through which BMI is deter-
mined (c.f. Johnson 2007).

Some researchers have found evidence for selection
effects in the BMI-physical activity association. Two
studies using unrelated individuals demonstrated (pheno-
typically) that indices of obesity predict later sedentary
time, but sedentary time did not predict subsequent obesity
or weight gain (Ekelund et al. 2008; Metcalf et al. 2011).
Other studies using genetically informative samples have
provided evidence that genetic-based selection factors may
also play a role in the BMI-physical activity association.
Variants of the MC4R (Loos et al. 2005) and FTO (Cecil
et al. 2008; Jonsson and Franks 2009) genes are related to
physical inactivity. Interestingly, these FTO variants also
show positive gene-environment correlation with BMI.
Quantitative genetic research examining environmental
influences on BMI has demonstrated that the protective
effect of high socioeconomic status is entirely attributable
to negative gene-environment correlation (Johnson and
Krueger 2005; Johnson et al. 2011; Osler et al. 2007; Sil-
ventoinen et al. 2004; Webbink et al. 2010). Previous
quantitative genetic approaches to environments (or be-
haviors) as modifiers of the heritability of BMI, although
sophisticated and replicated (Heitmann et al. 1997;
Karnehed et al. 2006; McCaffery et al. 2009; Mustelin
et al. 2009), have not controlled for genetic selection where
it likely exists. Results from these studies, although con-
vergent with candidate gene research (which are vulnerable
to the same shortcomings (VanderWeele et al. 2013)), must
be interpreted cautiously, as they are subject to inflated
type I error rates or biased estimates of environmental ef-
fects on variance in BMI (van der Sluis et al. 2012).

Present study

The present study investigates the association between both
physical activity and environmental walkability and var-
iation in BMI. We use a sample of adult twins to rein-
vestigate the suppressive effect of physical activity on
genetic variance in BMI, and we seek to extend existing
G x Activity findings to include aspects of the built en-
vironment. We have three primary research questions:

1. Do aspects of (a) the built environment (walkability)
and (b) physical activity protect against high BMI
within families as well as between families? We
predict that twins living in more walkable neighbor-
hoods will also have lower BMIs than their co-twins
living in less walkable neighborhoods. We expect
similar findings for physical activity.

2. Is there an effect of (a) environmental walkability and

(b) physical activity on genetic variance in BMI
controlling for potential selection factors (e.g., gene-
environment correlation)? We predict that genetic
variance will be reduced in individuals living in more
walkable neighborhoods and in more active individuals
regardless of nonrandom exposure to environments
that predict differences in BMIL.

3. Do physical activity and environmental walkability

have independent effects on variance in BMI, or does
physical activity mediate the influence of environmen-
tal walkability? We predict that the modifying effect of
environmental walkability on variance in BMI will not
be fully mediated by physical activity level.

Methods
Participants

The University of Washington Twin Registry (UWTR) is a
community-based sample of adult twins reared together;
construction methods are described in detail elsewhere
(Afari et al. 2006; Strachan et al. 2013). Twins completed a
survey with items on sociodemographics, health, and life-
style behaviors. Standard questions about childhood simi-
larity that determine zygosity with greater than 90 %
accuracy when compared with DNA-based methods were
used to classify twins as identical (monozygotic; MZ) or
fraternal (dizygotic; DZ) (Eisen et al. 1989; Spitz et al.
1996; Torgersen, 1979). Written informed consent was
provided as approved by the university’s institutional re-
view board. Information for physical activity was available
for 3316 female (2303 MZ; 1013 DZ) and 1763 male (1239
MZ; 524 DZ) pairs. Prior to 2008, twins’ residential street
addresses (used to calculate walkability) were not
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available; therefore, we have walkability information for a
large subsample of the total sample described above (1331
MZ females; 611 DZ females; 755 MZ males; 301 DZ
males). Overall, the sample was young (39.4 £ 17.6 years;
range = 18-96; 25th percentile = 24.2; 75th  per-
centile = 53.2), well-educated (93 % with a high school
degree and 40 % with a Bachelor’s degree or higher), and
predominantly white (85 % Caucasian, 2 % African-
American, 3 % Asian, 1 % Pacific Islander, 1 % Hispanic,
1 % Native American, 7 % multi-ethnic). The subsample
of twins with walkability information was representative of
the total sample and did not differ in terms of demo-
graphics, BMI, or physical activity levels.

Measures
Body mass index

The primary outcome was BMI (kg/m?) from self-reported
height and weight. Approximately 2.8 % of the sample was
underweight (BMI < 18.5), 50.5 % normal weight (BMI
ranging from 18.5 to 24.9), 28.5 % overweight (BMI
ranging from 25 to 29.9), and 18.2 % obese (BMI > 30).
Among 200 twin pairs from the UWTR, we found that self-
reported BMI was highly correlated (r = .98, p < .01) with
directly measured BMI, indicating a high degree of con-
struct validity in our sample, although we did observe a
tendency for higher BMI individuals to under-report to a
greater extent than lower BMI individuals (r = —.27,
p < .01; each kg/m2 increase in measured BMI was asso-
ciated with under-reporting BMI by .05 kg/m?). However,
this discrepancy was not correlated with activity level
(r = —.01, p = .80) or walkability (r = —.03, p = .59).

