
Preventive Medicine 70 (2015) 90–95

Contents lists available at ScienceDirect

Preventive Medicine

j ourna l homepage: www.e lsev ie r .com/ locate /ypmed
Quasi-causal associations of physical activity and neighborhood
walkability with body mass index: A twin study
Glen E. Duncan a,b,⁎, Stephanie Whisnant Cash a,c,1, Erin E. Horn d, Eric Turkheimer d

a Department of Epidemiology, School of Public Health, University of Washington, Seattle, WA, United States
b Nutritional Sciences Program, School of Public Health, University of Washington, Seattle, WA, United States
c Public Health Sciences Division, Fred Hutchinson Cancer Research Center, Seattle, WA, United States
d Department of Psychology, University of Virginia, Charlottesville, VA, United States
⁎ Corresponding author at: University of Washingto
Seattle, WA 98195, United States. Fax: +1 206 685 1696.

E-mail address: duncag@u.washington.edu (G.E. Dunc
1 Present address: 1600 Amphitheatre Pkwy, Mountain

http://dx.doi.org/10.1016/j.ypmed.2014.11.024
0091-7435/© 2014 Elsevier Inc. All rights reserved.
a b s t r a c t
a r t i c l e i n f o
Available online 4 December 2014
Keywords:
Body mass index
Environment and public health
Heredity
Motor activity
Twins

Objective. Physical activity, neighborhood walkability, and body mass index (BMI, kg/m2) associations were
tested using quasi-experimental twin methods. We hypothesized that physical activity and walkability were in-
dependently associated with BMI within twin pairs, controlling for genetic and environmental background
shared between them.

Methods. Data were from 6376 (64% female; 58% identical) same-sex pairs, University of Washington Twin
Registry, 2008–2013. Neighborhood walking, moderate-to-vigorous physical activity (MVPA), and BMI were
self-reported. Residential address was used to calculate walkability. Phenotypic (non-genetically informed)

and biometric (genetically informed) regression was employed, controlling for age, sex, and race.

Results. Walking and MVPA were associated with BMI in phenotypic analyses; associations were attenuated
but significant in biometric analyses (Ps b 0.05). Walkability was not associated with BMI, however, was associ-
ated with walking (but not MVPA) in both phenotypic and biometric analyses (Ps b 0.05), with no attenuation
accounting for shared genetic and environmental background.

Conclusions. The association between activity and BMI is largely due to shared genetic and environmental fac-
tors, but a significant causal relationship remains accounting for shared background. Although walkability is not
associated with BMI, it is associated with neighborhood walking (but not MVPA) accounting for shared back-
ground, suggesting a causal relationship between them.
© 2014 Elsevier Inc. All rights reserved.
Introduction

Obesity is amajor public health problem in theU.S.; prevalence rates
havemore than doubled over the past decades (Flegal et al., 2002, 2010;
Hedley et al., 2004; Ogden et al., 2006, 2014). Obesity is associated with
several adverse and costly health conditions (AmericanDiabetes Associ-
ation, 2008; Anderson et al., 2005; National Institutes of Health, 1998;
Flegal et al., 2005; Pronk et al., 1999; Wang et al., 2011). Effects of life-
style behaviors such as diet and physical activity on health outcomes
such as body mass index (BMI) are of primary interest because they
are modifiable factors amenable to intervention.

A narrow focus on the effects of a behavior such as physical activity
on BMI is shortsighted, however, because obesity is multifactorial and
influenced by many interacting variables spanning biology to policy
(National Heart Lung and Blood Institute, 2004). For example, most
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studies indicate moderate to strong genetic effects on BMI (Elks et al.,
2012). The relative contributions of genetic and non-genetic influences
on activity are controversial, however, with several European studies
indicatingmoderate to strong genetic effects on physical activity partic-
ipation (Carlsson et al., 2006; Eriksson et al., 2006; Joosen et al., 2005;
Lauderdale et al., 1997; Maia et al., 2002; Perusse et al., 1989; Simonen
et al., 2002; Stubbe et al., 2006). Environmental differences across the
countries in which these studies were conducted could influence activ-
ity behaviors and limit the generalizability of findings, as demonstrated
in a U.S. twin study in which unique environmental, and not genetic,
factors primarily explained differences in physical activity participation
(Duncan et al., 2008).

