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Abstract

Purpose—Environmental changes are potentially effective population-level physical activity
(PA) promotion strategies. However, robust multi-site evidence to guide international action for
developing activity-supportive environments is lacking. We estimated pooled associations of
perceived environmental attributes with objectively-measured PA outcomes; between-site
differences in such associations; and, the extent to which perceived environmental attributes
explain between-site differences in PA.

Methods—This was a cross-sectional study conducted in 16 cities located in Belgium, Brazil,
Colombia, Czech Republic, Denmark, China, Mexico, New Zealand, Spain, United Kingdom, and
USA. Participants were 6,968 adults residing in administrative units stratified by socio-economic
status and transport-related walkability. Predictors were 10 perceived neighborhood environmental
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attributes. Outcome measures were accelerometry-assessed weekly minutes of moderate-to-
vigorous PA (MVPA) and meeting the PA guidelines for cancer/weight gain prevention (420 min/
week of MVPA).

Results—Most perceived neighborhood attributes were positively associated with the PA
outcomes in the pooled, site-adjusted, single-predictor models. Associations were generalizable
across geographical locations. Aesthetics and land use mix — access were significant predictors of
both PA outcomes in the fully-adjusted models. Environmental attributes accounted for within-site
variability in MVVPA corresponding to a 3 min/d or 21 min/week standard deviation. Large
between-site differences in PA outcomes were observed: 15.9% to 16.8% of these differences
were explained by perceived environmental attributes. All neighborhood attributes were associated
with between-site differences in the total effects of the perceived environment on PA outcomes.

Conclusions—Residents’ perceptions of neighborhood attributes that facilitate walking were
positively associated with objectively-measured MVVPA and meeting the guidelines for cancer/
weight gain prevention at the within- and between-site levels. Associations were similar across
study sites, lending support for international recommendations for designing PA-friendly built

environments.
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Adults; Built environment; Cancer prevention; Multi-site study

INTRODUCTION

Physical inactivity is associated with an increased risk of all-cause mortality and several
globally-prevalent non-communicable diseases, including cardiovascular diseases and some
types of cancer (28,36,39). While for general health it is recommended that adults
accumulate at least 150 weekly minutes of moderate intensity physical activity (PA) (39),
the recommended dose of PA for cancer prevention is 420 minutes a week (60 min/d) (36),
which is also the suggested amount for weight gain prevention (27). These are ambitious PA
targets that only a minority of the global population meets (1,2,8) and that require
international and national strategies to promote PA with sustained population-wide effects
(26).

Environmental changes have been identified as potentially effective population-level PA
promotion strategies because they can potentially affect the behavior of a large number of
people for a sustained amount of time (22). Studies examining the potential effect of the
built environment on PA have used objective and/or perceived (self-report) measures to
assess characteristics of the neighborhood environment (3,18,30). These methods offer
somewhat different but equally important information contributing to a better understanding
of PA behavior (30). While the correspondence between objective and perceived measures
of the environment is far from being perfect (18), there is evidence that perceptions of the
environment are in part a reflection of the actual environment (9,18) and, thus, can provide
useful, although not always accurate, information on the actual neighborhood environment.
Obijective and perceived neighborhood features such as the actual or perceived presence of
footpaths and easy access to a diversity of destinations (land use mix) have been associated
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with higher levels of PA (3), particularly walking (13,30,34). Nevertheless, good quality
evidence to guide international action aimed at developing activity-supportive environments
is lacking. This is because most studies of built environments and PA have been conducted
in Western countries (3), with restricted variability in environmental exposures and PA (25).
Research on environmental correlates of PA has only recently been extended to locations
other than Canada, the USA, Australia and Europe (3,11,23). However, most studies have
not employed common methods, making comparison and synthesis of findings difficult.

The 11-country International Prevalence Study that included common methods and a wide
range of environments found stronger pooled estimates of associations with PA compared to
single-country studies (32). However, it also unveiled substantial between-country
differences in perceived environment-PA associations, highlighting the need to base
decisions about specific environmental change targets on local data (13). Despite its
strengths, the previous 11-country study (i.e., the International Prevalence Study) used
single-item self-report environmental measures that were not cross-validated across the
participating sites; self-report measures of PA which are likely to be affected by socio-
cultural factors (29); and, a design that did not maximize the environmental variability
within and across countries. Thus, the shape, magnitude, and generalizability of
relationships of objective and perceived neighborhood environment characteristics with PA
remain unclear. This is especially the case for the more ambitious PA recommendations for
cancer and weight gain prevention, as the environmental correlates of these have never been
investigated. This is at odds with the fact that, among non-communicable diseases, cancer is
the second leading cause of premature death (36). Also, overweight/obesity is the fifth
leading risk contributing to premature deaths worldwide (37). Therefore, there is a genuine
need for identifying environmental factors related to meeting the PA guidelines for cancer
and weight gain prevention globally.