Moderate-to-vigorous physical activity (MVPA)

Twins reported the number of days per week they engaged
in vigorous physical activity for at least 20 min and
moderate physical activity for at least 30 min. A single,
continuous activity measure was constructed by summing
moderate and vigorous physical activity days weighted by
their respective durations. This measure provides an esti-
mate that corresponds to activity levels recommended for
health (i.e., US adults should engage in moderate-intensity
activity for >30 min per day on >5 days per week for a
total of >150 min per week, vigorous-intensity activity for
>20 min per day on >3 days per week for a total of
>75 min per week, or a combination of moderate- and
vigorous-intensity activity to achieve a total energy ex-
penditure of >500-1000 metabolic equivalent (MET)
minutes per week) (Garber et al. 2011; U.S. Department of
Health and Human Services, 1996). In a sample of 104
twins who wore accelerometers and GPS devices over a
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two-week period to collect objective measures of physical
activity, this subjective measure of MVPA correlated
moderately (r = .46, p < .01) with objectively measured
MVPA. This correlation is consistent with the literature in
which accelerometers are used to objectively measure
physical activity (Craig et al. 2003; Prince et al. 2008;
Garriguet and Colley 2014). There was a tendency for more
active individuals to under-report MVPA to a greater ex-
tent than less active individuals (r = —.71, p < .01; each
minute increase in accelerometer-measured MVPA was
associated with underreporting of MVPA by 64 min). This
discrepancy was not associated with BMI, however
(r=.13, p =.18).

Although MVPA was our primary physical activity
indicator, we also examined walking within the neighbor-
hood as an indicator of physical activity. Twins reported the
number of days per week and the average duration that they
walked in their neighborhood, as described in the Walk and
Bike Community Project (Lee and Moudon 2006; Moudon
et al. 2006). Responses of <15 min were coded as 10 min,
whereas responses of >90 min were top coded as 90 min.

Environmental walkability

Walkability, a measure of the “built” environment around
each twin’s residence, was estimated using Walkability
(Walk Score 2012). Addresses were entered into the Walk
Score® website, which uses data from business listings,
road networks, schools, and public transit to map walking
distance to amenities in nine different categories (e.g.,
schools, parks, restaurants, etc.), with each category
weighted by importance (Walk Score 2011). The algorithm
then uses distances, counts, and weights to create a con-
tinuous score normalized on a scale of 0-100, with O rep-
resenting the least and 100 the most “walkable”
neighborhoods (Walk Score 2011). This index is a valid
measure of walkability (Carr et al. 2010, 2011), and cor-
related strongly (r = .78, p = .01) with another commonly
cited walkability index (Frank et al. 2005) in a subsample
of 3162 UWTR twins.

Statistical analyses

Primary analyses used the maximum likelihood estimation
option in the structural equation modeling program Mplus
(v. 7.0, Los Angeles, CA) (Muthen and Muthen 2012).
Analyses were conducted for like-sex pairs only and con-
trolled for linear effects of age, gender, ethnicity (White/
non-White), income, and education. In addition, we con-
trolled for the linear effects of age (which has been shown
to modify biometric variance components in BMI;
McCaffery et al. 2009) and gender in the prediction of
residual variance in BMI.
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Univariate biometric decomposition

Although it was not the primary goal of our analysis, we
used the classical twin model to decompose variation in
BMI, MVPA, and walkability into three components: ad-
ditive genetic (A), shared environmental (C), and non-
shared environmental (E) variance. The A variance
components, which represent the additive effect of an in-
dividual’s genes, correlate r = 1.0 between MZ twins (who
share 100 % of their genetic sequence) and r = .5 between
DZ twins (who share on average 50 % of their segregating
genes). The C variance components correlate at 1.0 re-
gardless of degree of genetic relatedness, because it rep-
resents environmental experiences that make members of
the same family more alike. The E variance components,
which represent environmental experiences unique to the
individual, do not correlate between twins.

Causal pathways versus gene-environment correlation

(rGE)

The association between environmental walkability (or phy-
sical activity) and BMI within pairs of MZ and DZ twins
raised in the same family provides the closest approximation
of the causal effect of walkability (or physical activity) on
BMI short of random assignment to neighborhood or activity
levels. That is, using twin pairs raised together allows us to
decompose the main effect of walkability (or physical ac-
tivity) on BMI association into a genetic regression (or gene-
environment correlation, ¥GE) and a nonshared environ-
mental regression.’ A causal relationship between walkability
(or physical activity) and BMI is supported when the asso-
ciation is observed both between twin pairs (pairs who live in
more walkable environments or who exercise more on aver-
age have lower BMIs) and within twin pairs (the pair member
who lives in the more walkable neighborhood or who exer-
cises more has a lower BMI than his or her co-twin living in a
less walkable neighborhood or engaging in less physical ac-
tivity). On the other hand, if the walkability—BMI association
is not observed within families, a non-causal process that
operates through genetic pathways can be inferred.

The twin design does not control for all possible con-
founds of a causal relationship, but it does control for all
those that are shared by pairs of twins who were raised
together, measured or unmeasured. Because of the quasi-
experimental nature of the co-twin control design, we
choose to use the term quasi-causal (used interchangeably
with nonshared environmental effect or nonshared pathway

! Shared environmental factors (e.g., poor diet during childhood)
may also be inducing this correlation. We chose to use *GE in our
example, however, because in our sample BMI contains no variance
attributable to shared environmental influences.

in the Results section of this report) to refer to causal
pathways (Turkheimer and Harden 2014).