The role of the physical or built environment in supporting healthy
lifestyles and subsequent effects on health outcomes has gained in-
creased attention over the last decade. Consistent associations have
been reported between built environmental features such as neighbor-
hood “walkability” and activity outcomes, including more leisure-time
and transportation-related walking (Ewing et al., 2003; Frank et al.,
2004, 2005, 2006, 2007; Moudon et al., 2006, 2007; Saelens et al.,
2003). Neighborhood walkability itself has been associated with better
health outcomes, including lower BMIs among residents (Black and
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Macinko, 2008; Diez Roux et al., 2002; Ewing et al., 2003; Frank et al.,
2004, 2006; Papas et al., 2007). Neighborhood walkability is thought
to exert its effects on health primarily by facilitating or inhibiting
behaviors, such as physical activity and diet, which in turn strongly in-
fluence BMI (Papas et al., 2007). Others have suggested a broader
view in which the physical and social environment affect the overall
health and well-being of residents (Black and Macinko, 2008; CDC,
2007). For example, physical and/or social factors in the environment
that contribute to stress, malnutrition, and inactivity could influence
the risk of adverse health in the next generation through factors that
act in utero and early life (Novak et al., 2006; Reynolds et al., 2013).
Thus, neighborhood walkability could also influence genetic tendencies
toward higher BMI. Regardless of the pathway linking neighborhood
walkability to health, this ever-growing body of literature is dominated
by observational studies with inherent methodological problems,
chiefly an inability to adequately account for nonrandom selection of
residents into neighborhoods (Oakes, 2004, 2006). Twins are an opti-
mal way to address this self-selection problem (Duncan et al., 2014;
Turkheimer and Harden, 2014).

Although significant associations among activity level, neighbor-
hood walkability, and BMI are common, in the absence of random
assignment to environmental conditions such relationships do not
imply causality. There are two major unmeasured confounds in the ob-
served relationship between BMI and activity level. The first is broadly
characterized as genetic: if persons with certain genetic characteristics
are more likely to engage in regular exercise, and the same genes
contributing to activity also contribute to BMI, a correlationwill exist re-
gardless of any causal relationship. A second confound is environmental.
If people raised in affluent families living in supportive environments
are more likely to be both active and have a lower BMI, then any
correlation between activity and BMI could be mediated by family in-
come or residential location rather than result from a direct causal
relationship.

The co-twin control designhelps address the aforementioned limita-
tions by providing a quasi-experimental method of accounting for ge-
netic and environmental selection processes that might otherwise
confound purported causal relations among uncontrolled variables
(Turkheimer and Harden, 2014). Thus, despite evidence that neighbor-
hood walkability may protect against high BMI between families, no
study to date has investigated whether this effect remains significant
within families. Therefore, the purpose of the current study was to
use quasi-experimental twin methods to test associations between
physical activity level and neighborhood walkability (an index of
activity-supportive environments) (Frank et al., 2005, 2006, 2007;
Frumkin et al., 2004; Moudon et al., 2006) with BMI in twins. We hy-
pothesized that activity levels and walkability would each be indepen-
dently associated with BMI within twin pairs, controlling for common
genetic and environmental background shared between predictors
and outcome.
Materials and methods

