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Abstract

Introduction—Mounting evidence documents the importance of urban form for active travel, but 

international studies could strengthen the evidence. The aim of the study was to document the 

strength, shape, and generalizability of relations of objectively measured built environment 

variables with transport-related walking and cycling.
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Methods—This cross-sectional study maximized variation of environments and demographics by 

including multiple countries and by selecting adult participants living in neighborhoods based on 

higher and lower classifications of objectively measured walkability and socioeconomic status. 

Analyses were conducted on 12,181 adults aged 18–66 years, drawn from 14 cities across 10 

countries worldwide. Frequency of transport-related walking and cycling over the last seven days 

was assessed by questionnaire and four objectively measured built environment variables were 

calculated. Associations of built environment variables with transport-related walking and cycling 

variables were estimated using generalized additive mixed models, and were tested for 

curvilinearity and study site moderation.

Results—We found positive associations of walking for transport with all the environmental 

attributes, but also found that the relationships was only linear for land use mix, but not for 

residential density, intersection density, and the number of parks. Our findings suggest that there 

may be optimum values in these attributes, beyond which higher densities or number of parks 

could have minor or even negative impact. Cycling for transport was associated linearly with 

residential density, intersection density (only for any cycling), and land use mix, but not with the 

number of parks.

Conclusion—Across 14 diverse cities and countries, living in more densely populated areas, 

having a well-connected street network, more diverse land uses, and having more parks were 

positively associated with transport-related walking and/or cycling. Except for land-use-mix, all 

built environment variables had curvilinear relationships with walking, with a plateau in the 

relationship at higher levels of the scales.
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1 Introduction

Engaging in transport-related walking and cycling (i.e. active travel) has the potential to 

reduce the risk of non-communicable diseases, air pollution and traffic congestion and at the 

same time contribute to more livable and sustainable cities (Beaglehole et al.; Gehl, 2010; 

Sallis et al., 2012). Urban planning in conjunction with supportive transportation policies is 

crucial in the effort to promote active travel. One strategy is creating safe spaces, places and 

destinations designed for pedestrians and cyclists. However, the evidence of the role of built 

environments in active travel has been inconsistent, and studies with comparable and 

objective methods across countries are requested to better inform policy makers about 

environmental strategies for increasing active transport (Bauman et al., 2012).

Cervero and Kockelman (1997) highlighted the 3Ds (density, diversity and design) as 

potential built environment levers to increase active travel modes. The 3Ds have since been 

examined and their operationalization refined in a large number of studies (Ewing and 

Cervero, 2010; Heinen et al., 2009; Lee and Moudon, 2006; Saelens and Handy, 2008). 

Residential density has been shown to be almost linearly associated with walking for 

transport; however, the relationship with cycling might be of less importance (Forsyth and 

Krizek, 2010; Kerr, 2015). A diverse mix of different land-uses in the neighborhood and 
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destinations within reachable distances has also been shown to be associated with more 

walking and cycling for transport (Durand et al., 2011; Heinen et al., 2009; McCormack and 

Shiell, 2011). A grid-pattern street design increases the permeability of the city, decreases 

distance to destinations, and provides numerous alternate routes to pedestrians and cyclists 

(Witten et al., 2012). Another design variable at the urban form level is the availability of 

urban green spaces, which can give pedestrians and cyclists a more pleasant, and in some 

cases a safer, experience when moving through the city. However, the results for public open 

space and active travel research remains mixed with further investigation required (Koohsari 

et al., 2015).

The majority of built environment and active travel research relies on cross-sectional studies 

based on nation- or city-specific data, and many of them also use self-reported perceptions 

of the environmental variables. This creates uncertainty for whether the observed 

associations are causal or generated by other confounding factors, such as self-selection 

(Christiansen et al., 2014; Eid et al., 2008). Natural experiments to enhance evidence of 

causality are difficult to implement within this field (Ding and Gebel, 2012; McCormack 

and Shiell, 2011). An alternative is to investigate built and social environments in different 

geographical settings. Besides increasing variation of the built environment (Adams et al., 

2014), it also offers the opportunity to investigate heterogeneity in associations across sites. 

Such a cross-national comparable research agenda has been formed through the International 

Physical Activity Network (IPEN). The purpose of IPEN was to explore the association 

between physical activity behaviors and a broad array of built and social environment 

features. The IPEN Adult study has a common research design and generally comparable 

measures for both physical activity and objective built environment variables across 12 

countries (Adams et al., 2014; Kerr et al., 2013).

The aim of the present study was to pool international data from 14 cities in 10 countries, 

and to document the strength, shape, and generalizability of the relation of objectively 

measured built environment variables with transport-related walking and cycling. To our 

knowledge, no study has to date used comparable spatial measures applied internationally 

with absolute scales to examine generalizability of dose-response relations with active travel. 