Gene-by-environment (G x E) interaction in the presence
of rtGE

Classical twin models use correlations of MZ and DZ twins
to partition variance in outcome into additive components
attributable to genetic and environmental variance. These
models can be extended by dropping the assumption of
additivity and testing for G x E interaction by permitting
the magnitudes of genetic and environmental variances of
BMI to vary as a function of a moderating variable such as
MVPA or walkability:

T (e blAuMOd)2+(b0Cu + blCuMOd)2

2 (1)
+(bOEu + blEuMOd)

In this equation, the ACE variance components of BMI
are expressed as linear functions of a moderating variable,
Mod (MVPA or walkability in the current analysis); the
regression coefficients have the subscripts Au, Cu, or Eu,
which indicate to which ACE variance component the re-
gression coefficients correspond; the squares of the b, terms
yield the values of the ACE variances where Mod = 0; and
the b, terms represent the rate of increase or decrease in a
respective variance component as a function of Mod. Other
moderating variables can be included in Eq. 1 as well.

Models of G x E interaction must also account for rGE.
As we noted above, it is possible, for example, that indi-
viduals genetically predisposed to lower BMI select into
environments (such as neighborhoods that support more
walking) or choose environmental experiences (such as
regularly attending a gym) that require more physical ac-
tivity. Indeed, the tendency of highly active individuals to
demonstrate a reduced genetic influence on BMI may be due
to (a) suppression of genetic effects on high BMI by physical
activity (i.e., G x E interaction), (b) lower genetic suscep-
tibility to high BMI in more active individuals (i.e., rGE), or
(c) a combination of the two. Further, rGE may not be
constant across all levels of physical activity. Equation 1 can
be extended to account for any effects the environmental
moderator variable may have on variance in BMI (Purcell
2002; Johnson 2007; van der Sluis et al. 2012):

ot = (boa + biaMod)* ayoq+(boc + bicMod) 02y
+(boe + b1zMod)* 62104 + (Poau + biauMod)?
+(bocu + bicuMod)* +(bog, + big,Mod)* (2)

where the subscripts A, C, and E correspond to the regres-
sions of BMI on the ACE components of Mod. It should be
noted that these regression of BMI on the ACE components
of walkability (or physical activity) correspond to the
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Fig. 1 Path diagram of gene-by-environment interaction in the
presence of a gene-environment correlation, with moderation of
variance in body mass index (BMI). The paths representing the ACE
covariances between the moderator (walkability or MVPA) and BMI
vary as a function of the moderator; these regression paths test
Hypotheses 1a and 1b. Au, Cu, and Eu are the residual variance
components of BMI (i.e., the variance in BMI that remains after
accounting for variance shared with the moderating variable), and are

genetic and quasi-causal pathways described in the previous
section, and comprise the test of Hypotheses 1a and 1b. The
regression equations that represent the residual ACE com-
ponents of BMI comprise the test of Hypotheses 2a and 2b.
Figure 1 illustrates a path diagram of the G x E in the
presence of *GE model fit to the data.

In the present analyses, we examined G x E in the
presence of rGE for each moderator separately. After
demonstrating that both walkability and physical activity
modified variance in BMI, we included each moderator in a
combined model to test for mediation of the effect of
walkability by physical activity (test of Hypothesis 3).
Figure 2 illustrates a path diagram of the fully moderated,
combined model that we fit in our primary analyses.

Results
Univariate biometric decomposition of phenoytpes
Descriptive information, intraclass correlations, and vari-

ance components are shown in Table 1. The variance in BMI
was largely accounted for by additive genetic variation
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functions of the moderator and covariates age, and gender; these paths
test Hypotheses 2a and 2b. Only one twin is shown for clarity; the A
and C components of the moderator and BMI correlate across twins
(ra = 1.0 for monozygotic twins, 0.5 for dizygotic twins; rc = 1.0
for all pair types); the E components are not correlated across twins.
Individual-level covariates income and education were allowed to
correlate across twins

(75 %), with no evidence of contribution from the shared
environmental variance and a modest contribution from the
nonshared environment (25 %). MVPA was influenced little
by shared environmental factors (2 %), moderately by ad-
ditive genetic factors (31 %), and substantially by nonshared
environmental factors (67 %). Similarly, neighborhood
walking showed no evidence of contribution from the shared
environment, modest influence from additive genetic factors
(28 %), and large contributions from nonshared environ-
mental factors (72 %). Walkability was influenced by ad-
ditive genetic (19 %), shared environmental (21 %), and
nonshared environmental (60 %) factors. Because the
shared environmental variance in BMI was estimated to be
0 %, we did not model shared environmental variance
common to both the environmental exposures (i.e., physical
activity and walkability) and BMI or residual shared envi-
ronmental variance in BMI.

Causal pathways, rGE, and G X E
We examined whether the biometric decomposition of

BMI varied as a function of environmental walkability and
physical activity in the presence of rGE. We present
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Fig. 2 Path diagram of G x E interaction in the presence of rGE,
with moderation of variance in BMI by both environmental
walkability and moderate-to-vigorous physical activity (MVPA).
This model is an extension of the model illustrated in Fig. 1. The
residual variances Au, Cu, and Eu vary as a function of walkability,
MVPA, and covariates age, and gender; these paths test Hypothesis 3.

estimates for these two models in Table 2, and discuss our
findings in terms of our stated hypotheses.

