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ABSTRACT
Objectives Physical activity is a cornerstone of chronic 
disease prevention and treatment, yet most US adults 
do not perform levels recommended for health. The 
neighborhood–built environment (BE) may support or 
hinder physical activity levels. This study investigated 
whether identical twins who reside in more walkable 
BEs have greater activity levels than twins who reside in 
less walkable BEs (between- twin analysis), and whether 
associations remain significant when controlling for 
genetic and shared environmental factors (within- twin 
analysis).
Design A cross- sectional study.
Setting The Puget Sound region around Seattle, 
Washington, USA.
Participants The sample consisted of 112 identical 
twin pairs who completed an in- person assessment and 
2- week at- home measurement protocol using a global 
positioning system (GPS)monitor and accelerometer.
Exposure The walkability of each participants’ place 
of residence was calculated using three BE dimensions 
(intersection density, population density and destination 
accessibility). For each variable, z scores were calculated 
and summed to produce the final walkability score.
Outcomes Objectively measured bouts of walking and 
moderate- to- vigorous physical activity (MVPA), expressed 
as minutes per week.
Results Walkability was associated with walking bouts 
(but not MVPA) within the neighbourhood, both between 
(b=0.58, SE=0.13, p<0.001) and within pairs (b=0.61, 
SE=0.18, p=0.001). For a pair with a 2- unit difference in 
walkability, the twin in a more walkable neighbourhood is 
likely to walk approximately 16 min per week more than 
the co- twin who lives in a less walkable neighbourhood.
Conclusions This study provides robust evidence of an 
association between walkability and objective walking 
bouts. Improvements to the neighbourhood BE could 
potentially lead to increased activity levels in communities 
throughout the USA.

INTRODUCTION
Regular physical activity is a cornerstone of 
chronic disease prevention and treatment. 
The Physical Activity Guidelines for Amer-
icans provides evidence- based guidance to 

help individuals to maintain or improve 
their health through physical activity.1 Unfor-
tunately, most Americans do not perform 
physical activity at levels recommended for 
health.2–5 Strategies to increase levels of phys-
ical activity in the US population are a critical 
public health goal.

The role of the built environment (BE) 
in supporting or hindering physical activity 
levels in the population has garnered substan-
tial attention over the last several decades.6–8 
BE correlates of walking, such as the presence 
of sidewalks, density of road network connec-
tions and having utilitarian destinations 
within a short distance from the home, are 
well documented.9 10

Most research- linking features of the BE 
with physical activity is limited because it is 
often unclear whether the activity occurred 
inside the neighbourhood of residence or in 
other distal locations.11–13 In addition, the defi-
nition of what constitutes a ‘neighbourhood’ 
is debatable. We recently described methods 
to precisely allocate objective measures of 

STRENGTHS AND LIMITATIONS OF THIS STUDY
 ⇒ We used a sample of twins and robust methods to 
control for familial confounds and included other 
important sociodemographic factors in statistical 
models.

 ⇒ Physical activity was measured objectively in time 
and space, providing rich information on bouts of 
activity where they occurred (ie, inside or outside of 
the home neighbourhood).

 ⇒ The sample of twins was mostly urban, white and 
non- Hispanic, with education and income levels 
higher than the US population average; findings 
should be replicated in samples drawn from diverse 
sociodemographic groups and locations (ie, rural 
residents) to increase generalisability.

 ⇒ The cross- sectional study design precludes casual 
inferences.
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physical activity spatially and temporally14 to investi-
gate associations with exposure to home and non- home 
neighbourhood environments, methods we employed 
in the present study. Another limitation is the inability 
to draw causal inferences in observational research. To 
address this limitation, we use identical twins (monozy-
gotic (MZ)) reared together; these matched pairs serve 
as quasiexperimental controls because MZ twins share 
genetic and early- life environmental factors that cannot 
be held constant in the absence of random assignment 
and would otherwise confound statistical associations.15

We build on previous concepts and extend the litera-
ture by investigating associations between walkability of 
the home BE and levels of objectively measured walking 
and moderate- to- vigorous physical activity (MVPA) 
performed within and outside of the residential neigh-
bourhood in a sample of MZ twins reared together as 
children but residing apart as adults. We hypothesised 
that twins who reside in more walkable BEs have greater 
walking and MVPA levels than twins who reside in less 
walkable BEs (between- twin analysis). We further hypoth-
esised that these findings would remain significant when 
controlling for genetic and shared environmental factors 
(within- twin analysis).

METHODS
Study design and setting
This was a cross- sectional study of objective measures of 
physical activity amounts and locations among individuals 
living in the Puget Sound region around Seattle, Wash-
ington, USA. Participants wore a Qstarz BT- Q1000XT GPS 
data logger (Qstarz International Co, Taipei, Taiwan) and 
Actigraph GT3X+ accelerometer (Actigraph, Pensacola, 
Florida, USA) attached to an elastic belt worn around the 
waist to collect data under free- living conditions over a 
2- week period. Data were collected during 2012–2019.

Participants
This study recruited MZ twin pairs from the community- 
based Washington State Twin Registry (WSTR). 
Procedures and details of the WSTR are reported else-
where.16 17 Recruited twins completed an in- person study 
visit followed by a 2- week remote data collection protocol. 
Inclusion criteria were living at the primary residence for 
at least 1 year and absence of physical conditions that 
limited mobility. The final sample consisted of 375 twins 
(the ‘full’ sample), from which 224 twins (n=112 complete 
pairs, the ‘analytic’ sample) had complete data and met 
the minimum criteria for valid monitor days, defined 
as a minimum of 10 hours of accelerometry ‘wearing’18 
and any GPS data per day over 10 (out of 14) days. On 
average, the devices were worn for 12.7±1.3 days.