Participants

The University ofWashington Twin Registry (UWTR) is a community-based
sample of twins reared together; constructionmethods appear elsewhere (Afari
et al., 2006; Strachan et al., 2013). Briefly, twins completed a survey with items
on socio-demographics, health, and lifestyle behaviors. Standard questions
about childhood similarity that determine zygosity with greater than 90% accu-
racy 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).Weused 2008–2013 surveydata; residential
addresses were not available prior to 2008. Written informed consent was ob-
tained, approvedby theUniversity's institutional reviewboard. The final sample
included 4060 female (2802 MZ, 1258 DZ) and 2316 male (1585 MZ, 731 DZ)
pairs. Overall, the sample was young (39.4 ± 17.6 years) and predominantly
White (90.3%).
Measures

Outcome
The primary outcome was BMI (kg/m2) from self-reported height and

weight. In a separate study, self-reported BMI and directly measured BMI
were highly correlated (r = 0.98, p b 0.01) among 200 UWTR twin pairs,
indicating strong construct validity in our sample. There was a tendency for
higher BMI individuals to under-report to a greater extent than lower BMI indi-
viduals (r = −0.27, p b 0.01), but this discrepancy was not correlated with
activity level (r = −0.01, p = 0.80) or walkability (r = −0.03, p = 0.59).

Predictors
Twins reported the number of days per week they engaged in vigorous

physical activity for at least 20min and in a separate questionmoderate physical
activity for at least 30 min. A continuous activity measure was constructed by
summing moderate and vigorous days weighted by their respective durations
(MVPA). This measure provides an estimate directly corresponding to activity
levels recommended for health (Garber et al., 2011; U.S. Department of Health
and Human Services, 1996). In a sub-sample of 104 twins whowore accelerom-
eters and GPS devices over a 2-week period in an ongoing funded study,
subjective MVPA correlated significantly with objectively measured MVPA
(r = 0.46, p b 0.01). There was a tendency for more active individuals
to under-report MVPA to a greater extent than less active individuals (r =
−0.71, p b 0.01), but this discrepancy was not associated with BMI (r =
0.13, p = 0.18). Twins also reported how many days during a typical week
they walked in their neighborhood and minutes per walking bout (Lee and
Moudon, 2006; Moudon et al., 2006). Responses of less than 15 min were
coded as 10 min, whereas responses of 90 or more were top coded as 90 min.

Neighborhoodwalkability was estimated using twomethods: the commer-
cially available Walk Score® (Walk Score, 2012) and an index commonly cited
in the urban planning and health literature created using measures of urban
form (Frank et al., 2005). Addresseswere entered into theWalk Score®website,
which uses data from business listings, road networks, schools, and public tran-
sit to map walking distance to amenities in nine different categories
(e.g., schools, parks, restaurants) (Walk Score, 2011). The algorithm then uses
distances, counts, and weights to create a continuous score normalized on a
scale of 0–100, with 0 representing the least and 100 the most “walkable”
neighborhoods (Walk Score, 2011). The utility of Walk Score® as a walkability
index has been published (Carr et al., 2010, 2011). The “planner's” walkability
index uses measures of land-use mix, intersection density, and residential den-
sity within a 1-km network buffer around the residence. The z-score for each of
these variables is calculated and entered into an equation (Frank et al., 2005),
providing a continuous score ranging between −8.98 and 27.34 (higher is
more walkable). In a sub-sample of 3162 UWTR twins, the two indices correlat-
ed strongly with each other (r = 0.78, p = 0.01).

Statistical analysis
All analyses were conducted using latent variable path analysis in Mplus

(v. 7.0, Los Angeles, CA) (Muthen and Muthen, 2012) and maximum likeli-
hood estimation. Analyses were conducted for same-sex pairs only and con-
trolled for linear effects of age, sex, and race.

Univariate biometric decomposition
Weused the classical twinmodel (ACE) to decompose variation inmeasures

into three components: additive genetic (A), variance attributable to the addi-
tive effect of individual genes; shared environmental (C), variance attributable
to environmental influences shared by twins raised in the same family; and
non-shared environmental (E), variance attributable to environmental
influences unique to the individual. This analysis lays the foundation for the
more elaborate analyses that follow.