Hypothesis la: main effects of environmental walkability
on BMI

The main effects of walkability on BMI are presented in
the Walkability column of Table 2 under the heading Main
Effects of Moderator on BMI. Walkability protected against
high BMI, but was non-causal and acted through the ge-
netic pathway from walkability to BMI (i.e., gene-envi-
ronment correlation). However, as illustrated in the top left
panel of Fig. 3, which shows the magnitude of the genetic
and nonshared environmental regressions of BMI on
walkability as a function of level of walkability, this effect
only emerged when WalkScore® exceeded approximately
45 (or approached a level of walkability in which indi-
viduals  have  reduced dependence on  cars;
b1a_walkabiliy = —-065, p < .001). Our first hypothesis that
walkability would protect against high BMI through non-
shared environmental pathways was not supported; as
evident in the top left panel of Fig. 3, the nonshared en-
vironmental correlation between walkability and BMI was
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Only one twin is shown for clarity; the A and C components of the
phenotypes correlate across twins (r4 = 1.0 for monozygotic twins,
0.5 for dizygotic twins; rc = 1.0 for all pair types); the E components
are not correlated across twins. Individual-level covariates income
and education correlated across twins

not statistically distinguishable from zero at any level of
walkability. That is, high-BMI genes are more likely to be
present in individuals who live in less walkable neighbor-
hoods. These regression lines are re-represented as genetic
and nonshared environmental correlations between walk-
ability and BMI as a function of level of walkability in the
top right panel of Fig. 3.

Mlustrative analyses further highlight this gene-envi-
ronment correlation. In Fig. 4a, we show pair differences in
BMI as a function of pair differences in walkability within
randomly paired individuals (phenotypic difference; dotted
line) and within MZ twin pairs (solid line). Comparison of
these lines suggests that differences in walkability do not
predict differences in BMI within families, only between
them. If the protective effect of walkability on BMI was
causal, the slopes of these lines would closely approximate
one another, but they do not.

Hypothesis 1b: main effects of physical activity on BMI
Overall, results using neighborhood walking were con-

sistent with those using MVPA. Although in Table 2 we
provide estimates for both MVPA and neighborhood
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Table 1 Descriptive statistics,

twin correlations, and variance Walkability Mods:rate—to.—v'igoroqs Wa.llking Body mass R
components for body mass physical activity (min/week) (min/week) index (kg/m~)
inde).(, mode.ra.te to \{igorous Descriptive statistics
physical activity, neighborhood
walking, and environmental M 40.591 119.592 87.806 25.751
walkability SD 28.073 91.820 100.571 5.540
Median 38 100 60 24.442
Range 0-100 0-350 0-630 13.7-64.2
Ist Quartile 15 50 15 21.853
3rd Quartile 63 180 120 28.319
Sibling correlations
MZ 401 (.018) 327 (.015) 287 (.015) 752 (.006)
DZ 316 (.028) .164 (.023) 132 (.024) .370 (.018)
ACE estimates
" 187 (.066) .310 (.054) 281 (.017) 752 (.006)
¢ 214 (.059) .015 (.048) .000 (.008) .000 (.000)
e .599 (.018) .675 (.015) 719 (.015) .248 (.006)
Phenotypic correlations
Walkability 1
MVPA .027 (.012) 1
Walking .081 (.012) .355 (.009) 1
BMI —.029 (.013) —.156 (.010) —.115 (.010) 1

Standard errors in parentheses

Table 2 Parameter estimates,
body mass index moderated by
environmental walkability (left
column) and physical activity

Parameter Walkability

912 DZ pairs)

(N = 2086 MZ pairs,

MVPA (N = 3542 MZ pairs,
1537 DZ pairs)

Walking (N = 3241 MZ
pairs, 1411 DZ pairs)

(middle and right columns)

A Regression

boa_Mod 146 (.123)

bia_Mod —.065 (.023)
E Regression

boE_Moa .016 (.066)

bIE_Mod —.003 (.014)

Main effects of moderator on BMI

Interactive effects of moderator on residual ACE components of BMI

A Path
boau 5.290 (.221)
biau_mod —.049 (.023)
E Path
bogu 1.793 (.142)
biEu_mod —.015 (.018)

—.023 (:207) —1.588 (:211)
—.413 (.064) .338 (.065)
—.720 (.077) —.043 (.060)

.206 (.026) —.072 (.020)
6.407 (.167) 5.339 (.160)
—.399 (.031) —.100 (.028)
2.283 (.109) 1.952 (.100)
—.160 (.021) —.043 (.026)

Statistically significant (p < .05) parameter estimates bolded; estimates that are significant at the o0 = .01
level italicized. Standard errors in parentheses

walking as predictors of BMI and variance in BMI, for
simplicity, we only discuss results for MVPA as an
indicator of physical activity.