Patient and public involvement
Patients and the public were not involved in the design, 
conduct, analysis or interpretation of the study. Study 

participants could have access to the study results on 
request.

Outcome measures
Objective physical activity levels were operationalised as 
walking bout minutes per week and MVPA bout minutes 
per week. Walking bouts were identified using a classifica-
tion algorithm adapted from Kang et al,19 described by us 
previously20 and in brief below. MVPA bouts were identi-
fied as sustained intervals with 3D vector magnitude≥2690 
counts per minute (CPM)21 using a modified 10 min bout 
definition that allows for up to 2 min outside the speci-
fied CPM threshold.18 Accelerometry and GPS data were 
combined into ‘LifeLogs’ using common timestamps.22 
Light- to- moderate physical activity (LMPA) bouts used 
vector magnitude thresholds between 2000 and 6166 
CPM. Walking bouts were identified as the subset of 
LMPA bouts that had (1) at least three records with GPS 
coordinates, (2) ≥20% of records with GPS coordinates, 
(3) median Doppler shift- based GPS speed between 
2 and 6 km/hour and (4) spatial configuration. The 
spatial configuration criterion calculates the interpoint 
distance for all GPS coordinates in the bout and creates a 
minimum bounding circle (MBC) around the 95% most 
tightly clustered points in the bout; bouts with MBC>20 m 
that met all other criteria were flagged as walking.

As described previously,14 two geometric buffer types 
(Euclidean and ‘sausage’) of different radii (833 and 
1666 m, to represent the distance typically walked in 
10 and 20 min, respectively),12 23–25 location (inside or 
outside of the defined neighbourhood) and contain-
ment of activity bouts (strict—ie, completely inside or 
outside and flexible—ie, with partial containment) were 
constructed. Estimates were generated for both MVPA 
and walking bouts and were normalised per participant 
as minutes per week. Device data management and buffer 
construction used PostgreSQL V.10.12, an open- source 
SQL database with PostGIS V.3.026 to support geographic 
information system data and a large set of standard func-
tions for spatial analysis.

Exposure measures
The walkability of each study participants’ place of resi-
dence was determined with methods derived from the 
Built Environment and Health Research Group Neigh-
borhood Walkability Index (BEH- NWI).27 The Walk-
ability Index has three dimensions to measure urban 
BE features promoting higher likelihood of walking as a 
mode of transport: (1) intersection density, (2) popula-
tion density and (3) destination accessibility. Spatial anal-
yses were performed using PostGIS.

For intersection density, TIGER/Line shapefiles for 
each study year’s roads were used to analyse the number of 
intersections within a 1 km Euclidean buffer of the partic-
ipant’s residential address. The American Community 
Survey was used to estimate population at the census tract 
level for each study year. Study participants’ population 
density was calculated using area- weighted population 
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counts from the census tracts overlapping the Euclidean 
buffer. For destination accessibility, InfoUSA (now Data 
Axle) data for each study year were used to map business 
destinations considered to be ‘walk promoting’ (ie, util-
itarian destinations that people often walk to). InfoUSA 
datasets included XY coordinates and business type, 
coded using 6- digit Standard Industrial Classification 
(SIC) Codes. SIC codes for ‘walk- promoting’ businesses 
were based on similar descriptions from the previous 
BEH- NWI classification of the National Establishment 
Times Series data. Study participants’ destination accessi-
bility was considered as the number of ‘walk- promoting’ 
businesses within a 1 km Euclidean buffer of the partici-
pant’s residential address.

For each variable (intersection density, population 
density and destination accessibility), z scores for each 
study participant were calculated based on the entire 
sample. These z scores were summed to calculate final 
Walkability Index scores.

Age, sex, education and income were used as covariates 
in the statistical analyses. Age was computed based on the 
reported date of birth. Sex was self- reported as male or 
female. Education referred to the highest level of educa-
tion completed, ranging from ‘less than high school’ to 
‘master’s degree or higher’. Income refers to the total 
household income from all sources ranging from ‘less 
than US$20 000’ to ‘US$150 000 or more’.