The extent to which perceived attributes of the built environment explain between-site
differences in PA is also unclear. Although there is great variability in population PA levels
across geographical locations (2,19,20), studies have examined site-adjusted associations of
perceived environment with PA (13,32) but never quantified the potential contribution of
perceived environmental factors to the observed between-site differences in PA. A measure
of site-adjusted environment-PA associations represents the average association observed
across sites. As such, it cannot reveal why sites differ in levels of PA. As a matter of fact,
the environmental factors contributing to between-site differences in PA may substantially
differ from those contributing to within-site differences (24). Thus, important, population-
level environmental contributors to PA can go unnoticed in studies focusing on within-site
associations.

Using comparable measures and a common protocol, the aims of this new multi-site cross-
sectional study, named the International Physical Activity and the Environment Network
(IPEN) Adult study (25), were to estimate (a) pooled associations of perceived
environmental attributes hypothesized to facilitate PA (10,31) with objectively-assessed
daily minutes of moderate-to-vigorous PA and meeting the PA guidelines for cancer/weight
gain prevention; (b) between-site differences in such associations; and, (c) the extent to
which perceived environmental attributes explain between-site PA differences.
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Data were collected from 16 cities located in 11 countries across five continents, using a
common protocol (25). We hypothesized that associations would be generalizable across
sites to a greater extent than previously observed (13) due to the use of objective measures
of PA, which should be unaffected by socio-cultural response biases. Since unmeasured
socio-cultural factors (29) and climatic conditions can substantially influence engagement in
PA (4), we also hypothesized that perceived environmental factors would explain only a
moderate portion of the between-site difference in PA estimates.

Neighborhood selection

The IPEN Adult study is an observational epidemiologic multi-country cross-sectional study
that includes 17 city-regions (hereafter, ‘sites’) located within 12 countries (note that
Australia is not included in current analyses; see Recruitment and Participants section
below): Australia (Adelaide), Belgium (Ghent), Brazil (Curitiba), Colombia (Bogota), Czech
Republic (Olomouc, Hradec Kralove), Denmark (Aarhus), China (Hong Kong), Mexico
(Cuernavaca), New Zealand (North Shore, Waitakere, Wellington, Christchurch), Spain
(Pamplona), United Kingdom (Stoke-on-Trent), and United States of America (Seattle,
Baltimore). In all participating countries, prior to recruiting any study participants,
neighborhoods within each site were selected to maximize the variance in neighborhood
walkability and socio-economic status (SES).

The goal of the IPEN study design was for each site to select participants from an equal
number of neighborhoods stratified to fall within one of four quadrants defined as: high
walkable/high SES, high walkable/low SES, low walkable/high SES, and low walkable/low
SES. For neighborhood selection, all countries (except Spain, which used alternate proxy
measures) used an objectively defined walkability index using Geographic Information
Systems data and census-level SES indicators (25). The walkability index was computed for
all areas across the site’s entire region using the smallest administrative unit available.
Detailed neighborhood selection procedures have been documented elsewhere (15,25).

Recruitment and participants

The recruitment strategy for IPEN Adult required systematic selection of participants
residing in the selected neighborhoods. Participants were contacted and invited to complete
a survey on their PA and perceptions of the environment, and wear accelerometers to
measure objective PA. Some countries asked only a subset of participants to wear
accelerometers (see Table 1). Each country obtained ethical approval for using human
subjects from their local institutional review boards, and all participants provided informed
consent prior to data collection. Study dates ranged from 2002 to 2011. Age ranges at
recruitment spanned from 15-84 years (N=14, 309). We only included participants in the
18-66 years age range as only three sites had a wider age range than this. The resulting
sample size was 14,222. Six sites recruited participants by phone and mail, and 10 study
sites contacted households in person. Seven study sites employed self-administered methods
(mail and online surveys) to collect survey data, eight sites used interviews, and two sites
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employed both self-administered and interview methods. Further details about participant
recruitment, response rates and sample sizes have been published elsewhere (25).