Biometric regression
The use of MZ and DZ twins in the regressions of BMI on walkability and ac-

tivity level allows the separation of the phenotypic effect of the predictors from
the genetic and shared environmental background that they may share. The re-
gression of BMI on activity level, for example, has three components: the pheno-
typic regression of the outcome on the predictor, plus A and C regressions that
provide alternative explanations of the predictor–outcome association. The A
regression represents the tendency for pairs with high genetic loadings for ac-
tivity to also have genetic loadings for BMI. Descriptively, an A regression of
BMI on activity induces a covariance between the activity level of one member
of a pair and the BMI of the other, more so for the MZ twins who share 100% of
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their geneticmaterial thanDZ twinswho on average share half. The C regression
represents the tendency for pairs to share a family environment conducive to
both high activity and lower BMI. Descriptively, a C regression induces a covari-
ance between the activity level of one twin and the BMI of the other, equally so
for both MZ and DZ twins. With these pathways accounted for, the phenotypic
regression represents the non-shared environmental effect of activity within
pairs of twins. Descriptively, this means that a member of an identical twin
pair with a higher activity level than the co-twin is also the twin with the
lower BMI within the pair. The genetically informed phenotypic regression is
the effect of the predictor on the outcome controlling for any common genetic
or environmental background they share, and is therefore the best available ap-
proximation of any causal effect of the predictor (“quasi-causal” effect)
(Turkheimer and Harden, 2014).

Results

Descriptive information for BMI and the predictors are shown in
Table 1. Results were similar regardless of walkability index used; we
present results using the Walk Score® derived index for simplicity.
Walkability contained modest genetic and shared environmental varia-
tion, however, non-shared environment dominated (57%). Both MVPA
and walking showed moderate heritability, almost no shared environ-
mental variation, and large non-shared environmental variation (67%
and 72%, respectively). In contrast, BMI consisted largely of additive ge-
netic variation (76%), with no evidence of variation from the shared en-
vironment andmodest contribution from the non-shared environment.

Next, we fit multivariate models in which activity level was
regressed on walkability, and BMI was simultaneously regressed on
walkability and activity. Unstandardized regression coefficients and
standard errors for these non-genetically informed analyses are pre-
sented in the phenotypic regression columns of Table 2.

Walkability was not associated with MVPA (bPhen = 0.01, p= 0.12)
or BMI (bPhen = −0.02, p = 0.32). Higher MVPA, however, predicted
lower BMI such that each additional hour per week was associated
with a 0.39 kg/m2 decrease in BMI. Walkability and MVPA jointly pre-
dicted 1.2% of the variance in BMI. Walkability and walking were posi-
tively associated; each additional unit in walkability was associated
with a 2.4-minute increase in walking. As we observed in models
using MVPA as the indicator for physical activity, walkability did
not predict BMI (bPhen = −0.01, p = 0.55). More walking predicted
lower BMI; each additional hour of walking was associated with a
0.22 kg/m2 decrease in BMI. Walkability and walking jointly predicted
0.5% of the variance in BMI.

We then decomposed nonzero phenotypic regression coefficients
into their ACE components. Themodel is illustrated in Fig. 1; unstandard-
ized regression coefficients and standard errors for these genetically in-
formed analyses are presented in the quasi-causal regression columns in
Table 2. Controlling for genetic-based selection, the inverse association
between MVPA on BMI remained statistically significant, although the
Table 1
Descriptive statistics, twin intra-class correlations, and standardized variance components forw
2008–2013.