Table 1 Descriptive statistics of select sample characteristics

Full sample (N=375) Excluded sample (N=151) Analytic sample (N=224) P value

N % N % N %

Sex (male) 105 28.0 39 25.8 66 29.5 0.514

Education level* 0.325

  Less than high school 3 0.81 2 1.3 1 0.5

  High school graduate 28 7.5 12 8.1 16 7.2

  Some college 90 24.2 43 28.9 47 21.1

  Bachelor’s degree 136 36.6 51 34.2 85 38.1

  Master’s degree or higher 115 30.9 41 27.5 74 33.2

Household income† 0.006

  <US$20 000 10 2.8 4 2.8 6 2.7

  US$20 000–US$29 999 7 1.9 5 3.5 2 0.9

  US$30 000–US$39 999 27 7.4 9 6.3 18 8.2

  US$40 000–US$49 999 24 6.6 14 9.8 10 4.5

  US$50 000–US$59 999 35 9.6 15 10.5 20 9.1

  US$60 000–US$69 999 24 6.6 10 7.0 14 6.4

  US$70 000–US$79 999 35 9.6 15 10.5 20 9.1

  US$80 000–US$89 999 142 39.1 38 26.6 104 47.3

  US$90 000–US$99 999 5 1.4 3 2.1 2 9.1

  US$1 00 000–US$149 999 20 5.5 10 7.0 10 4.5

  US$150 000+ 34 9.4 20 14.0 14 6.4

  M SD M SD M SD

Age 45.3 13.0 44.0 14.3 46.2 12.0 0.119

  Range 23.5–78.6 24.8–77.8 23.5–78.6

Walkability 0.03 2.7 0.45 3.1 −0.26 2.4 0.01

  Range −3.7 to 16 −3.7 to 16 −3.6 to 16

Objective MVPA (min/week) 132.6 140.6 130.9 162.4 133.7 124.2 0.85

  Range 0–966 0–966 0–603

Objective walking (min/week) 64.4 88.2 66.7 100.4 62.9 79.2 0.69

  Range 0–633.5 0–634 0–487

Proportions are computed based on sample with non- missing data.
Chi- square/Fisher’s exact tests (for categorical variables) and linear regression models (for continuous variables) are used to compare the descriptive statistics 
between the excluded sample and the analytic sample. Variables with significant differences between the excluded and analytic samples indicated in the p value 
column (p<0.05).
*Education level missing for two individuals in the excluded example and one in the analytic sample. Proportions are computed based on sample with non- missing 
data.
†Household income missing for eight individuals in the excluded sample and four in the analytic sample.
M, mean; MVPA, moderate- to- vigorous physical activity.
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Statistical analysis
Descriptive statistics are presented as counts and propor-
tions (for categorical variables) and means and stan-
dard deviations (for continuous variables). Chi- square/
Fisher’s exact tests (for categorical variables) and linear 
regression models (for continuous variables) were used 
to compare the descriptive statistics between the excluded 
sample and the analytic sample.

A series of linear mixed effects models (LMMs) were 
used to examine the associations between walkability and 
physical activity levels. The LMM takes the form of:

 Yij = β00 + β01Xij + u0j + +ϵij   

where Yij represents the physical activity of the ith twin 
within the jth pair. β00 is the population intercept, β01 refers 
to expected change in physical activity given an increase 
in 1- unit walkability; these are the fixed effects portion 
of the model. The random effects portion of the model 
consists of u0j, the pair- level error and  ϵij , the individual- 
level error of prediction. This model takes into account 
correlations between members of a pair (u0j), but not 
controlling for pair- level confounds. The regression coef-
ficient, β01, in this model reflects the ‘phenotypic associ-
ation’ between walkability and physical activity (model 
1). Next, we included the mean walkability between twin 
pairs ( 

−
X0j  ) into the LMM (model 2):

 Yij = β00 + β01Xij + β02
−
X0j + u0j + +ϵij   

In addition to controlling for the correlations between 
members of a pair (u0j), this model further controls for 
the between- family genetic and environmental differ-
ences that are confounded with average walkability. The 
regression coefficient, β01, in this model (individual level) 
represents the ‘quasicausal’ effect of walkability on phys-
ical activity, controlling for between- pair confounds. The 
regression coefficient for the pair mean (β02) is an esti-
mate of the magnitude of the between- pair confound. The 
term ‘quasicausal’ refers to phenotypic associations that 
have survived analysis using quasiexperimental methods 
(ie, within- twin).15 The final set of models further inves-
tigated the potential effect of between- pair confounds by 
including participants’ age, sex, educational attainment 
and annual household income (model 3).

Because walking bouts and MVPA bouts were highly 
skewed, all physical activity variables were square root 
transformed. With 17 tests performed for each physical 
activity outcome in each model, a Bonferroni corrected 
alpha was used to set the statistical significance level 
at  α = 0.05/17 = 0.003 . All statistical analyses were 
performed in the statistical programme R V.4.0.2.

RESULTS
Sociodemographic characteristics of the full (n=375), 
excluded (n=151) and analytic samples (n=224) are 
presented in table 1. There were no differences between 
the excluded and analytic samples with respect to sex, 
education level, age and objective physical activity levels. 

However, the distribution of income- level categories 
and neighbourhood walkability were both significantly 
different between the analytic and excluded samples.

Descriptive statistics of objective physical activity levels 
by buffer type, size, location and containment are shown 
in online supplemental table 1. Between- pair and within- 
pair correlations between walkability and physical activity 
levels are shown in online supplemental table 2.

Association between walkability and walking
In the next sections, results and tables focus on overall 
objective activity levels, with and without controlling for 
pair- level confounds and sociodemographic variables, 
for simplicity. We then highlight results for activity levels 
inside and outside the neighbourhood, by buffer type, 
size and containment definition, with full results included 
in the supplemental tables.

There was a positive association between walkability 
and walking bouts (model 1 in table 2, b=0.58, SE=0.13, 
p<0.001). A 1- unit increase in walkability was associated 

with a 0.58- unit increase in 
 

√
walking

(
min/week

)
 
 . 

As illustrated in figure 1 (left panel), a 1- unit increase 
in walkability was associated with an average 0.34 min 
(0.582) increase in walking per week, whereas a 10- unit 
increase in walkability was associated with an ~34 min 

 
(
0.58× 10

)2
  increase in walking per week. However, the 

large standard errors at the higher ends of the walkability 
index reflected a large variation in the increase in walking 
minutes per week (~19 to 50 min per week increase for a 
10- unit increase in walkability) when the increase in walk-
ability was large, suggesting the results are not estimated 
with precision.