One study site (Adelaide, Australia) did not collect objective PA data (n=2650). A
proportion of the remaining 11,572 participants from 16 sites did not wear an accelerometer,
either because they did not consent to wearing it or the site could not afford collecting
accelerometer data on all participants. For the sites aiming to collect accelerometer data on
all recruited participants, the proportions of participants that consented to wearing the
accelerometers ranged from 86.5% to 100%. In general, when compared to participants who
did not wear accelerometers (n=3304) or had less than four valid days of accelerometer data
(n=502), those who had at least four valid days of wearing time (n=7, 273) were more likely
to be older (p<.001), married (p=.012), employed (p=.005), hold a tertiary degree (p=.001)
and live in neighborhoods perceived to have higher levels of safety from crime (p=.025) and
pedestrian infrastructure/safety (p=.043). The socio-demographic characteristics of the
sample with valid accelerometer data by study site are presented in Table 1.

Neighborhood Environment Walkability Scale (NEWS)—The NEWS assesses
perceived neighborhood attributes related to walking. A requirement for inclusion in the
IPEN Adult study was that each country had to include either the full version of the NEWS
(31) or the abbreviated NEWS-A (10). Because the IPEN Adult study is an aggregate of
studies conducted at different times (some with data collection completed prior to joining
the IPEN study), the NEWS items collected across countries were not all identical. To
maximize the number of participating countries and participant sample sizes, an extensive
undertaking of item comparisons and confirmatory factor analyses were completed to
compare the NEWS/NEWS-A items used in each country and confirm scales could be
constructed that were comparable across the 12 IPEN countries (7). The resulting 10 NEWS
measures constructed for the IPEN Adult study gauge the following perceived neighborhood
attributes: Residential density; Land use mix — diversity; Land use mix — access; Street
connectivity; Infrastructure and safety for walking; Aesthetics; Traffic safety; Safety from
crime; Streets having few cul-de-sacs; and No physical barriers to walking.

The Residential density subscale is a weighted sum of items reflecting perceived density of
housing. The Land use mix — diversity reflects average perceived walking proximity (i.e.,
average of five-point ratings ranging from <5 minute walk to 30+ minute walk) from home
to nine types of destinations: supermarket, small grocery or similar stores, post office, any
school, transit stop, any restaurant, park, gym or fitness facility, and other stores and
services. The remaining eight scales are average ratings of items answered on a four-point
Likert scale (1=strongly disagree to 4=strongly agree). Scales were scored in a direction
consistent with higher walkability and safety, with individual items reversed when
necessary. Exact items and scoring for each country’s scales are provided in detail elsewhere

().

Accelerometer-measured physical activity—PA was measured objectively with
accelerometers, which are a widely used method to objectively characterize intensity and
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duration of free living PA, with their reliability and validity extensively documented (17).
Four sites mailed accelerometers to participants, 13 sites delivered and retrieved them in
person, and one site used both delivery methods. Participants were asked to wear the
accelerometer around their waist on a belt with the device oriented above the right hip for 7
days during waking hours when not engaged in water activities (e.g., showering). Twelve
sites used an ActiGraph device (Pensacola, FL) and the New Zealand sites used the Actical
(Philips Respironics, Bend, OR). See the accelerometer protocol for further details (6).

Accelerometer data were either collected with or aggregated to 1-minute epochs. Non-wear
time was defined as 60 or more minutes of consecutive ‘0’ activity counts. Data were
screened and processed using MeterPlus version 4.3 (www.meterplussoftware.com) by
trained researchers at the IPEN Coordinating Center. All days identified as ‘wearing’ days
were scored but only days consisting of at least 10 wearing hours were coded as valid.
Participants were included in analyses if they had at least 4 valid wearing days (including a
weekend day).

For Actigraph data, vertical plane activity counts were converted to minute estimates of
moderate and vigorous PA using the Freedson cut points (16). For the omni-directional
Actical data (New Zealand sites), new moderate and vigorous intensity cut points were
developed to enable comparison between the ActiGraph-Freedson and Actical estimates.
Optimal Actical cut points for predicting Actigraph moderate and vigorous PA (using the
Actigraph-Freedson estimates as the criterion) were determined to be 730-3399 cpm for
moderate and =3400 cpm for vigorous intensity (6). The agreement between Actical and
Actigraph-Freedson estimates of time spent in specific activity intensities was 97.2%
(Kappa= 0.658 + 0.013; p<.001) for moderate, 98.8% (Kappa= 0.203 + 0.030; p<.001) for
vigorous and 98.4% (Kappa= 0.837 + 0.009; p<.001) for MVPA (6).

Daily minutes in each PA intensity were summed across valid wearing days and divided by
the number of valid days to compute the average daily minutes of moderate-to-vigorous
physical activity (MVPA). Additionally, using the average daily minute measures multiplied
by 7 days, a variable was created to indicate whether participants met the PA guidelines for
cancer and weight gain prevention of at least 420 min/week of moderate intensity or 210
min/week of vigorous intensity activity (27,36).