If associations and shapes of associations are found to be similar across most cities, they will 

provide a starting place for developing international criteria for built environment 

recommendations to promote transport-related walking and cycling. In the case of 

associations differing across countries, strategies developed at national- or city-levels can be 

recommended.

2 Methods

2.1 Recruitment and participants

The IPEN Adult study design has been described in detail elsewhere (Kerr et al., 2013). 

Briefly, the study was cross-sectional and designed to maximize variation within the sample 

by selecting adult participants in multiple countries living in neighborhoods based on higher 

and lower classifications of objectively measured walkability and socioeconomic status. For 

every administrative unit in each city a walkability index score was calculated as a function 

of at least two of the following variables: net residential density, land use mix, intersection 
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density, and the retail floor-area-ratio (Adams et al., 2014; Frank et al., 2010; Kerr et al., 

2013). Area-level socioeconomic status was also derived, usually based on census data. 

Neighborhoods were classified into four types for recruitment purposes: higher walkability-

higher socioeconomic status, higher walkability-lower socioeconomic status, lower 

walkability-higher socioeconomic status and lower walkability-lower socioeconomic status.

The total IPEN Adult sample consisted of 14,222 adults aged 18–66 years, sampled from 17 

cities across 12 countries. However, three cities did not collect either objective built 

environment data or the International Physical Activity Questionnaire transport-related items 

(IPAQ-long form) (Pamplona, Spain; Hong Kong, China; and one of the two cities from 

Czech Republic). Thus, the cities and countries included in this analysis were: Adelaide, 

Australia (AUS); Ghent, Belgium (BEL); Curitiba, Brazil (BRA); Bogota, Colombia (COL); 

Olomouc, Czech Republic (CZ); Aarhus, Denmark (DEN); Cuernavaca, Mexico (MEX), 

Christchurch, North Shore, Waitakere, and Wellington, New Zealand (NZ), Stoke-on-Trent, 

United Kingdom (UK) and Baltimore and Seattle, United States (US) with a total sample 

size of 12,181 participants. Forty-three percent of participants were male, 59.7% married or 

living with a partner, 74.7% had a job or unpaid work outside home, and 43.3% held a 

tertiary education. The distributions of socio-demographic characteristics were similar 

across study sites and have been reported elsewhere (Kerr et al., 2013). Each country 

obtained ethical approval from their local institutions as well as San Diego State University, 

and all participants provided informed consent.

2.2 Outcome variables

Relevant IPAQ-long form items were used to assess the frequency of walking and cycling for 

transport. Participants were asked to report the number of days during the last seven days 

they walked or cycled for at least 10 minutes to get from place to place. Dichotomous 

outcome measures were computed to represent any walking or cycling for transport during 

the last week that lasted for at least 10 minutes (no, yes). The total days in the last week 

spent walking or cycling for at least 10 minutes were also used as outcome variables (1–

7days).

2.3 Environmental variables

For each participant two street-network buffer sizes (500 m and 1 km) were created around 

their residential address, and four objectively-measured built environment variables were 

calculated. These variables were: net residential density (number of dwellings per km2 of 

buffer areas devoted to residential use), land-use mix (entropy score of three land-uses: 

residential, retail and civic), street connectivity (number of intersections with three or more 

intersecting road segments per km2, and parks (number of parks intersecting participant 

buffers). These variables were selected based on their relevance to transport-related walking 

and cycling, while being limited by the availability of variables and comparability across 

participating cities. A description of GIS data collection, comparability and scoring methods 

can be found in Adams et al. (2014).
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2.4 Socio-demographic covariates

Self-report questionnaire data was used to assess following covariates: age (years), sex 

(male, female), marital status (living with a partner, single), educational attainment (college 

graduate, not college graduate), employment status (employed, unemployed).

2.4 Data Analytic Plan

Descriptive statistics for the four outcome variables (any, and total days of transport-related 

walking and cycling) were computed for the whole sample and by city. Associations of 

objectively measured built environment variables with transport-related walking and cycling 

were estimated using generalized additive mixed models (GAMMs)(Cerin et al., 2014; 

Wood, 2006). GAMMs can accommodate positively skewed continuous, count as well as 

dichotomous outcomes, account for dependency in error terms due to clustering (participants 

recruited from selected administrative units), and estimate complex dose-response 

relationships (Wood, 2006). GAMMs with binomial variance and logit link functions were 

estimated for any walking and any cycling in the last week (dichotomous outcomes. The 

antilogarithm of the regression coefficient estimates of these GAMMs represents odds ratios. 