The main effects of MVPA on BMI are presented in the
MVPA column of Table 2 under the heading Main Effects
of Moderator on BMI. MVPA protected against high BMI,
and acted through both genetic pathways (rGE) and
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nonshared environmental (i.e., quasi-causal) pathways
from MVPA to BMI. As shown in the bottom left panel of
Fig. 3, the magnitude of the genetic regression of BMI on
MVPA grew stronger with greater levels of MVPA
(bia_mvea = —.413, p <.001) and became statistically
distinguishable from zero after approximately 90 min per
week of MVPA, whereas the magnitude of the protective
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Fig. 3 Regression of BMI on 0.4
environmental walkability (top
left panel) and physical activity
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Fig. 4 Illustrative analysis of the main effects of walkability (a) and
MVPA (b) on BMI. a Shows pair differences in BMI as a function of
pair differences in walkability in the population (referred to as the
“phenotypic difference”) and within pairs of MZ twins (referred to as
the “MZ difference”). b Shows BMI at lower (0-2 h per week; left

quasi-causal effect grew weaker (big_pmvea = .206,
p < .001), becoming indistinguishable from zero at ap-
proximately 180 min per week and positive at higher levels
of MVPA (>270 min per week). Therefore, our first hy-
pothesis that physical activity has a nonshared environ-
mental effect on BMI was only partially supported. As we
observed with walkability, high-BMI genes are more likely
to be present in individuals engaging in less MVPA, but

there does appear to be a causal influence of MVPA on

| i i i
240 300 360 0 60 120 180 240 300 360

MVPA (min/week)

MVPA (min/week)

Activity
Less Active Twin
More Active Twin

(b)
Lower MVPA (0 to 2 hours) Higher MVPA (4 to 6 hours)
-
S
=
(e
=
p=
o
N = 1056 pairs N = 450 pairs N= 92 pairs N= 35 pairs
Zygosity

panel) and higher (4-6 h per week; right panel) levels of MVPA;
within each panel, the twin engaging in less physical activity (dark
gray) is compared with the twin engaging in more physical activity
(light gray) in MZ and DZ twin pairs

lowering BMI as well. As with walkability, these regres-
sion coefficients are re-illustrated as correlations in the
bottom right panel of Fig. 3.

To demonstrate what these effects look like within
and between twins, we conducted an illustrative ana-
lysis of the main effect of MVPA on BMI and how it
varies according to the level of MVPA, which we
present in Fig. 4b. We identified twin pairs concordant
for lower MVPA levels (0-2 h) and pairs concordant

@ Springer



418

Behav Genet (2015) 45:409-426

for higher MVPA levels (4-6 h). Within these groups,
we then compared the mean BMI of the less active
twins (dark gray) with that of the more active twins
(light gray). Overall, there is a main effect of MVPA
on BMI such that greater activity levels are associated
with lower BMIs on average (this is evident comparing
the height of the bars in the left panel to those in the
right panel). Examining the relation at the within-pair
level, however, shows that at lower levels of MVPA
(left panel) there is little difference between MZ or DZ
co-twins regardless of who exercises more within the
pair, consistent with genetic selection (or rGE). At
higher activity levels (right panel), MZ twins still
demonstrate no differences, but the DZ difference is
much larger, demonstrating that the genetic selection
process is greater at higher levels of physical activity.
Also evident is that the small nonshared effect appears
to disappear at higher MVPA.

Hypothesis 2a: moderating effect of walkability on genetic
variance in BMI

The moderating effects of walkability on variance BMI are
presented in the Walkability column of Table 2 under the
heading Interactive Effects of Moderator on Residual ACE
Components of BMI. We observed a significant effect of
environmental walkability on genetic variance in BMI even
while controlling for the nonrandom exposure to environ-
ments that predict differences in BMI, supporting our second
hypothesis that walkability predicted variance in BMI.
Holding constant the effects of age and gender, walkability
suppressed the genetic risk for high BMI (b1au_ waikabitiy =
—.049, p = .032) but did not moderate residual nonshared
environmental variance (big,_wakabitiy = —-015, p =
.404). When considered within the context of the main effect
of walkability on BMI, this finding can be interpreted sub-
stantively as walkability having a suppressive effect on the
genetic risk for high BMI.

These model results are illustrated in the left panel of
Fig. 5. The stacked variance plot shows how the genetic
variance is decreasing as a function of walkability holding
constant the interactive effects of age and gender. This can
be interpreted substantively as walkability modifying the
influence that high-BMI genes have on the body mass phe-
notype. We also conducted additional illustrative analyses.
We plotted absolute pair differences in BMI for MZ and DZ
twins against pair average walkability (see Fig. 6, left pan-
el). In this plot, the gap between the MZ and DZ loess curves
(i-e., the tendency for MZ pairs to be more similar than DZ
pairs) represents the additive genetic variance in BMI.
Evident in this plot is that the distance between these lines
decreases, although only at very high levels of walkability.
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Hypothesis 2b: moderating effect of physical activity
on genetic variance in BMI

The moderating effects of physical activity on variance in
BMI are presented in the MVPA column of Table 2 under the
heading Interactive Effects of Moderator on Residual ACE
Components of BMI. We also detected a significant inter-
action effect of MVPA on variance in BMI, supporting our
second hypothesis that physical activity predicts genetic
variance in BMI. Holding constant the effects of age and
gender, both genetic variance and nonshared environmental
variance decreased with respect to MVPA (biay mvea =
—.399, p <.001; bigy_mvea = —.160, p < .001). Like
walkability, MVPA suppresses the genetic risk for high
BMI, but it also reduces the influence of individual-level
environmental exposures on the risk for high BMI.