Socio-demographic covariates—Although countries assessed different socio-
demographic variables in their studies, five were common across all countries and were
adjusted for in the models to determine pooled associations. These were self-reported and
included: age (in years), sex, marital status (recoded as married or living with a partner
versus not), educational attainment (recoded as less than high school graduate; high school
graduate and/or some college; college degree or higher), and employment status (having vs.
not having a job).

Data Analytic Plan

Descriptive statistics were computed for the whole sample with at least four valid days of
accelerometer data and by study site. Associations of perceived environmental variables
with PA outcomes were estimated using generalized additive mixed models (GAMMS) (40).
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GAMMs can model data following various distributional assumptions (e.g., positively
skewed), account for dependency in error terms due to clustering (participants recruited
from selected administrative units), and estimate complex, dose-response relationships of
unknown form. Preliminary analyses indicated that GAMMS with Gamma variance and
logarithmic link functions would be most appropriate for the continuous measure of MVPA.
The reported antilogarithms of the regression coefficient estimates of these GAMMSs
represent the proportional increase in daily minutes of MVPA associated with a unit increase
in the correlates. For example, a value of 1.17 would be interpreted as a 17% increase in
min/day of MVVPA associated with a 1 unit increase in an environmental attribute. For
dichotomous measures of PA (not meeting vs. meeting the guidelines), GAMMs with
binomial variance and logit link functions were used. The reported antilogarithms of the
regression coefficients of these models represent odds ratios of meeting vs. hot meeting the
guidelines. Additionally, we estimated between-site differences in perceived environmental
attributes adjusted for administrative-unit-level SES (a design variable) and socio-
demographics. These models were used to estimate site-specific marginal means and their
95% Cls for each of the environmental predictors.

Main-effect GAMMs estimated the dose-response relationships of all perceived
environmental attributes with the continuous and categorical PA outcomes, adjusting for
study site, socio-demographic covariates, administrative-unit-level SES, and accelerometer
wear time (hereafter named ‘covariates’). Covariate-adjusted single-environmental-variable
and full-environmental-variable (all perceived environmental variables entered) GAMMSs
were estimated. All environmental variables could be simultaneously entered in GAMMs as
collinearity was not a problem (variance inflation factor<2). For all main effects, a two-
tailed probability level of 0.05 was adopted. Curvilinear relationships of perceived
environmental attributes with outcomes were estimated using smooth terms in GAMMSs,
which were modeled using thin-plate splines (40). Smooth terms failing to provide sufficient
evidence of a curvilinear relationship (based on AIC) were replaced by simpler linear terms.
Separate GAMMs were run to estimate perceived environmental attributes by study site
interaction effects. The significance of interaction effects was evaluated by comparing AIC
values of models with and without a specific interaction term. An interaction effect was
deemed significant if it yielded a >2-unit smaller AIC than the main effect model (5).
Significant interaction effects were probed by computing the site-specific association.

To examine the extent to which perceived environmental attributes contributed to between-
site differences in PA outcomes, marginal proportions and means of PA outcomes (as
appropriate), adjusted and unadjusted for perceived environmental attributes (but all
adjusted for other covariates), were estimated for each study site. We then calculated the
proportional difference in variance between site-specific environment-unadjusted and
environment-adjusted estimates of PA outcomes. These statistics represented the proportion
of between-site variance in PA outcomes explained by differences in perceived
environmental attributes. Site-specific differences between the environment-unadjusted and
-adjusted estimates of PA outcomes were also computed along with their significance level.
A statistically significant difference indicated that the perceived neighborhood environment
in a specific site contributed significantly to the observed level of PA of that site (NB: no
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causal effects are implied). A positive difference (higher environment-unadjusted than -
adjusted mean/proportion) would denote site-level beneficial effects of the environment on
PA, while a negative difference would be indicative of deleterious environmental effects.
Patterns of perceived environmental attributes by sites showing deleterious, nil, and
beneficial environmental effects on PA were then examined to identify the environmental
characteristics that contributed to the overall site-level environmental effects.

As there were less than 5% of cases (4.19%; n=305) with missing data, analyses were
performed on complete cases (21). Participants with complete data were more likely to be
males (p=.012), employed (p=.033), hold a tertiary degree (p=.033), have more valid hours
of accelerometer wear time per day (p=.001) and live in neighborhoods perceived to have
higher levels of street connectivity (p=.004), aesthetics (p=.022) and land use mix —
diversity (p=.008). To examine the potential effect of using different types of accelerometers
on the regression estimates, all GAMMSs were run with and without data from New Zealand.
As the two sets of analyses produced very similar results (<4% difference in regression
coefficients), we report findings based on all available data (including data from New
Zealand). All analyses were conducted in R.