The estimate in model 1 represents the ‘phenotypic’, 
or uncontrolled, association between walkability and 
walking. Model 2 controls for pair- level confounds, 

Table 2 Overall associations between walking and 
walkability among identical twins

Model Estimate SE 95% CI P value

1 0.58 0.13 0.31 to 0.84 <0.001

2 Individual 0.61 0.18 0.24 to 0.97 0.001

Mean −0.06 0.27 −0.59 to 0.46 0.816

3 Individual 0.58 0.18 0.21 to 0.94 0.002

Mean −0.03 0.27 −0.56 to 0.50 0.920

The estimate in model 1 represents the “phenoytpic”, or 
uncontrolled, association between walkability and walking. 
Model 2 controls for pair- level confounds, where the 
individual regression coefficient represents the “quasi- causal” 
association between walkability and walking, and the mean 
regression coefficient is an estimate of the magnitude of the 
pair- level confound. Model 3 further controls for age, sex, 
education, and income.
Statistical significance established at p < 0.003 based on the 
Bonferroni corrected alpha.
Walking is square root transformed.
95%CI, 95% confidence interval; SE, standard error.
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where the individual regression coefficient represents the 
‘quasicausal’ association between walkability and walking, 
and the mean regression coefficient is an estimate of the 
magnitude of the pair- level confound. Model 3 further 
controls for age, sex, education and income.

Statistical significance established at p<0.003 based on 
the Bonferroni corrected alpha.

Walking is square root transformed.
There was a quasicausal association between walkability 

and walking (model 2 in table 2, b=0.61, SE=0.18, p=0.001), 
suggesting that within a pair of MZ twins, the twin who 
lives in a more walkable neighbourhood is more likely to 
walk more than the co- twin who lives in a less walkable 
neighbourhood. As illustrated in figure 2 (left panel), the 
within- pair difference in walking increases with increased 

within- pair difference in walkability. Results indicate that 
for an MZ twin pair with a 2- unit difference in walkability, 
the twin who lives in a more walkable neighbourhood is 
likely to walk approximately 16  ± 5 min per week more 
than their co- twin who lives in a less walkable neighbour-
hood. However, the estimation error increases as the 
within- pair difference in walkability increases, because 
few twins live in neighbourhoods with large differences 
in walkability compared with their co- twins. Results were 
consistent after further adjusting for sociodemographic 
variables (model 3 in table 2, b=0.58, SE=0.18, p=0.002).

Positive associations were observed between walkability 
and walking for several Euclidean buffer, size, loca-
tion and containment definition combinations (online 
supplemental table 3). For example, walking bouts 
inside the 833 m (flexible containment b=0.52, SE=0.10, 
p<0.001 and strict containment b=0.43, SE=0.08, p<0.001) 
and 1666 m buffers (flexible containment b=0.63, 
SE=0.12, p<0.001 and strict containment b=0.53, SE=0.11, 
p<0.001) were significantly associated with walkability. A 
1- unit increase in walkability was associated with a 0.43–

0.63- unit increase in 
 

√
walking

(
min/week

)
 
, reflecting 

that a 1- unit increase in walkability was associated with an 
average of 0.18 min (0.432) to 0.40 min (0.632) increase 
in walking per week. A 10- unit increase in walkability was 
associated with an approximate 18 min  

(
0.43 × 10

)2
  to 

40 min  
(
0.63 × 10

)2
  increase in walking per week.

Similar patterns of positive associations between walk-
ability and walking were found for several of the sausage 
buffer, size, location and containment definition combi-
nations (online supplemental table 3). Results indicate 
that a 1- unit increase in walkability was associated with 

Figure 2 Within- pair difference in walkability and within- pair difference in overall objective physical activity among identical 
twins. Within- pair difference in walkability and within- pair difference in walking (left panel). Within- pair difference in walkability 
and within- pair difference in moderate- to- vigorous physical activity (MVPA) (right panel). Shaded area denotes SE.

Figure 1 Expected increase in overall objective walking (left 
panel) and moderate- to- vigorous physical activity (MVPA) 
(right panel) per unit increase in walkability. Shaded area 
denotes SE.
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a less than 1- unit increase in 
 

√
walking

(
min/week

)
 
 for 

most of the sausage buffer combinations. For example, a 
1- unit increase in walkability was associated with minimal 
increases in walking minutes per week (0.04 min=0.212 
for 833 m/inside/strict to 0.38 min=0.622 for 1666 m/
inside/flexible). A 10- unit increase in walkability was 
associated with an approximate 4 min ( 

(
0.21 × 10

)2
  for 

833 m/inside/strict) to 38 min ( 
(
0.62 × 10

)2
  for 1666 m/

inside/flexible) increase in walking per week.
Similarly, quasicausal associations (noted with p 

values<0.003) were observed for several of the Euclidean 
and sausage buffer, size, location and containment 
combinations (online supplemental table 4). Results 
were mostly consistent after adjusting for additional 
confounding sociodemographic variables (online supple-
mental table 5).

Association between walkability and MVPA
There was a positive association between walkability 
and MVPA bouts (model 1 in table 3, b=0.50, SE=0.15, 
p<0.001), suggesting that MVPA levels increase with 
increased neighbourhood walkability. As shown in 
figure 1 (right panel), a 1- unit increase in walkability 
was associated with an average 0.25 min (0.52) increase 
in MVPA per week, whereas a 10- unit increase in walk-
ability was associated with an ~25 min  

(
0.5 × 10

)2
  increase 

in MVPA per week. However, the large standard errors 
at the higher ends of the walkability scale reflect a large 
variation in the increase in MVPA minutes per week 
(~12 to 42 min increase at a 10- unit walkability increase), 
suggesting that the results are not estimated with preci-
sion. However, the quasicausal association between walk-
ability and MVPA bouts was not significant (model 2 in 

table 3, b=0.40, SE=0.20, p=0.049). Thus, the amount of 
MVPA was similar for a pair of MZ twins who live in neigh-
bourhoods of different walkability (figure 2, right panel).