GAMMs with negative binomial variance and logarithmic link functions were used to model 

non-zero days per week of walking or cycling (count variables). The antilogarithms of the 

regression coefficient estimates of the GAMMs based negative binomial variance functions 

represent the proportional difference in outcomes associated with a unit difference in the 

correlates. For all GAMMs, random intercepts were specified to account for clustering 

effects at the administrative unit level.

Main-effect GAMMs estimated the dose-response relationships of all built environment 

attributes with the active travel outcomes adjusting for city (in the form of dummy 

variables), socio-demographic covariates, and administrative-unit-level socio-economic 

status. Covariate-adjusted single-environment-variable and multi-environment-variable 

(including all buffer-specific environment variables independently contributing to a specific 

outcome) GAMMs were estimated. Multiple built environment variables could be 

simultaneously entered in GAMMs, as collinearity was not identified as being problematic 

(variance inflation factor<2). Curvilinear relationships of built environment attributes with 

active travel outcomes were estimated using thin-plate spline smooth terms in GAMMs 

(Wood, 2006). Smooth terms failing to provide sufficient evidence of a curvilinear 

relationship (≥10 difference in AIC)(Burnham and Anderson, 2002) were replaced by 

simpler linear terms. Separate GAMMs were generated to estimate built environment 

attributes by city interaction effects to test for heterogeneity in associations across sites. The 

significance of interaction effects was evaluated by comparing AIC values of models with 

and without a specific interaction term (≥10 difference in AIC)(Burnham and Anderson, 

2002). Significant interaction effects were probed by computing site-specific associations. 

Of the eligible sample on 12,181 participants, only 4.2% (n=507) of cases had missing data 

on at least one of the examined variables; analyses were performed on complete cases 

(n=11,674). Participants with incomplete data were more likely to be older (p=0.017), 

unemployed (p=0.030) and with lower educational attainment (p=0.04). The likelihood of 

having missing data was unrelated to build environment and active travel variables. All 

analyses were conducted in R (R Development Core Team, 2011) using packages ‘mgcv’ 
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(Wood, 2006), ‘gamm4’ (Wood and Scheipl, 2014), ‘car’ (Fox and Weisberg, 2011), and 

‘gmodels’ (Warnes, 2014).

3 Results

3.1 Descriptive statistics

Table 1 shows descriptive statistics for the four transport-related walking and cycling 

outcomes for the whole sample and each of the 14 cities (complete data set only). The 

percentage of participants reporting any walking for transport in the last week ranged from 

52.1% in Ghent (BEL) to 90.3% in both Bogota (COL) and Cuernavaca (MEX). The 

average days walked for transport during the last week ranged from 2.0 in Christchurch (NZ) 

and Ghent (BEL) to 4.8 in Bogota (COL). The percentage of participants reporting any 

cycling for transport in the last seven days was substantially lower than walking, and ranged 

from 1.3% in Cuernavaca (MEX) to 61.6% in Aarhus (DEN). The mean weekly days cycled 

were less than 1 for all locations with the exception of Ghent (BEL) and Aarhus (DEN) at 

1.7 and 2.4 days, respectively.

The individual measure of each participant’s neighborhood characteristics measured at 500 

m and 1 km street network buffers showed great variation between and within cities, which 

have been presented elsewhere (Adams et al., 2014). For the current sample the median and 

interquartile-range of the four built environment variables for the 500 m buffer are presented 

in Table 2 (see Appendix for details of distribution for both buffer sizes). The median net 

residential density across all sites was 2,617 dwellings per km2, and highest in Olomouc 

(CZE) with 15,326 dwellings, and lowest in Christchurch (NZ) with 1,534 dwellings. There 

was considerable within-city variation from very low residential densities to higher densities, 

and across continents the European and Latin American sites had generally higher densities 

than the American and Oceanian sites. The entropy score for the mix of three land-uses 

reveal large within-city variation from single land-use (score=0) to an even split between 

residential, retail and civic land-use (score=1). Aarhus (DEN) had the highest median 

entropy score of 0.81, while Waitakere (NZ) and Christchurch (NZ) had the lowest median 

scores of 0.11 and 0.12, respectively. Regarding street connectivity there was an almost 

continental gradient with the Latin American cities being the most connected followed by 

Europe, US, Australian, and New Zealand sites. Bogota (COL) and the Australasia cities had 

the most parks intersecting the participant buffers.