Patterns of perceived environmental attributes and physical activity outcomes

Table 2 shows the overall and site-specific means and standard deviations of the perceived
environmental attributes, while the full circles in Figure 1 represent the point estimates of
site-specific average daily minutes of MVPA and proportions of respondents meeting the
PA guidelines for cancer/weight gain prevention adjusted for socio-demographic and other
non-environmental covariates. PA outcomes and perceived environmental attributes varied
substantially across sites (Table 1 and Figure 1). With the exception of Bogota (Colombia),
the American sites and Ghent (Belgium) ranked lower on both PA outcomes, while
Pamplona (Spain), Hong Kong (China), Olomouc (Czech Republic) and two New Zealand
sites (North Shore and Wellington) ranked consistently higher (Figure 1). The ranking of
sites according to perceived environmental attributes was less regular and only in part
mirroring that of the PA outcomes (Table 2).

Associations of perceived environmental attributes with physical activity outcomes and
between-site differences in associations

The single-environment-variable models identified six to seven significant perceived
environmental correlates of PA outcomes (Table 3). Land use mix — access, land use mix —
diversity, street connectivity, pedestrian infrastructure and safety, and aesthetics were
significantly (p<.05) positively related to both PA outcomes. In the full-environmental-
variable models (Table 3), two to three correlates remained statistically significant, and
another one approached statistical significance (p<.100). These models accounted for 1.2%
within-site variance in MVPA, corresponding to a standard deviation of ~3 min/day or ~21
min/week of MVPA.
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Perceived aesthetics (p=.049), land use mix — access (p<.001) and, marginally, land use mix
— diversity (p=.100) independently contributed to the explanation of average daily minutes
of MVPA. The relationship with land use mix — access was curvilinear, whereby the
strength of the association with MVPA increased starting from medium levels (score of 2.5
on the scale) of this attribute (Figure 2). Significant study site by street connectivity and
aesthetics interaction effects were observed. Specifically, perceived street connectivity was
positively associated with average daily minutes of MVPA in Curitiba — Brazil (e°=1.139;
95% ClI: 1.022, 1.270; p=.019), Bogota — Colombia (e°=1.198; 95% Cl: 1.004, 1.430; p=.
046) and Aarhus — Denmark (eP=1.192; 95% CI: 1.030, 1.378; p=.019), and negatively
associated with MVPA in Waitakere — New Zealand (eP=0.822; 95% CI: 0.697, 0.968; p=.
020). Higher aesthetics was predictive of higher MVPA in Seattle - USA (eP=1.070; 95%
Cl: 1.002, 1.141; p=.043) and Baltimore — USA (eP=1.164; 95% CI: 1.081, 1.254; p<.001),
but lower MVPA in Ghent — Belgium (eP=0.919; 95% CI: 0.853, 0.990; p=.027). No other
interaction effects of study site were observed.

Aesthetics and safety from crime were predictive of higher odds of meeting the PA
guidelines for cancer and weight gain prevention. However, their effects were weaker than
that of land use mix — access. No significant interaction effects of study sites were observed.
Environmental attributes accounted for 1.3% variance in prevalence meeting the PA
guidelines, corresponding to a standard deviation of ~4.5% people meeting the guidelines.

Contribution of perceived environmental attributes to between-site differences in physical
activity outcomes

Substantial between-site differences in PA outcomes were observed when both adjusting and
not adjusting for perceived neighborhood environment (Figure 1). The percentage of site-
level variance in PA outcomes attributable to perceived neighborhood environment
attributes was 15.9% for average daily minutes of MVVPA and 16.8% for probability of
meeting the PA guidelines for cancer and weight gain prevention. These represent moderate
effect sizes (12).

Perceived environmental attributes contributed significantly to the between-site variability in
average daily minutes of MVVPA with respect to Cuernavaca (Mexico), Stoke-on-Trent (UK)
and Pamplona (Spain) (Figure 1). The first two sites had perceived environments that were
less PA-friendly than the overall sites’ average. Thus, after adjusting for environmental
perceptions, their PA levels (triangles point down in Figure 1) were higher than the
environment-unadjusted PA levels (solid circles in Figure 1). The opposite was true for
Pamplona. If all between-site variability in daily minutes of MVVPA could be attributed to
the perceived environment, the environment-adjusted estimates of MVPA represented by the
triangles in Figure 1 would be placed on a straight vertical line (denoting no between-site
variability in MVPA).