The estimate in model 1 represents the ‘phenotypic’, or 
uncontrolled, association between walkability and MVPA. 
Model 2 controls for pair- level confounds, where the indi-
vidual regression coefficient represents the ‘quasicausal’ 
association between walkability and MVPA, and the mean 
regression coefficient is an estimate of the magnitude of 
the pair- level confound. Model 3 further controls for age, 
sex, education and income.

Statistical significance established at p<0.003 based on 
the Bonferroni corrected alpha.

MVPA is square root transformed.
We observed positive associations between walkability 

and MVPA bouts for several Euclidean buffer size, loca-
tion and containment combinations, including the 
1666 m/inside/flexible (b=0.53, SE=0.15, p<0.001) and 
1666 m/inside/strict (b=0.44, SE=0.14, p=0.002) combi-
nations, and for the sausage buffer for the 833 m/inside/
flexible (b=0.41, SE=0.11, p<0.001) and 1666 m/inside/
flexible (b=0.52, SE=0.13, p<0.001) combinations (online 
supplemental table 6). A 1- unit increase in walkability was 
associated with less than a 1 min increase in MVPA per 
week, while a 10- unit increase in walkability was associ-
ated with a maximum average of a 28 min ( 

(
0.53 × 10

)2
  

for Euclidean buffer 1666 m/inside/flexible) increase in 
MVPA per week. However, none of the quasicausal asso-
ciations were significant. Full results for walkability and 
MVPA by buffer type, size, location and containment are 
shown in online supplemental table 7 (controlling for 
pair- level confounds) and online supplemental table 8 
(further controlling for sociodemographic variables).

DISCUSSION
The major new finding from this study is that objectively 
measured neighbourhood walkability was associated 
with objectively measured walking bouts, both between 
and within twin pairs. This provides robust evidence of 
a ‘quasicausal’ association between an important envi-
ronmental exposure—home neighbourhood walkabili-
ty—and physical activity behaviour, specifically walking.

We found that overall, a 10- unit increase in walkability 
was associated with a 34 min per week increase in walking. 
This change is equivalent to an ~50% improvement in 
neighbourhood walkability based on the range of values 
for the exposure in this study (−3.6 to 16). To put these 
findings in perspective, we calculated what a 10- unit 
change in our walkability index represents in terms of an 
actual BE. We then matched these environments to the 
Walk Score descriptive categories (with values ranging 
between 0 and 100) and found that a 10- unit difference 
represents the difference between a car- dependent (0–24, 
almost all errands require a car) and the upper value 
of a somewhat walkable neighbourhood (50–69, some 
errands can be accomplished on foot).28–32 This finding is 
clinically important and is consistent with the concept of 

Table 3 Overall associations between moderate- to- 
vigorous physical activity and walkability among identical 
twins

Model Estimate SE 95% CI P value

1 0.50 0.15 0.21 to 0.80 <0.001

2 Individual 0.40 0.20 0.0 to 0.79 0.049

Mean 0.24 0.30 −0.35 to 0.83 0.434

3 Individual 0.37 0.20 −0.03 to 0.77 0.071

Mean 0.04 0.31 −0.56 to 0.64 0.891

The estimate in model 1 represents the “phenotypic”, or 
uncontrolled, association between walkability and moderate- 
to- vigorous physical activity. Model 2 controls for pair- level 
confounds, where the individual regression coefficient represents 
the “quasi- causal” association between walkability and moderate- 
to- vigorous physical activity, and the mean regression coefficient is 
an estimate of the magnitude of the pair- level confound. Model 3 
further controls for age, sex, education, and income.
Statistical significance established at p < 0.003 based on the 
Bonferroni corrected alpha.
Moderate- to- vigorous physical activity is square root transformed.
95%CI, 95% confidence interval; SE, standard error.
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performing 30 min of moderate intensity physical activity 
on most days of the week.1 2 33 Even small increases in 
physical activity at the population level can contribute 
to widespread improvements in public health.34 35 Thus, 
findings from this study can inform policies and regula-
tions, such as funding for urban design and infrastructure 
that improve neighbourhood walkability and support 
active modes of transportation, namely walking.

Importantly, the findings remained consistent when 
submitted to genetically informed twin models that 
control for familial confounds. For a pair of MZ twins 
with a 2- unit difference in walkability, the twin who lives in 
a more walkable neighbourhood is likely to walk approxi-
mately 16 min per week more than their co- twin who lives 
in a less walkable neighbourhood. Our findings support 
and extend a large body of literature describing associ-
ations between neighbourhood walkability and walking 
levels among unrelated individuals36–38 by controlling 
for statistical confounds that would otherwise be uncon-
trolled or not measured (ie, structural confounding).39 
Our findings are also consistent with an earlier study 
from our group demonstrating that walkability and self- 
reported neighbourhood walking levels were ‘quasicaus-
ally’ related.40 Here, we replicate those earlier findings 
with objective data measured within a spatiotemporal 
framework, providing robust evidence to support the rela-
tionship between neighbourhood walkability and walking 
bouts performed within the neighbourhood.

Findings reported here and in similar activity—BE 
studies offer an alternative to individual- level interven-
tions focusing on behaviour change constructs that have 
failed to stem the related epidemics of physical inactivity, 
obesity and chronic disease across the US population. 
Instead, our findings support the concept that population 
health is a function of environmental and policy influ-
ences affecting the lives of all people.41–45 Increasingly, 
policy- makers and practitioners are embracing multi-
level interventions focusing on real- world environmental 
changes that facilitate or hinder health behaviour change 
and can lead to notable changes in health outcomes at 
the population level.