3.2 Associations of built environment attributes with any walking for transport

All built environment attributes were positively linearly associated with the odds of 

engaging in any bout (≥10 min) of walking for transport in the single-environment-variable 

models (Table 2). This was also the case in the multi-environment-variable models, except 

for intersection density (1 km) and number of parks (500 m). Curvilinear relationships were 

observed between the odds of engaging in any walking for transport and net residential 

density, intersection density, and number of parks (Table 2). The odds of walking was 

positively associated with residential density up to 12,000 dwellings/km2 but negatively 

thereafter for the 500 m buffer (Table 2). The odds of walking for transport was positively 

related to intersection density up to values of 200–250 intersections/km2 and negatively 
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thereafter. A positive gradient in the odds of walking for transport was observed for the 

number of parks up to 8–10 parks/km2, while a negative gradient in the odds was found for 

those with more than 20–25 parks/km2 for the 1 km residential buffer.

Three of the four built environment attributes showed significant city interaction effects on 

the odds of engaging in any walking for transport (Table 2). Specifically, significant 

associations were observed in the single- and multiple-environment-variable models 

between net residential density (1,000 dwellings/km2; 1km buffer) and the odds of walking 

for transport in Adelaide (AUS) (OR=1.36; 95% CI: 1.19, 1.55; p<0.001), Ghent (BEL) 

(OR=1.15; 95% CI: 1.12, 1.18; p<0.001), Aarhus (DEN) (OR=1.08; 95% CI: 1.03, 1.13; 

p=0.003), Seattle (USA) (OR=1.27; 95% CI: 1.15, 1.39; p<0.001), and Baltimore (USA) 

(OR=1.24; 95% CI: 1.11, 1.39; p<0.001), but not in the remaining nine cities (single-

environment-variable estimates reported). Land use mix within 1 km buffers was related to 

the odds of walking in Ghent (BEL) (OR=4.83; 95% CI: 1.64, 14.25; p<0.001), Wellington 

(NZ) (OR=5.11; 95% CI: 1.40, 18.68; p<0.001), and Seattle (USA) (OR=2.10; 95% CI: 

1.06, 4.17; p=0.003), while for land use mix within 500 m buffers significant associations 

were found in Ghent (BEL) (OR=3.72; 95% CI: 1.98, 7.00; p<0.001) and Seattle (USA) 

(OR=2.70; 95% CI: 1.52, 4.77; p<0.001) only. The latter interaction effect (500 m) was not 

significant in the multiple-environment variable model. In the single-environment-variable 

models number of parks (1 park/km2; 500 m buffer) was positively related to the odds of 

walking for transport in Ghent (BEL) (OR=1.37; 95% CI: 1.18, 1.59; p<0.001), Aarhus 

(DEN) (OR=1.22; 95% CI: 1.01, 1.49; p=0.044), and Seattle (USA) (OR=1.38; 95% CI: 

1.19, 1.59; p<0.001) only. Yet, this interaction effect was not significant in the multi-

environment-variable model.

3.3 Associations of built environment attributes with days of walking for transportation

All built environment attributes were associated with non-zero days/week of walking for 

transport (Table 3) in the single-environment-variable models. Net residential density, 

intersection density, and number of parks remained significant predictors of non-zero days/

week of walking for transport in the multi-environment-variable models, and curvilinear 

relationships were observed (Table 3). The dose-response relationships for intersection 

density and number of parks were similar to those observed for the odds of any walking for 

transport (see above). Values of residential density ranging from 0 to 7500 dwellings/km2 

were associated with the largest increases in non-zero days/week of walking (Table 3).

Intersection density and number of parks showed significant study site interaction effects 

with days of walking for transport (Table 3). City site moderated the associations of 

intersection density (100 intersections/km2; 1 km buffer) with non-zero days/week of 

walking for transport in the single-environment-variable model. Significant associations 

were found in five cities only. These were Adelaide (AUS) (eb=1.17; 95% CI: 1.04, 1.32; 

p=0.011), Ghent (BEL) (eb=1.23; 95% CI: 1.13, 1.33; p<0.001), Aarhus (DEN) (eb=1.37; 

95% CI: 1.07, 1.75; p=0.013), Wellington (NZ) (eb=2.23; 95% CI: 1.51, 3.29; p<0.001), and 

Seattle (USA) (eb=1.45; 95% CI: 1.19, 1.76; p<0.001). City was a moderator of the 

associations between number of parks (1 park/km2; 1 km buffer) and non-zero days/week of 

walking for transport in both single- and multi-variable models. Significant positive 

Christiansen et al. Page 7

J Transp Health. Author manuscript; available in PMC 2017 December 01.

A
u
th

o
r M

a
n
u
s
c
rip

t
A

u
th

o
r M

a
n
u
s
c
rip

t
A

u
th

o
r M

a
n
u
s
c
rip

t
A

u
th

o
r M

a
n
u
s
c
rip

t



associations were found in Ghent (BEL) (eb=1.47; 95% CI: 1.27, 1.69; p<0.001), Aarhus 

(DEN) (eb=1.35; 95% CI: 1.13, 1.60; p<0.001), North Shore (eb=1.12; 95% CI: 1.00, 1.24; 

p=0.045), Waitakere (NZ) (eb=1.22; 95% CI: 1.03, 1.43; p=0.019) and Seattle (USA) 

(eb=1.26; 95% CI: 1.07, 1.49; p=0.005).