The perceived environment also contributed significantly to the between-site differences in
the proportion of participants meeting the PA guidelines for cancer/weight gain prevention
with respect to 9 of the 16 sites (Figure 1). It was estimated that it impacted negatively on
the proportion of people meeting the guidelines in Bogota (Colombia), Cuernavaca
(Mexico), North Shore, Waitakere, and Christchurch (NZ), but had a positive impact on
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those living in Aarhus (Denmark), Hong Kong (China), Pamplona (Spain) and Seattle
(USA).

Figure 3 shows the patterns of perceived neighborhood environment attributes by study sites
grouped by (i) deleterious, (ii) non-significant and (iii) beneficial site-level effects of
environmental attributes on meeting the PA guidelines for cancer/weight gain prevention
(NB: results for daily minutes of MVPA are not presented as they were similar to those of
meeting the PA guidelines). All environmental attributes somewhat differed across sites
with different site-level environmental effects. In contrast to the pooled within-site analyses,
the strongest effects were found for residential density, pedestrian infrastructure/safety,
crime safety, and few cul-de-sacs. Higher levels of these attributes were associated with
more positive environmental effects on PA.

Discussion

Perceived land use mix — access and diversity, street connectivity, pedestrian infrastructure
and safety, aesthetics, safety from crime, few cul-de-sacs, and lack of barriers to walking
were all positively associated with the PA outcomes in the site-adjusted, single-predictor
models. However, only 2 to 3 of these showed independent effects in the multiple-predictor
models, indicating a substantial amount of shared variance amongst the environmental
correlates (9). For example, neighborhoods with high levels of land use mix tend to have
better pedestrian infrastructure and be more interconnected, making it then difficult to assess
the independent contributions of each of these particular attributes to PA.

Except for perceived aesthetics and street connectivity, the observed associations were
generalizable across all study sites. Perceived land use mix — access showed the strongest
positive curvilinear and linear relationships with average daily minutes of MVPA and the
odds of meeting the PA guidelines for cancer/weight gain prevention, respectively. The
curvilinear relationship with average daily minutes of MVPA (Figure 2) is indicative of a
possible threshold effect whereby facilitative effects of perceived land use mix on PA would
be found only at medium to high levels of access to a variety of land uses. Land use mix,
indicating proximity between homes and common destinations like shops, facilitates
walking for transportation, which is likely the mechanism for the strong associations
reported here. The fact that associations of perceived aesthetics and street connectivity with
MVPA varied across study sites might have been due to participants from different sites
engaging in different types of PA. For example, while perceived aesthetics may be an
important correlate of PA for sites where a substantial amount of PA is accumulated through
leisure activities (e.g., recreational walking or jogging), street connectivity may be more
relevant to sites where transportation-related PA is a greater contributor to PA. This
proposition would need to be explored in future analyses of environmental correlates of both
total and domain/context specific PA.

Perceived environmental attributes were related to the proportion of populations across sites
meeting the ambitious PA recommendations for preventing weight gain and cancers (420
minutes per week). The current lack of information on potential environmental contributors
to reducing the risk of these two major global health problems makes this an important
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finding. Our results suggest that, with the exception of safety from crime, objectively-
measured average daily minutes of MVVPA and odds of meeting the PA recommendations
for cancer and weight/gain prevention share similar perceived environmental correlates.
Perceived safety from crime appears to be important for achieving quite high (420+ minutes
weekly) rather than lower levels of PA or, alternatively, adults engaging in quite high levels
of PA may tend to perceive their neighborhood environment as safer than do their less active
counterparts.

Perceived environmental attributes contributed to the explanation of between-site
differences in PA outcomes, with the strongest effects being observed for meeting the PA
guidelines for cancer and weight gain prevention. The greatest differences in perceived
environmental attributes amongst sites showing deleterious, nil, or beneficial environmental
effects on PA were observed for safety-related attributes, residential density, and few cul-de-
sacs. In other words, these perceived attributes were the most relevant contributors to the
observed between-site differences in the proportion of populations meeting the PA
guidelines for cancer and weight gain prevention. Yet, over 80% of between-site differences
in meeting the PA guidelines could not be explained by perceived environmental factors.

In line with this study, perceived (as well as objective) land use mix — access has been
previously identified as one of the most consistent correlates of total self-reported PA
(13,32) and transport-related PA (11,14,34,35). It has also been linked, although less
consistently, to higher levels of leisure-time PA (9,35). Perceived land use mix — access
appears to substantially contribute to total amounts of PA in countries where walking is
highly prevalent (e.g., Hong Kong, Spain and Colombia), but also in countries where a high
proportion of the total amount of PA is accumulated through leisure-time vigorous activities
(USA and New Zealand) (2). This neighborhood attribute is deemed to promote walking by
providing a range of different types of easily-accessible destinations and services catering to
residents’ daily needs. Land use mix is usually the result of zoning codes that define the
legal uses of land. Thus, zoning reform is a means of changing land use mix, which could be
expected to impact PA in all the countries studied here. Aesthetics-related features (e.g.,
tree-lined streets, parks and green areas where residents can exercise) are believed to
contribute to total PA by encouraging engagement in active leisure-time pursuits (30), which
appear to be particularly prevalent in the USA (2). This would in part explain why in this
and previous studies (33,34) aesthetics and PA were more consistently and strongly
associated in the USA than other countries (35).