These model results are illustrated in the right panel of
Fig. 5, which shows how both the genetic, nonshared en-
vironmental, and total variances in BMI decrease as a
function of increasing MVPA. A plot of absolute pair
differences in BMI as a function of pair-level MVPA in
MZ and DZ twins (right panel of Fig. 6) also clearly shows
decreased total variance and decreased genetic variance in
BMI as a function of MVPA. A simple regression of ab-
solute pair differences in BMI on the interaction between
zygosity and pair average MVPA (controlling for age and
gender) shows that this absolute pair difference decreases
faster in DZ twins relative to MZ twins (p = .005).%

Mediating effects of physical activity on the effect
of walkablity on variance in BMI

Our hypotheses that environmental (a) walkability and
(b) physical activity predicted genetic variance in BMI
were supported. High environmental walkability is hy-
pothesized to promote exercise-related behaviors (Ewing
et al. 2003; Frank et al. 2004, 2007, 2006, 2005; Moudon
et al. 2006, 2007; Saelens et al. 2003) which in turn in-
fluence BMI (Papas et al. 2007). Consistent with past re-
search, we observed small but positive correlations
between environmental walkability and MVPA (r = .064,
p < .001) and neighborhood walking (» = .092, p < .001).
This led us to test whether walkability and physical activity
have independent effects on variance in BMI when in-
cluded in the same model. Because a reverse causation
argument (i.e., that greater exercise-related behaviors cause
increased environmental walkability) has questionable
plausibility, this follow-up analysis can be considered a

2 In contrast, it should be noted that no such interaction effect was
evident when predicting absolute pair differences in BMI from
walkability (p = 0.992) except at higher (>70) levels of walkability
(p = 0.087).
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Fig. 5 Gene by environment
interaction between body mass
index and walkability (left
panel) and moderate-to-
vigorous physical activity (right
panel). The stacked variances
illustrate how the total variance
in BMI decreases as a function
of walkability and MVPA.
White dotted lines represent the
95 % confidence intervals of
each variance component of
BMI as a function of walkability
and MVPA

Raw Variance in BMI

Component
.A Variance
E Variance

Walkability

Fig. 6 Absolute pair difference
in body mass index as a function
of the pair average
environmental walkability (left
panel) and pair average
moderate to vigorous physical
activity (right panel). Shaded
region represents the 95 %
confidence interval around the
smoothed loess curves fit to the
data. The area between the MZ
and DZ loess curves represents
the additive genetic variance in
BMI

Zygosity
am DZ

Absolute Pair Difference in BMI

Pair Average of WalkScore

type of mediation analysis (cf. Baron and Kenny 1986;
James and Brett 1984; Judd and Kenny 1981). We exam-
ined changes in the magnitude and statistical significance
of the effect of environmental walkability on variance in
BMI after controlling for analogous effects exerted by the
mediator, physical activity.

Hypothesis 3: independent effects of walkability
and physical activity on genetic variance in BMI

Parameter estimates for this model are presented in
Table 3. Estimates were largely unchanged compared with
models using MVPA or walkability alone. The suppressive
effect of walkability on genetic variance in BMI was no
longer statistically distinguishable = from  zero
(b1Au_waikabitiy = —-036, p = .117) in the context of
MVPA (biau_mvra = —418, p <.001), however, sug-
gesting that MVPA mediates this relation. Compared with
models using MVPA, we observed a similar, although at-
tenuated, effect of walking on genetic variance in BMI
(b1au_waiking = —-116, p = .001). Unlike MVPA, howev-
er, walking did not mediate the effect of walkability on A

Raw Variance in BMI

Component
.A Variance
E Variance

MVPA (min/week)

Zygosity
— |4

Absolute Pair Difference in BMI

Pair Average of MVPA (min/week)

variance in BMI (bia,_ waikabitiy = —-048, p = .043). That
is, in contrast with MVPA, in the context of neighborhood
walking walkability still has a significant influence on ge-
netic variance in BMI.

Discussion

Nearly two decades of research documents a variety of non-
additive relations between environments or behaviors and
genetic variation in BMI. Physical activity mitigates an
individual’s genetic propensity toward weight gain or obe-
sity (e.g., Heitmann et al. 1997; McCaffery et al. 2009;
Mustelin et al. 2009), whereas physical inactivity tends to
exacerbate such a predisposition (Ahmad et al. 2013; Heit-
mann et al. 1997; Karnehed et al. 2006). Surprisingly, no
research exists on the effects of the built environment—and
aspects of it which promote physical activity in particular—
on the heritability of BMI or obesity. The present study is the
first examining the modification of genetic variance in BMI
by environmental walkability and exploring the mediating
effects that physical activity has on this association.
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Table 3 Parameter estimates,
body mass index moderated by
environmental walkability and
physical activity (MVPA is
presented in the left column,
neighborhood walking in the
right column)

Parameter MVPA (N = 2069 MZ

pairs, 897 DZ pairs)

Walking (N = 1898 MZ pairs,

833 DZ pairs)

Main effects of walkability on BMI

A Regression

boa_walkabiliy 192 (.209) .045 (.227)
b1a_waikability —.104 (.039) —.070 (.039)
E Regression
bog_walkabiliy —.014 (.062) —.006 (.066)
b1E_walkability .002 (.013) .001 (.013)
Main effects of activity on BMI
A Regression
DoA_ Activity 416 (.273) —1.621 (.273)
b1A_Activity —.569 (.082) .394 (.082)
E Regression
boE_activity —.863 (.096) —.047 (.076)
b1E_Activity .259 (.031) —.076 (.024)
Interactive effects of moderator on residual ACE components of BMI
A Path
boau 6.086 (.242) 5.280 (.233)
b1au_Walkability -.036 (.023) -.048 (.024)
b1Au_Activity —418 (.044) -.116 (.036)
E Path
boku 2.310 (.174) 1.976 (.161)
b1 Eu_waikabitity —-.015 (.018) -.025 (.018)
b1Eu_Activity —-165 (.028) —-.043 (.034)