Limitations
The major limitation of the present study is that our 
sample of twins was mostly white and non- Hispanic, with 
education and income levels higher than the US popula-
tion average, therefore study findings may not be gener-
alizable to other sociodemographic groups. In addition, 
there were differences between the excluded and analytic 
samples in terms of income- level distribution and walk-
ability, which could have led to sample bias. Specifically, 
the proportion of participants in the analytic sample with 
incomes in the US$80k–US$89.9k category was higher, 
and in the US$90k–US$99.9k, US$100k–US$149.9k and 
US$150k+ categories were lower, than in the excluded 
sample. These differences may have contributed to the 
difference noted between samples with respect to walk-
ability, whereby the participants with higher incomes 

may be living in areas with higher walkability, which 
may in turn influence the amount of physical activity in 
which they engage. Although we used robust methods 
to control for familial confounds and included other 
important sociodemographic factors in statistical models, 
twin designs cannot control for all confounding and the 
cross- sectional study design precludes casual inferences. 
Finally, our study was limited to one geographic area of 
the USA; findings would need to be replicated in other 
settings (eg, rural areas, small towns).

Conclusions
Neighbourhood walkability was associated with objec-
tively measured walking, both between and within twin 
pairs, providing evidence of a ‘quasicausal’ association 
between an important environmental exposure and 
health behaviour. Improvements to the BE could poten-
tially lead to increased physical activity levels in communi-
ties throughout the USA.

Contributors GED: conceptualisation, funding acquisition, methodology, 
supervision, validation and writing—original draft preparation. PH: data curation, 
funding acquisition, investigation, methodology, software, validation, visualisation 
and writing—review and editing. AV- M: funding acquisition, methodology, 
supervision, validation and writing—review and editing. AAA: data curation, 
investigation, project administration, validation, visualisation and writing—review 
and editing. ST: formal analysis, software, validation, visualisation and writing—
review and editing. GED is the author serving as guarantor.

Funding This work was supported by the National Institutes of Health grant 
R01AG042176. The sponsor had no role in the study design, the collection, analysis, 
and interpretation of data, the writing of the report, and the decision to submit the 
article for publication.

Competing interests None declared.

Patient and public involvement Patients and/or the public were not involved in 
the design, or conduct, or reporting, or dissemination plans of this research.

Patient consent for publication Not applicable.

Ethics approval This study involves human participants and was approved by 
Washington State University IRB #14547. Participants gave informed consent to 
participate in the study before taking part.

Provenance and peer review Not commissioned; externally peer reviewed.

Data availability statement Data are available upon reasonable request. The 
data supporting the results of the present study are owned by the Washington 
State Twin Registry (WSTR). Thus, the data cannot be publicly shared as it involves 
third- party data. However, researchers wanting to gain access to the data can do 
so by contacting the WSTR and completing the appropriate forms stipulated in the 
WSTR Policies & Procedures guidelines. Application information can be sent to the 
Scientific Operations Manager at the following URL (https://wstwinregistry.org/ 
contact-us/) or via email ( ws. twinregistry@ wsu. edu).

Supplemental material This content has been supplied by the author(s). It has 
not been vetted by BMJ Publishing Group Limited (BMJ) and may not have been 
peer- reviewed. Any opinions or recommendations discussed are solely those 
of the author(s) and are not endorsed by BMJ. BMJ disclaims all liability and 
responsibility arising from any reliance placed on the content. Where the content 
includes any translated material, BMJ does not warrant the accuracy and reliability 
of the translations (including but not limited to local regulations, clinical guidelines, 
terminology, drug names and drug dosages), and is not responsible for any error 
and/or omissions arising from translation and adaptation or otherwise.

Open access This is an open access article distributed in accordance with the 
Creative Commons Attribution Non Commercial (CC BY- NC 4.0) license, which 
permits others to distribute, remix, adapt, build upon this work non- commercially, 
and license their derivative works on different terms, provided the original work is 
properly cited, appropriate credit is given, any changes made indicated, and the use 
is non- commercial. See: http://creativecommons.org/licenses/by-nc/4.0/.

 on M
ay 19, 2023 by guest. P

rotected by copyright.
http://bm

jopen.bm
j.com

/
B

M
J O

pen: first published as 10.1136/bm
jopen-2022-064808 on 16 N

ovem
ber 2022. D

ow
nloaded from

 

https://wstwinregistry.org/contact-us/
https://wstwinregistry.org/contact-us/
http://creativecommons.org/licenses/by-nc/4.0/
http://bmjopen.bmj.com/


8 Duncan GE, et al. BMJ Open 2022;12:e064808. doi:10.1136/bmjopen-2022-064808

Open access 

ORCID iDs
Glen E Duncan http://orcid.org/0000-0001-6909-1869
Siny Tsang http://orcid.org/0000-0001-5076-5587

REFERENCES
 1 US, Health Dof, Services H. Physical activity guidelines for 

Americans. 2 nd. Washington, DC: U.S. Department of Health and 
Human Services, 2018.

 2 Piercy KL, Troiano RP, Ballard RM, et al. The physical activity 
guidelines for Americans. JAMA 2018;320:2020–8.

 3 Hyde ET, Whitfield GP, Omura JD, et al. Trends in meeting the 
physical activity guidelines: muscle- strengthening alone and 
combined with aerobic activity, United States, 1998- 2018. J Phys Act 
Health 2021;18:S37–44.

 4 Bennie JA, De Cocker K, Teychenne MJ, et al. The epidemiology of 
aerobic physical activity and muscle- strengthening activity guideline 
adherence among 383,928 U.S. adults. Int J Behav Nutr Phys Act 
2019;16:34.

 5 Zenko Z, Willis EA, White DA. Proportion of adults meeting the 
2018 physical activity guidelines for Americans according to 
Accelerometers. Front Public Health 2019;7:135.