Walkability Moderate-to-vigorous ph
activity (min/week)

Descriptive statistics
Mean (SD) 40.6 (28.1) 119.9 (92.2)

Sibling correlations
MZ 0.43 (0.02) 0.34 (0.01)
DZ 0.34 (0.03) 0.17 (0.02)

ACE estimates
h2 0.18 (0.06) 0.31 (0.06)
c2 0.25 (0.06) 0.02 (0.05)
e2 0.57 (0.02) 0.67 (0.02)

Abbreviations: dizygotic, DZ; monozygotic, MZ.
ACE estimates: additive genetic (h), variance attributable to the additive effect of individual gen
twins raised in the same family; and non-shared environmental (e), variance attributable to en
Data presented as means and standard deviations in parentheses.
association was reduced in magnitude (−0.26 vs. −0.39 for quasi-
causal and phenotypic regressions, respectively). The A regression
of BMI on MVPA was significant and substantially larger than the genet-
ically informed bPhen (bA = −0.92 vs. −0.26).

The regression of walking on walkability remained significant
after accounting for genetic and shared environment and was not
attenuated compared with the phenotypic regression. The walking–
BMI association also remained significant while controlling for common
genetic background and showed evidence of genetic-based selection
(bA = −0.91, p b 0.01). The quasi-causal effect was substantially
attenuated (bPhen = −0.22 and −0.12 in phenotypic and quasi-causal
analyses, respectively).

Discussion

As expected, consistent with the literature, activity levels and BMI
were significantly associated in the non-genetically informed analyses;
each additional hour of MVPAwas associatedwith a 0.39 unit reduction
while each additional hour of neighborhood walking was associated
with a 0.22 unit reduction in BMI. However, a novel finding from this
study relates to the genetically informed twin analysis, which suggests
that much of these phenotypic relationships were the result of a com-
mon genetic background, as evidenced by reductions in the magnitude
of the phenotypic relationship after controlling for A confounds.
Nonetheless, a significant and potentially causal relationship of both
MVPA andneighborhoodwalkingwith BMI remained after the common
background was accounted for.

Neighborhood walkability was not associated with BMI in pheno-
typic analysis. Although neighborhood walkability had little effect on
mean level of MVPA, it was associated with more neighborhood walk-
ing. Extending the literature, we found that this association remained
significant even after accounting for genetic and shared environmental
confounds, suggesting that neighborhood walkability is in fact causally
related to more neighborhood walking. Together, our findings provide
evidence supporting the ecological framework whereby a measure of
the built environment – neighborhoodwalkability – is causally associat-
ed with physical activity behavior, which is subsequently causally asso-
ciated with BMI.

Twin models not only account for genetic effects, twins reared
together are also matched for shared environmental background,
including numerous childhood and adolescent exposures. The ability
to control for these confounds is another strength of the twin model,
and has implications for overcoming the bias resulting from neighbor-
hood self-selection. Studies using a categorical description of urbaniza-
tion in non-U.S. samples have documented the influence of shared
environmental factors on residence (Whitfield et al., 2005; Willemsen
et al., 2005), while other studies have revealed subtleties in the data.
For example, a more recent report (Duncan et al., 2012) using a
alkability, physical activity, and bodymass index, University ofWashington Twin Registry,

ysical Walking (min/week) Body mass index (kg/m2)

88.4 (101.1) 25.8 (5.5)

0.29 (0.02) 0.76 (0.01)
0.13 (0.02) 0.38 (0.02)

0.28 (0.02) 0.76 (0.01)
0.00 (0.01) 0.00 (0.00)
0.72 (0.02) 0.24 (0.01)

es; shared environmental (c), variance attributable to environmental influences shared by
vironmental influences unique to the individual.



Table 2
Trivariate models, body mass index predicted from environmental walkability and physical activity, University of Washington Twin Registry, 2008–2013.