Statistically significant (p < .05) parameter estimates bolded; estimates that are significant at the o = .01
level italicized. Standard errors in parentheses

We tested three hypotheses in the current study. Our first
hypothesis that walkability and physical activity had pro-
tective effects on BMI that operated through nonshared
environmental pathways was not supported. The asso-
ciation between walkability and physical activity was dri-
ven primarily by common genetic factors. That is, the
genes contributing to low BMI were also the same genes
contributing to selection of more walkable neighborhoods
and greater physical activity levels, or active gene-envi-
ronment correlation.

Our second hypothesis that walkability and physical
activity predicted genetic variance in BMI, controlling for
selection factors (i.e., the gene-environment correlation
noted above), was supported. We observed that both
walkability and physical activity performed at a moderate
or vigorous intensity suppressed the genetic risk for high
BMI. We also found that this suppressive influence re-
mained after accounting for the tendency for individuals
with low BMI to be more active and select into environ-
mental experiences that require more activity. Our physical
activity results were consistent with past family- and
population-based findings, but we expand on past research
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by demonstrating that these effects exist in the context of
genetic-based selection factors that induce a correlation
between these phenotypes. We also show the first evidence
that aspects of the built environment interact with an in-
dividual’s genetic makeup to predict BMI.

Our last hypothesis approached the nonadditive effect of
walkability on BMI from a more mechanisms of action
perspective, predicting that physical activity would not
fully mediate the association between walkability and ge-
netic variance in BMI—that is, that walkability would
operate directly on genetic variance in BMI rather than
through a behavioral mediator. We observed that although
walkability decreased genetic variance in BMI, it had no
independent effect on variability in BMI when simultane-
ously adjusting for the effect of MVPA. That is, it appears
that walkability operates indirectly to reduce an indi-
vidual’s genetic predisposition toward adiposity. Although
these data were cross-sectional and quasi-experimental and
we therefore cannot conclude with certainty that walk-
ability causes physical activity or BMI, our results are
consistent with prior research on the main effects of
walkability, which suggest that more walkable
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neighborhoods have stronger influences on individuals’
BMI or predict greater weight loss compared with less
walkable neighborhoods, but only if the individuals within
those neighborhoods utilize walkability as an exercise-
promoting resource (Li et al. 2009). Of course, the present
study is the only report of the interactive effects of envi-
ronmental walkability on genetic variance in BMI and is by
no means conclusive evidence that walkability has no ef-
fects on BMI independent of physical activity.” We op-
erationalized environmental walkability using Walk
Score®, an algorithm which is primarily an index of utili-
tarian destinations within the neighborhood accessible by
walking—and to a lesser extent neighborhood density—
and does not give due consideration to other measures of
urban form that correlate with physical activity and BMI,
such as smaller street blocks and greater street connectivity
(Frank et al. 2006; Moudon et al. 2006, 2007). It is possible
that other measures of environmental walkability could
demonstrate different effects from those presented here.
For example, recent studies using different indicators of
walkability suggest that physical activity only partially
mediates the association between walkability and BMI
(Brown et al. 2013; Van Dyck et al. 2010).

Limitations and strengths

We note several limitations of this study. First, we note that
our data were cross-sectional and quasi-experimental,
limiting our ability to conclude with certainty that any of
our results are causal. It is plausible, for example, that BMI
(and variance in BMI) instead predicts environmental
walkability and physical activity. Our sample, although
representative of Washington State, was largely white and
well-educated, limiting generalizability. Additionally,
MVPA was based on self-report and thus subject to mea-
surement bias. It also did not capture activity type (e.g.,
running and swimming) or domain (e.g., household-, oc-
cupational-, and transportation-related activity), and was
not sensitive to durations lasting less than or more than
20 min of vigorous or 30 min of moderate activity. Our
measure of MVPA, however, actually under- rather than
overestimates activity level, based on our own data of this
measure compared against levels of MVPA determined by
accelerometry and a survey instrument common in the
published activity literature (Craig et al. 2003). Thus, when
considered in the context of existing gene-activity findings,
our estimate of MVPA was unlikely to have created spu-
rious results. Third, the correlation between physical

? Indeed, we observed that walking within the neighborhood did not
mediate the interactive effect of walkability on variance in BMIL.