 6 Barnett DW, Barnett A, Nathan A, et al. Built environmental correlates 
of older adults' total physical activity and walking: a systematic 
review and meta- analysis. Int J Behav Nutr Phys Act 2017;14:103.

 7 Cerin E, Cain KL, Conway TL, et al. Neighborhood environments 
and objectively measured physical activity in 11 countries. Med Sci 
Sports Exerc 2014;46:2253–64.

 8 Kärmeniemi M, Lankila T, Ikäheimo T, et al. The built environment as 
a determinant of physical activity: a systematic review of longitudinal 
studies and natural experiments. Ann Behav Med 2018;52:239–51.

 9 Saelens BE, Handy SL. Built environment correlates of walking: a 
review. Med Sci Sports Exerc 2008;40:S550–66.

 10 Lee C, Moudon AV. Correlates of walking for transportation or 
recreation purposes. J Phys Act Health 2006;3:S77–98.

 11 Hurvitz PM, Moudon AV. Home versus nonhome neighborhood: 
quantifying differences in exposure to the built environment. Am J 
Prev Med 2012;42:411–7.

 12 Hurvitz PM, Moudon AV, Kang B, et al. How far from home? the 
locations of physical activity in an urban U.S. setting. Prev Med 
2014;69:181–6.

 13 Hillsdon M, Coombes E, Griew P, et al. An assessment of 
the relevance of the home neighbourhood for understanding 
environmental influences on physical activity: how far from home do 
people roam? Int J Behav Nutr Phys Act 2015;12:100.

 14 Duncan GE, Hurvitz PM, Moudon AV, et al. Measurement of 
neighborhood- based physical activity bouts. Health Place 
2021;70:102595.

 15 Turkheimer E, Harden KP. Behavior genetic research methods. In: 
Reis HT, Judd CM, eds. Handbook of Research Methods in Social 
and Personality Psychology. 2nd. Cambridge, U.K: Cambridge 
University Press, 2014: 159–87.

 16 Duncan GE, Avery AR, Strachan E, et al. The Washington state twin 
registry: 2019 update. Twin Res Hum Genet 2019;22:788–93.

 17 Strachan E, Hunt C, Afari N, et al. University of Washington twin 
registry: poised for the next generation of twin research. Twin Res 
Hum Genet 2013;16:455–62.

 18 Troiano RP, Berrigan D, Dodd KW, et al. Physical activity in the 
United States measured by accelerometer. Med Sci Sports Exerc 
2008;40:181–8.

 19 Kang B, Moudon AV, Hurvitz PM, et al. Walking objectively measured: 
classifying accelerometer data with GPs and travel diaries. Med Sci 
Sports Exerc 2013;45:1419–28.

 20 Hwang L- D, Hurvitz P, Duncan G. Cross sectional association 
between spatially measured walking bouts and neighborhood 
walkability. Int J Environ Res Public Health 2016;13:412.

 21 Sasaki JE, John D, Freedson PS. Validation and comparison of 
ActiGraph activity monitors. J Sci Med Sport 2011;14:411–6.

 22 Hurvitz PM, Moudon AV, Kang B, et al. Emerging technologies for 
assessing physical activity behaviors in space and time. Front Public 
Health 2014;2:2:2.

 23 Oliver LN, Schuurman N, Hall AW. Comparing circular and network 
buffers to examine the influence of land use on walking for leisure 
and errands. Int J Health Geogr 2007;6:41.

 24 Forsyth A, Van Riper D, Larson N, et al. Creating a replicable, valid 
cross- platform buffering technique: the sausage network buffer for 
measuring food and physical activity built environments. Int J Health 
Geogr 2012;11:14.

 25 Frank LD, Fox EH, Ulmer JM, et al. International comparison of 
observation- specific spatial buffers: maximizing the ability to 
estimate physical activity. Int J Health Geogr 2017;16:4.

 26 PostGIS PA. Available: http://postgis.net/ [Accessed 18 Apr 2022].
 27 Rundle AG, Chen Y, Quinn JW, et al. Development of a neighborhood 

Walkability index for studying neighborhood physical activity 
contexts in communities across the U.S. over the past three 
decades. J Urban Health 2019;96:583–90.

 28 Carr LJ, Dunsiger SI, Marcus BH. Walk score™ as a global estimate 
of neighborhood walkability. Am J Prev Med 2010;39:460–3.

 29 Carr LJ, Dunsiger SI, Marcus BH. Validation of walk score for 
estimating access to walkable amenities. Br J Sports Med 
2011;45:1144–8.

 30 Duncan DT, Aldstadt J, Whalen J, et al. Validation of walk Score® 
for estimating neighborhood Walkability: an analysis of four us 
metropolitan areas. Int J Environ Res Public Health 2011;8:4160–79.

 31 Score W, Methodology WS. Available: http://www.walkscore.com/ 
methodology.shtml [Accessed 15 Sep 2022].

 32 Score W. Live where you love. Available: http://www.walkscore.com 
[Accessed 15 Sep 2022].

 33 U.S. Department of Health and Human Services. Physical activity and 
health: a report of the surgeon General. Atlanta, GA: U.S. department 
of health and human services, centers for disease control and 
prevention, National center for chronic disease prevention and health 
promotion, 1996.

 34 Macera CA, Powell KE. Population attributable risk: implications of 
physical activity dose. Med Sci Sports Exerc 2001;33:S635–9.

 35 Saint- Maurice PF, Graubard BI, Troiano RP, et al. Estimated number 
of deaths prevented through increased physical activity among US 
adults. JAMA Intern Med 2022;182:349–52.