3.4 Associations of built environment attributes with any transport-related cycling and 

number of days with transport-related cycling

Net residential density, intersection density, and land use mix were positively associated 

with the odds of engaging in any bouts (≥10 min) of cycling for transport in the last week 

(Table 4). Only intersection density and land use mix remained significantly associated in 

the multi-environment-variable models. No curvilinear relationships were found.

Cities moderated the associations of number of parks with the odds of engaging in any bout 

of cycling for transport. Specifically, the number of parks (1 park/km2; 500 m buffer) were 

positively associated with the odds of any cycling for transport in Ghent (BEL) (OR=1.20; 

95% CI: 1.05, 1.37; p=0.009), Aarhus (DEN) (OR=1.24; 95% CI: 1.06, 1.46; p=0.008) and 

Seattle (USA) (OR=1.34; 95% CI: 1.12, 1.59; p=0.001) only. This interaction effect 

remained significant in the multi-environment-variable models.

Residential density and land use mix were linearly positively associated with days per week 

of cycling for transport (Table 4). Yet, after adjustment for other built environment attributes, 

only land use mix remained a significant predictor of this outcome. No curvilinear 

relationships or interaction effects by study site were observed for number of days of cycling 

for transport.

4. Discussion

The aim of the study was to examine the strength, shape, and between-city differences of 

relations between objectively-measured built environment variables and transport-related 

walking and cycling across multiple cities and countries. We found positive associations for 

walking for transport with all the environmental attributes, but also found that the 

relationships were not linear for residential density, intersection density, and the number of 

parks. Our findings suggest that there may be optimum values for these attributes, beyond 

which higher densities or number of parks could have a negative impact. Cycling for 

transport was associated linearly with residential density, intersection density (only for any 

cycling) and land use mix, but not with the number of parks. The detailed analyses of the 

associations between active travel behavior and built environment characteristics are 

separated and discussed by four themes: the dense city, the mixed city, the connected city, 

and the green city.

4.1 The dense city

Residential density showed a positive curvilinear association with walking for transport. 

This was found for both the odds of any and the number of days walked for transport. 

Furthermore, associations were found for both 500 m and 1 km buffer sizes, and after 

adjusting for the other built environment variables. For the association with any walking the 

associations appeared to be stronger for the 500 m buffer; significant only for the American, 
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two of the European and the Australian cities using the 1 km buffer. The association with 

cycling for transport was weaker, and significant only in the single built environment 

variable models.

Besides confirming previous findings of a positive association between residential density 

and walking for transport, this study contributes evidence of a threshold, showing a gradient 

that plateaus. The threshold for the odds of any walking for transport was approximately 

12,000 dwellings per km2 and 7,500 dwellings per km2 for odds of days walked for transport 

based on 500 m buffers for environmental measures. These thresholds were objectively-

measured and comparable across sites and could therefore serve as meaningful maximum 

point for future built environment densifications. However, this level of residential density is 

not typically available for most participating cities, except for some European and Latin 

American cities (Table 2). This means that increasing residential density may be 

recommended to facilitate more walking in North American (excluding Mexico) and 

Australasian cities (without considering a higher limit), but may not have to be promoted in 

some areas of the European and Latin American cities.

An additional 1,000 dwelling/km2 was associated with a 3 times higher likelihood of any 

walking bouts and a 10 % increase in days of walking (500 m buffer, MEV). A crude city 

level comparison suggests a positive association was also evident, as cities with the highest 

residential densities (i.e. Olomouch (CZ) and Bogota (COL)) also had the highest average of 

days with walking for transport (i.e. 4.6 and 4.8 days, respectively), and among the four New 

Zealand cities, Wellington had twice as high residential density and nearly twice as many 

days of walking for transport than the three other New Zealand sites.

Residential density was not found to be consistently associated with cycling in current 

analyses using objective built environment exposures. The weak association between 

objectively measured residential density and cycling for transport in the single environment 

model became non-significant in the multiple environment models. Crude city comparisons 

showed the three European cities (Aarhus (DEN), Ghent (BEL) and Olomouc (CZ)), which 

had high levels of residential density, also had the highest proportion of cycling for 

transport. However, Christchurch (NZ) had very low residential density, but comparatively 

high rates of cycling for transport. Christchurch had the lowest mean residential density of 

all cities at only 1,683 dwelling per km2, but the highest proportion of weekly cycling 

outside of Europe (17.5% reported any cycling for transport during the last week). 