activity and environmental walkability is lower than might
be expected (r =.027 for MVPA and r = .081 for
neighborhood walking). The likely explanation for the
small correlation between MVPA and environmental
walkability is that MVPA may or may not occur within the
home neighborhood (e.g., you can do MVPA at a gym,
MVPA could be a long bike ride that takes you well outside
of the bounds of your neighborhood, you could play tennis
at a tennis court in a park that is outside of your neigh-
borhood, etc.) and environmental walkability features do
not necessarily support all forms of MVPA (e.g., having
utilitarian destinations within proximity to your home, a
measure of environmental walkability, does not necessarily
support running, biking, or playing tennis). The explana-
tion for the low correlation between neighborhood walking
and environmental walkability (although higher than the
correlation noted between MVPA and walkability) is
slightly more nuanced. The primary reason for the low
correlation is that there are relatively few “walkable” en-
vironments in the US. Indeed, the mean score of 40.5 in
this sample would be representative of a “car dependent”
environment in which almost all (walkability = 0-24) or
most errands (walkability 25-49) require a car, based on
the walkability index used in this paper. On the other hand,
a “walker’s paradise,” in which daily errands to not require
a car, is in the 90-100 range. Given the descriptive infor-
mation about walkability in Table 1, there are few subjects
in “very walkable” (70-89) and “walker’s paradise”
(90-100) categories. In a separate study that is currently
under peer review in which we quantify neighborhood
walking bouts objectively with accelerometry, we found
that the average number of bouts increased systematically
over the four walkability levels in a dose-response manner.
Similarly, scatterplots of the data used in the current study
suggest that the relation between environmental walk-
ability and MVPA or neighborhood walking is stronger at
higher walkability levels—that is, that the relation between
walkability and physical activity in this report may be
misrepresented as weaker than it actually us (at least at
very high walkability levels). It is possible that a replica-
tion study conducted in a sample characterized by higher
overall walkability, or in a country with such characteris-
tics, may demonstrate a stronger relation between walk-
ability and physical activity than that presented in this
report (and indeed may show stronger mediating effects of
physical activity on the walkability—genetic variance in
BMI association). Fourth, our use of self-reported zygosity
may have resulted in an underestimation of total genetic
variance in BMI due to possible misreporting of some DZ
twins as MZ twins; such a misclassification would make
within-pair variances in MZ twins more similar to DZ
twins (Elks et al. 2012). Although we used a highly valid
nonserological measure of zygosity, this possibility still
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exists and cannot be controlled for. Nevertheless, it is un-
likely that misreporting of DZ twins as MZ twins varies
systematically across levels of activity or walkability;
therefore, bias in our moderation parameters due to zy-
gosity misclassification is unlikely. Finally, the twin model
itself, both in its classical and more sophisticated forms,
makes several important assumptions that should be con-
sidered when interpreting the results, namely that the en-
vironments of MZ pairs are no more similar than those of
DZ pairs and that the twins do not have reciprocal causal
effects on each other.

Our study also has several key strengths. First, we
performed the first genetically informed study of the ef-
fect of environmental walkability on BMI and variance in
BMI. Although our G x walkability finding became
nonsignificant when controlling for the effects of physical
activity, it represents an important first step toward
identifying factors that may serve to maximize the obe-
sity-suppressing effects of physical activity. Second, we
also demonstrated that the suppressive effect of physical
activity on genetic variance in BMI cannot be attributed
to genetic selection or the differential expression of genes
based on level of physical activity, a significant contri-
bution to the current genetically informed literature
documenting this association. This finding also provides
robust evidence for physical activity as a behavioral in-
tervention with potential to counteract genetic risk of
obesity. Third, although our multiple regression approach
to moderating variance in BMI has been proposed or used
in previous reports (e.g., McCaffery et al. 2009; Purcell
2002), here we demonstrate how this framework may be
used to examine the mediating effects of one moderator
by another. This in itself is a contribution to the existing
quantitative behavior genetics literature on gene-by-envi-
ronment interaction, because it opens up a world of re-
search that uses a mechanistic approach to G x E
analysis.

Implications and future directions

The results we present in this report have important im-
plications for individuals who have a genetic predisposition
for being overweight because their heritable risk for high
BMI may be counteracted, at least to some extent, by in-
creasing their level of physical activity, and more
specifically that performed at a moderate or higher level.
Living in neighborhoods that are more conducive to ac-
tivity has benefit, although this appears to be because such
neighborhoods promote physical activity rather than di-
rectly suppressing variance in BMI. Nevertheless, the re-
sults from our study suggest that macro-level obesity
interventions warrant further investigation.
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Our finding that physical activity suppresses the genetic
risk for high BMI despite nonrandom selection into more
active environments warrants further investigation.
Specifically, examining the main and interactive effects of
physical activity on BMI over time will help elucidate the
process by which activity influences the body mass phe-
notype. Most past G x Activity research (including the
present report) has used cross-sectional data to demonstrate
this effect (McCaffery et al. 2009; Mustelin et al. 2009; but
see Heitmann et al. 1997; Karnehed et al. 2006). Past
longitudinal research on the main effects of physical ac-
tivity or inactivity on BMI shows that BMI is more pre-
dictive of activity than vice versa (Ekelund et al. 2008;
Metcalf et al. 2011). A genetically-informed longitudinal
study could help explain some of the processes involved in
this observation. Based on the evidence we provide here,
we predict that lower BMI would predict subsequent higher
physical activity through genetic pathways. If the sup-
pression of genetic risk for high BMI by physical activity is
a true phenomenon, we would also expect to observe decay
or amplification of earlier genetic influences as a function
of activity level during any given time lag.

Conclusions

Epidemiologic study of interactions between genes and the
environment aids in our understanding of disease etiology.
Using a twin modeling approach, we demonstrated that
high levels of moderate intensity physical activity suppress
genetic risk for high BMI, even when activity and BMI
share an underlying genetic etiology. Walkability alone
also had moderating effects on genetic variance in BMI,
yet these effects were mediated by physical activity. Our
results support interventions that focus on increasing phy-
sical activity, including those that improve aspects of the
built environment which in turn may promote more phy-
sical activity, to reduce obesity.
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