We found much smaller differences in associations across sites compared to a recent multi-
site study based on self-report measures (13). Our use of a cross-validated, comparable
measure of perceived environmental attributes and objective rather than self-report measures
of PA might explain the discrepancies. Previously-observed heterogeneity in associations
might have been mainly due to methodological and cultural factors (i.e., differences in
interpretation of survey items and response biases) rather than substantive differences. Our
study provides preliminary evidence that the potential impact of some aspects of the
perceived built environment on PA might be generalizable to various geographical regions
and cultures across the world.
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Whilst previous international studies based on pooled or single-site data showed inconsistent
and, sometimes, unexpected relationships of neighborhood residential density and safety
aspects with PA (13,30,34,35), in the present study these perceived attributes were the best
at explaining between-site differences in PA. It appears that the perceived environmental
factors that contribute to between- vs. within-site differences in PA differ. Residential
density and safety aspects of the environment may act more as macro-level influences, while
aesthetics and land use mix may be attributes that can have pronounced effects at smaller
geographical scales (within localities). At this stage, we can only speculate on the reasons
underlying the observed results. It is possible that differences may be in part due to the
levels of within- and between-site variability in perceived neighborhood attributes.
Specifically, the average scores on perceived safety from crime and residential density
varied quite substantially across study sites, while this was not the case for perceived
aesthetics and land use mix (Table 2).

Strengths and limitations of the study

To inform environment- and policy-focused international and national strategies for the
promotion of PA, comparable and good quality international data collected across
geographical locations varying in exposure and outcome measures are needed. Using data
from 16 cities across 5 continents, the present study aimed to contribute to this essential
body of knowledge by providing findings on pooled and, where appropriate, site-specific
associations of perceived neighborhood environmental attributes with objectively-measured
PA outcomes (25). This is the first multi-country study to examine perceived environment-
PA associations using an objective measure of PA, which is ‘immune’ to cultural bias.
Single-site and site-adjusted pooled analyses do not provide information on differences in
site-level environment-PA associations. Consequently, this was the first study to also
estimate the extent to which perceived environmental characteristics explained between-site
differences in PA and identified patterns of characteristics that might be responsible for
these. This is also the first study to provide insight into perceived environmental correlates
of meeting the PA guidelines for cancer and weight gain prevention, representing two major
global public health issues (36,37).

Although this study addressed a series of methodological issues present in earlier
investigations, there were some limitations. First, samples were not designed to be
representative of the respective study sites and thus could not provide valid population-
estimates of average daily minutes of MVPA and prevalence of meeting the PA guidelines
for cancer/weight gain prevention. The sampling strategy adopted was designed to maximize
the within-site variability in exposures and outcomes with the aim of increasing the
statistical power to detect associations and estimate dose-response relationships. Second, the
number of participants by study site varied substantially, resulting in relatively greater
weights given to data from sites with larger sample sizes. However, the observed
associations were, on the whole, generalizable across sites indicating that the different
sample sizes did not significantly impact the significance and direction of associations.
Third, the number of study sites was relatively small compared to the nhumber of
environmental attributes examined. Because study sites represented a small convenience
sample of cities, they were not treated as a random factor in the single- and multiple-
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predictor models. Thus, we could not simultaneously estimate and separate between-site
from within-site environmental effects on PA outcomes. Fourth, despite efforts to
standardize methods, the response rates, survey methods, and type of accelerometers
somewhat varied across sites. This may imply different sampling biases and other biases of a
methodological nature across study sites. Yet, the fact that associations were rather
homogenous across sites is reassuring. Fifth, accelerometers do not take into account the
domain and contextual aspects of PA (e.g., walking for transport versus walking for
recreation; engagement in PA within- versus outside the neighborhood), which would have
helped better understand the findings. Yet, from a public health perspective, it is important
also to identify factors that may contribute to higher levels of total PA, as increases in a
specific PA domain and context (e.g., walking for transport within the neighborhood) may
be followed by decreases in other PA domains and contexts (e.g., vigorous leisure-time PA
outside the neighborhood) due to compensatory mechanisms. Sixth, some differences in
socio-demographics and perceived environmental variables were identified between
participants wearing and not-wearing accelerometers. However, these differences were small
and their correlates were accounted for in the regression models to address possible biases
arising from differences between wearers and non-wearers. Further, the study did not
include some important macro-level environmental predictors of PA that might have
explained a substantial proportion of between-site differences in PA outcomes (e.g., climatic
conditions and car ownership) (4). It is possible that some of the observed between-site
residual differences in PA outcomes were due to slight differences in the recruitment
strategies and survey administration and/or accelerometer deployment methods employed by
the local participating research teams (25). Also, some residual variance might have been
caused by perceptions of the neighborhood environment representing relative rather than
absolute measures of the environment. In other words, respondents’ ratings of their own
neighborhood environment are based on the range of objective variation in the
environmental attributes to which they have been exposed. These between-site differences in
interpretation of response scales would attenuate between-site associations of perceived
environmental attributes with PA. If this is the case, objective measures of the neighborhood
environment and PA would permit a more accurate assessment of environment-PA
associations at the site level and identification of environmental attributes that may be
responsible for between-site differences in PA.