Christchurch’s high level of cycling can potentially be explained by a flat terrain and local 

policies to promote cycling. The city promotes cycling and has been nicknamed ‘Cyclopolis’ 

(Kennett et al., 2004). Consequently, cycling has been considered in local planning policies 

for decades, resulting in a comprehensive cycling strategy incorporating cycling 

infrastructure, education, and policies (Christchurch City Council, 2012).

4.2 The mixed city

A city with high levels of mixed use affords short distances to multiple types of destinations, 

making active transport more attractive and feasible. We found positive associations between 

land-use-mix and any bouts of walking and cycling for transport in both single- and multi-

environment-variable models. For instance, compared to participants in areas with a single 
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land use (residential), those living in areas with the equal proportion of residential, retail, 

and civic uses were 1.5 times more likely to walk for transport (500 m buffer, MEV). There 

was no moderation of effect for the 500 m buffer in the multiple-environment-variable 

model, which supports a generalizable association across cities. However, at the 1 km buffer, 

the associations were only significant in Ghent (BEL), Wellington (NZ) and Seattle (US). 

Interestingly, land-use-mix was associated with both any cycling and with more days of 

cycling for transport. In fact, land-use-mix was the only built environment variable 

remaining significant in the multi-environment-variable model for non-zero days of cycling 

for transport. There is little doubt that a mix of land-use supports active transport, but 

Durand et al. (2011) pose the relevant question about how best to quantify higher and lower 

mixed uses. The entropy measure in the current study used three different objective 

measures of land uses. The score would be 1.00 if there was an even distribution between the 

three land-uses. This might be the reason for not finding any threshold values (curvilinear 

relationships), as for example higher counts of retail than the two other land-uses will result 

in a lower score than the equilibrium. On one hand, such an entropy index is replicable 

across a variety of countries and thus available to city planners, but does not give easily 

interpretable thresholds or an understanding of what mix is optimal for policy makers to 

utilize.

On the other hand, our results, were consistent with multiple reviews (Durand et al., 2011; 

Heinen et al., 2009; Owen et al., 2004; Sallis et al., 2012; Van Holle et al., 2012) that show 

positive associations between land use mix and walking. Future research should attempt to 

unpack which destinations are critical for active transport, and which are less important. 

This will improve the interpretability for policy-makers and planners in terms of 

understanding the types of destinations needed to create an environment that supports 

transport-related walking and cycling.

4.3 The connected city

A connected city has several potential pathways to increase transport-related walking and 

cycling. It can decrease travel time as a more direct route can be available in well-connected 

street network, and traffic volume may be more evenly dispersed, which may provide 

pedestrians and cyclists opportunities to travel on streets with less traffic away from arterial 

roads. A curvilinear relationship was found between intersection density for both measures 

of walking for transport, showing a positive association up to 200–250 intersections per km2, 

which is the case for most places except for the most densely connected neighborhoods in 

Bogota (COL) and Cuernavaca (MEX). Any bouts of cycling for transport were significantly 

associated with intersection density in both the single- and multi-environment-variable 

models. The effect for any cycling was approximately an odds ratio of 1.3 per 100 

intersections/km2. Based on our data, many cities would need a relative large increase in 

number of intersections to influence the uptake of cycling for transport.

Other studies also highlighted intersections as an indicator of a walkable city, and made a 

distinction between connectivity for cars and for walkers and cyclists (Ewing and Cervero, 

2010). Retrofitting pedestrian links between cul-de-sac layouts can increase connectivity, 

and these are beginning to gain popularity in some cities. This strategy increases 
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accessibility for those using active travel modes and decreases it for those traveling by cars 

(Cao et al., 2006).

4.4 The green city

The presence of greenery, street trees, parks and green corridors make walking and cycling 

trips more pleasant, with research showing cyclists are willing to make a detour for a greener 

route (Krenn et al., 2014). Research on the association between city parks and active 

transport remains less extensive than that on other built environment characteristics. 

However Kaczynski and Henderson (2007) found several studies confirming this association 

with transport behaviors. Keeping in mind that parks are consistently associated with 

recreational walking, the current study gives only limited support to increasing green areas 

as a strategy to increase active travel. No overall associations were observed for parks and 

transport-related cycling, and the association with days of walking for transport was 

curvilinear, very modest and only significant for five sites. The association with any walking 

was stronger up to 10 parks/km2, as the odds ratio increased from approximately 2.5 to 3.5 

from 0 to 10 parks, respectively.