 36 Frank LD, Adhikari B, White KR, et al. Chronic disease and where 
you live: built and natural environment relationships with physical 
activity, obesity, and diabetes. Environ Int 2022;158:106959.

 37 Clary C, Lewis D, Limb E, et al. Longitudinal impact of changes in the 
residential built environment on physical activity: findings from the 
enable London cohort study. Int J Behav Nutr Phys Act 2020;17:96.

 38 Hajna S, Ross NA, Brazeau A- S, et al. Associations between 
neighbourhood walkability and daily steps in adults: a systematic 
review and meta- analysis. BMC Public Health 2015;15:768.

 39 Oakes JM. Commentary: advancing neighbourhood- effects 
research--selection, inferential support, and structural confounding. 
Int J Epidemiol 2006;35:643–7.

 40 Duncan GE, Cash SW, Horn EE, et al. Quasi- causal associations of 
physical activity and neighborhood walkability with body mass index: 
a twin study. Prev Med 2015;70:90–5.

 41 Institute of Medicine. Bridging the evidence gap in obesity 
prevention: a framework to inform decision making. Washington, DC: 
The National Academies Press, 2010: 336.

 42 Reis RS, Salvo D, Ogilvie D, et al. Scaling up physical activity 
interventions worldwide: stepping up to larger and smarter 
approaches to get people moving. Lancet 2016;388:1337–48.

 43 Swinburn B, Kraak V, Rutter H, et al. Strengthening of accountability 
systems to create healthy food environments and reduce global 
obesity. Lancet 2015;385:2534–45.

 44 Swinburn BA, Sacks G, Hall KD, et al. The global obesity 
pandemic: shaped by global drivers and local environments. Lancet 
2011;378:804–14.

 45 Peters JC. Obesity prevention and social change: what will it take? 
Exerc Sport Sci Rev 2006;34:4–9.

 on M
ay 19, 2023 by guest. P

rotected by copyright.
http://bm

jopen.bm
j.com

/
B

M
J O

pen: first published as 10.1136/bm
jopen-2022-064808 on 16 N

ovem
ber 2022. D

ow
nloaded from

 

http://orcid.org/0000-0001-6909-1869
http://orcid.org/0000-0001-5076-5587
http://dx.doi.org/10.1001/jama.2018.14854
http://dx.doi.org/10.1123/jpah.2021-0077
http://dx.doi.org/10.1123/jpah.2021-0077
http://dx.doi.org/10.1186/s12966-019-0797-2
http://dx.doi.org/10.3389/fpubh.2019.00135
http://dx.doi.org/10.1186/s12966-017-0558-z
http://dx.doi.org/10.1249/MSS.0000000000000367
http://dx.doi.org/10.1249/MSS.0000000000000367
http://dx.doi.org/10.1093/abm/kax043
http://dx.doi.org/10.1249/MSS.0b013e31817c67a4
http://dx.doi.org/10.1123/jpah.3.s1.s77
http://dx.doi.org/10.1016/j.amepre.2011.11.015
http://dx.doi.org/10.1016/j.amepre.2011.11.015
http://dx.doi.org/10.1016/j.ypmed.2014.08.034
http://dx.doi.org/10.1186/s12966-015-0260-y
http://dx.doi.org/10.1016/j.healthplace.2021.102595
http://dx.doi.org/10.1017/thg.2019.36
http://dx.doi.org/10.1017/thg.2012.124
http://dx.doi.org/10.1017/thg.2012.124
http://dx.doi.org/10.1249/mss.0b013e31815a51b3
http://dx.doi.org/10.1249/MSS.0b013e318285f202
http://dx.doi.org/10.1249/MSS.0b013e318285f202
http://dx.doi.org/10.3390/ijerph13040412
http://dx.doi.org/10.1016/j.jsams.2011.04.003
http://dx.doi.org/10.3389/fpubh.2014.00002
http://dx.doi.org/10.3389/fpubh.2014.00002
http://dx.doi.org/10.1186/1476-072X-6-41
http://dx.doi.org/10.1186/1476-072X-11-14
http://dx.doi.org/10.1186/1476-072X-11-14
http://dx.doi.org/10.1186/s12942-017-0077-9
http://postgis.net/
http://dx.doi.org/10.1007/s11524-019-00370-4
http://dx.doi.org/10.1016/j.amepre.2010.07.007
http://dx.doi.org/10.1136/bjsm.2009.069609
http://dx.doi.org/10.3390/ijerph8114160
http://www.walkscore.com/methodology.shtml
http://www.walkscore.com/methodology.shtml
http://www.walkscore.com
http://dx.doi.org/10.1097/00005768-200106001-00032
http://dx.doi.org/10.1001/jamainternmed.2021.7755
http://dx.doi.org/10.1016/j.envint.2021.106959
http://dx.doi.org/10.1186/s12966-020-01003-9
http://dx.doi.org/10.1186/s12889-015-2082-x
http://dx.doi.org/10.1093/ije/dyl054
http://dx.doi.org/10.1016/j.ypmed.2014.11.024
http://dx.doi.org/10.1016/S0140-6736(16)30728-0
http://dx.doi.org/10.1016/S0140-6736(14)61747-5
http://dx.doi.org/10.1016/S0140-6736(11)60813-1
http://dx.doi.org/10.1097/00003677-200601000-00003
http://bmjopen.bmj.com/

	Cross-sectional associations between neighbourhood walkability and objective physical activity levels in identical twins
	Abstract
	Introduction
	Methods
	Study design and setting
	Participants
	Patient and public involvement
	Outcome measures
	Exposure measures
	Statistical analysis

	Results
	Association between walkability and walking
	Association between walkability and MVPA

	Discussion
	Limitations
	Conclusions

	References