Conclusions

This study suggests that there may be a global definition for perceived activity-supporting
environments that may contribute to the accumulation of health-enhancing levels of PA,
which are typified by high levels of perceived land use mix, street connectivity, residential
density, aesthetics, pedestrian infrastructure, and safety. This raises the possibility that
implementing environmental changes can have similar effects across many countries and
support international recommendations to create more activity-friendly environments (38).
Residents’ perceptions of the neighborhood environment may be particularly important for
supporting the accumulation of the higher levels of PA engagement that are recommended
for cancer/weight gain prevention.
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Relatively large between-site differences in PA outcomes were observed. Perceived
environmental features accounted for moderate amounts of variance in PA outcomes across
countries, whilst 80% of the between-site variance was unexplained. Residential density,
pedestrian infrastructure, and safety from crime emerged as particularly important potential
contributors to inter-site differences in PA. They represent candidate features for large-scale
multi-sectoral interventions.

Future studies will need to establish whether some of the unaccounted between-site variance
in physical activity could be attributed to using self-report rather than objective measures of
the neighborhood environment. Other areas of improvement would be the inclusion of a
larger number of diverse study sites, the recruitment of a relatively balanced number of
participants across sites, the addition of other potentially-important macro-level
environmental correlates of PA (e.g., meteorological conditions and air pollution), and an
analysis of the extent to which objective and perceived measures of the neighborhood
environment yield similar findings. The latter analysis would help evaluate issues of
possible reverse causation, whereby observed associations between perceptions of the
neighborhood environment and PA would arise from more active residents sharing more
favorable views about their neighborhood.
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Figure 1. Site-specific average accelerometry-based moderate-to-vigorous physical activity (A)
and probability of meeting the physical activity guidelines for cancer/weight gain prevention (B)
unadjusted (—e—) and adjusted (‘_?‘) for perceived environmental attributes

*p<.05, ** p<.01, ***p<.001 indicate significant differences between site-specific
environment-unadjusted and -adjusted marginal means of daily minutes of moderate-to-
vigorous physical activity (panel A) and probabilities of meeting the cancer/overweight
prevention physical activity guidelines (panel B).

Environment-adjusted estimates were estimated at pooled average levels of perceived
environmental attributes. All estimates were adjusted for administrative-unit level socio-
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economic status, socio-demographic characteristics, and accelerometer wear time. Bars
denote 95% confidence intervals.
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Perceived land use mix - access

Figure 2. Non-linear relationship between perceived land use mix - access and average
accelerometer-based moderate-to-vigorous physical activity

The solid line represents point estimates (and dashed line their 95% confidence intervals) of
average daily minutes of moderate-to-vigorous physical activity at various levels of
perceived land use mix — access. These estimates were computed at average values of other
environmental variables and covariates.
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Figure 3. Mean and 95% Cls of perceived environmental attributes grouped by study sites with
deleterious, non-significant (none), and beneficial total effects of perceived environmental
attributes on the probability of meeting the physical activity guidelines for cancer and weight
gain prevention

Sites with deleterious total environmental effects: Bogota (COL), Cuernavaca (MEX), North
Shore (NZ), Waitakere (NZ), Christchurch (NZ). Sites with non-significant total
environmental effects: Ghent (BEL), Curitiba (BRA), Olomouc (CZ), Hradec Kralove (CZ),
Wellington (NZ), Stoke-on-Trent (UK), Baltimore (USA). Sites with beneficial total
environmental effects: Aarhus (DEN), Hong Kong (CN), Pamplona (ESP), Seattle (USA).
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