We found that city significantly moderated the effect between parks and cycling, as the 

number of parks was associated with higher odds of cycling only in Ghent (BEL), Aarhus 

(DEN) and Seattle (US) – both in the single- and multiple-environment models. A reason for 

the effect in these cities could be due to an integrated approach using green areas as 

transport corridors for cycling to connect with other cycling infrastructure (Seattle 

Department of Transportation, 2007; Aarhus Kommune, 2007). In other countries 

investigated, cycling is prohibited in many parks. These cities had among the highest cycling 

rates, so most cities had very limited power to detect associations with cycling. Our limited 

findings could be explained by the number of parks being insufficient to operationalize a 

potential effect. Research has shown that park characteristics and size are very important for 

recreational park use (Kaczynski et al., 2008; Lee and Maheswaran, 2011), and that the 

connectedness of green areas in green transport corridors could be an attractive and safe 

option for active travel (Krenn et al., 2014). Finally, the location of parks also plays an 

important role for active travel, as there needs to be local destinations to travel to.

4.5 Generalizability across study sites and buffer sizes

Even though we found overall associations between the built environment and active travel, 

several between-city differences in associations were observed, especially for the 1 km 

buffer measures. The reasons for these differences across cities could be explained by 

unmeasured confounders, micro-scale factors in the environment or differences in culture. 

These could include aesthetics, safety from crime, traffic safety, cycling and pedestrian 

facilities and car ownership. Notably, significant positive associations were only found in 

Europe (Ghent and Aarhus), US (Baltimore and Seattle) and Australasia (Adelaide, 

Wellington, North Shore, Waitakere), but not in the three study sites in Latin America. 

Previous research has raised doubts about the transferability of walkability-related variables 

in a Latin American context (Cervero et al., 2009; Salvo et al., 2014b). Present city-specific 

findings could also be interpreted as a difference between developed and developing cities, 

city planning policies, and automobile ownership. Cervero (2009) hypothesized that the lack 
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of variability in dense and mixed city planning in Bogota was the reason for not finding an 

association with urban form characteristics. They found instead support for the role of 

cycling facilities (e.g. street density and bike lane connectedness). Specifically in Latin 

American cities, such as Bogota and Cuernavaca, car ownership remains low in comparison 

with cities of high income countries. In these cases, walking for transport may be more 

reflective of need rather than choice since a significant proportion of the population walks 

because they have no other option for transportation (Salvo et al., 2014a).

Buffer size is an ongoing discussion in neighborhood-based spatial research (Kwan, 2012). 

We used individual street-network buffers at 500 m and 1 km, which was an available and 

comparable measure across all cities. Some associations tended to be stronger at the 500 m 

buffer for walking, and the 1 km buffer was more often associated with city moderation 

effects. Associations between the built environment and transport-related cycling tended to 

be stronger using the 1 km buffer, which supposedly could be explained by the larger 

distances travelled by cycling. Only land-use-mix and intersection density were significantly 

associated with cycling for transport. We suggest that future research further investigate 

appropriate buffer sizes for cycling, relevant infrastructure, hilliness and the allocation of 

street space for motorized transport compared to cycling.

4.6 Limitations

The study presented analyses based on objective measures of the built environment, which 

were judged to be generally comparable across countries (Adams et al., 2014). However, 

there were several uncertainties when comparing objective built environment variables 

across different cities, as not all countries were able to capture and collect the same types of 

spatial information. The use of 500 m and 1 km street-network buffers to assess the 

neighborhood environment of the participants can also be disputed, as adult participants 

often have much larger range when undertaking daily activities (Ivory et al., 2015). On the 

other hand the positive associations found in this and other studies support the use of street-

network buffers. The effects for walking tended to be more consistent for the 500 m buffer 

across cities, and the association appeared stronger for cycling in the 1 km buffer. There is 

some evidence that an environment supportive for walking versus cycling may be somewhat 

inconsistent. In one study favorable conditions for walking - i.e. many destinations within 

500 m – had a negative association with cycling in Denmark (Nielsen et al., 2013). Even 

though, there are several similarities between transport-related walking and cycling for 

transport and the overall need for destinations, designated space and safe routes, future 

studies should look into special cycling facilities, networks and protected cycleways.

The active travel measure relied on self-report in the IPAQ, and used the number of days 

with bouts of more than 10 minutes of a given transport mode as dependent variable. As this 

was a self-report measure, recall bias and social-desirability bias may have occurred. 

Furthermore, for complexity reasons we chose not to include total minutes of walking or 

cycling for transport, and the findings can therefore not be used a guidance for increasing 

total time of transport-related physical activity, but only the presence and frequency of the 

active travel modes. In addition we did not control for car ownership which could explain in 

part high prevalence of walking behaviors in Colombia and Cuernavaca, where car 
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ownership remains low compared to other cities (Salvo et al., 2014a). Finally, the set of 

cities that were included in the study is not representative of the five continents we studied. 