Regression Moderate-to-vigorous physical activity (min/week) Walking (min/week)

Phenotypic regression
(not genetically informed)

Quasi-causal regression
(genetically informed)

Phenotypic regression
(not genetically informed)

Quasi-causal regression
(genetically informed)

Walkability → Activity
bA – – – 0.09 (0.16)
bC – – – −0.06 (0.09)
bPhen 0.01 (0.01) 0.01 (0.01) 0.04 (0.01)⁎ 0.04 (0.01)⁎

Walkability → BMI
bA – – – –

bPhen −0.02 (0.02) −0.02 (0.02) −0.01 (0.02) −0.02 (0.02)
Activity → BMI

bA – −0.92 (0.20)⁎ – −0.91 (0.17)⁎

bPhen −0.39 (0.03)⁎ −0.26 (0.03)⁎ −0.22 (0.03)⁎ −0.12 (0.03)⁎

Abbreviation: body mass index, BMI (kg/m2).
Themodels represent the phenotypic regression of the outcomeon thepredictor (bPhen), plus A (bA) and C (bC) regressions that provide alternative explanations of the association between
the predictor and the outcome.
Data presented as regression coefficients with standard errors in parentheses.
⁎ Statistically significant (p b 0.05) regression coefficient.
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continuous walkability index employing specific information about
neighborhood urban form (Frank et al., 2005) observed that shared en-
vironmental factors were the largest contributor to residential selection
among younger twins (ages 18–24.9) whereas unique environment
was largest in older twins (ages 25+). Although differences among
these studies underline the complexity of residential selection, it is
clear that choice of residence should not be considered a random envi-
ronmental exposure. Both genetic and shared environmental selection
processes are determinants of residential selection and must be taken
into account in any non-experimental study of environmental risk fac-
tors. Although some artifacts of self-selection will exist in any study of
the relationship between environment and behavior, using twins in
this type of investigation controls for as many potential confounds
as possible.
Fig. 1. Path diagram of the multivariate twin model. Activity level is regressed on walkability (
mental pathways (bA12 and bC12). Body mass index (BMI) is regressed on Walk Score and activ
and bA23) and shared environmental (bC13 and bC23).
Strengths and limitations

The sample, although representative of Washington State, was
largely White and middle class; thus, results are not necessarily gener-
alizable to other geographic or socio-demographic groups. Both activity
and BMI were self-reported and may suffer from measurement bias.
Additionally, the physical activity measure did not capture details on
activity type (e.g., running, swimming, etc.) or domains of activity
(e.g., household, occupational, transportation, etc.), or durations greater
than 20 min for vigorous and 30 min for moderate activity. However,
any potential underestimation of activity would lead to an underesti-
mation of the “true” association between physical activity and BMI;
thus, the magnitude of association found between MVPA/walking and
BMI in the present study is a conservative estimate. In addition, the
Walk Score®) via a phenotypic pathway (b12) in addition to genetic and shared environ-
ity level via phenotypic pathways (b13 and b23, respectively), in addition to genetic (bA13
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survey did not assess usual dietary intake, an unaddressed potential
confounder. The use of the commercially available Walk Score®
algorithm for estimating walkability is also a limitation because the
measure is primarily an index of utilitarian destinations accessible by
walking, and to a lesser extent neighborhood density, and not other
specificmeasures of urban form that have been correlatedwith physical
activity in the literature. Given this potential limitation, we conducted
analyses using twomeasures of walkability and results were consistent
regardless of exposure used.

Finally, although we have used the twin method to control for
genetic and environmental confounds of possible causal predictors of
BMI, even these methods have residual confounding and are not as ro-
bust as random assignment in establishing causal relations. Because
the data utilized here were strictly cross-sectional, we are unable to
rule out the possibility of reverse causality – i.e., that differences in
BMI cause differences in activity or residential selection. Data collection
in the UWTR is ongoing, and longitudinal designs are planned.

Conclusions

Using a multivariate twin model, we demonstrated how twins can
be used to compute quasi-experimental estimates of causal relations
between uncontrolled factors, such as neighborhood walkability and
physical activity, and health outcomes, such as BMI. The results suggest
that much of the phenotypic relationship between physical activity
(both MVPA and neighborhood walking) and BMI is the result of a
common genetic background, but a significant and potentially causal
relationship remains after this common background is accounted for.
We also observed a tendency for walkability to promote walking
(but notMVPA) above and beyond any genetic or shared environmental
confounds.
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