Future studies would need to expand the investigation to a larger number of cities that are 

more representative of the entire global population of cities. This would allow modelling 

cities as a random factor and the data would yield more robust estimates of dose-response 

relationships.

5 Conclusion

Across culturally and geographically different countries and cities, our study underscores the 

importance of density, land-use mix, parks and street connectivity for supporting active 

travel in adults. The study adds some interesting new findings. First, a threshold effect of 

residential density on walking for transport was found, where no additional benefits were 

found above 12,000 dwellings per km2; residential density did not have a significant effect 

on cycling for transport; and built environment attributes may be more important in cities 

located in developed countries. Second, both land-use mix and street connectivity were 

important for both walking and cycling for transport. Third, there was variation across sites 

how parks were related to active transport, and especially for cycling local policies and 

cultures of park use seem to play an important role for the potential positive effect.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.

Acknowledgments

All authors declare financial support for the submitted work from the National Cancer Institute of the National 

Institutes of Health. US data collection and Coordinating Center processing was supported by the NIH grants R01 

HL67350 (NHLBI) and R01 CA127296 (NCI). The study conducted in Bogota was funded by Colciencias grant 

519_2010, Fogarty and CeiBA. The contributions of Neville Owen were supported by NHMRC Program Grant 

#569940, NHMRC Senior Principal Research Fellowship #1003960, and by the Victorian Government’s 

Operational Infrastructure Support Program. The Danish study was partly funded by the Municipality of Aarhus. 

Data collection in the Czech Republic was supported by the grant MEYS (# MSM 6198959221). Data collection in 

New Zealand was supported by the Health Research Council of New Zealand grant # 07/356. Data collection in 

Mexico was supported by the CDC Foundation which received an unrestricted training grant from The Coca-Cola 

Company. The UK study was funded by the Medical Research Council under the National Preventive Research 

Initiative. Deborah Salvo received a research grant from the CDC Foundation. Ester Cerin is supported by an ARC 

Future Fellowship (#140100085). James F Sallis received grants and personal fees from the Robert Wood Johnson 

Foundation outside of submitted work, grants and non-financial support from Nike, Inc. outside of submitted work, 

is a Santech, Inc. shareholder and is a consultant and receiver of royalties from SPARK Programs of School 

Specialty, Inc.

References

Adams M, Frank L, Schipperijn J, Smith G, Chapman J, Christiansen L, Coffee N, Salvo D, du Toit L, 

Dygryn J, Hino AA, Lai P-c, Mavoa S, Pinzon J, Van de Weghe N, Cerin E, Davey R, Macfarlane 

D, Owen N, Sallis J. International variation in neighborhood walkability, transit, and recreation 

environments using geographic information systems: the IPEN adult study. International Journal of 

Health Geographics. 2014; 13:43. [PubMed: 25343966] 

Bauman AE, Reis RS, Sallis JF, Wells JC, Loos RJF, Martin BW. Correlates of physical activity: why 

are some people physically active and others not? The Lancet. 2012; 380:258–271.

Beaglehole R, Bonita R, Horton R, Adams C, Alleyne G, Asaria P, Baugh V, Bekedam H, Billo N, 

Casswell S, Cecchini M, Colagiuri R, Colagiuri S, Collins T, Ebrahim S, Engelgau M, Galea G, 

Christiansen et al. Page 13

J Transp Health. Author manuscript; available in PMC 2017 December 01.

A
u
th

o
r M

a
n
u
s
c
rip

t
A

u
th

o
r M

a
n
u
s
c
rip

t
A

u
th

o
r M

a
n
u
s
c
rip

t
A

u
th

o
r M

a
n
u
s
c
rip

t



Gaziano T, Geneau R, Haines A, Hospedales J, Jha P, Keeling A, Leeder S, Lincoln P, McKee M, 

Mackay J, Magnusson R, Moodie R, Mwatsama M, Nishtar S, Norrving B, Patterson D, Piot P, 

Ralston J, Rani M, Reddy KS, Sassi F, Sheron N, Stuckler D, Suh I, Torode J, Varghese C, Watt J. 

Priority actions for the non-communicable disease crisis. The Lancet. 377:1438–1447.

Burnham, KP.; Anderson, DR. Model Selection and Multimodel Inference: A Practical Information-

Theoretic Approach. Springer; 2002. 

Cao X, Handy S, Mokhtarian P. The Influences of the Built Environment and Residential Self-

Selection on Pedestrian Behavior: Evidence from Austin, TX. Transportation. 2006; 33:1–20.

Cerin E, Cain KL, Conway TL, Van Dyck D, Hinckson E, Schipperijn J, De Bourdeaudhuij I, Owen N, 

Davey RC, Hino AAF, Mitas J, Orzanco-Garralda R, Salvo D, Sarmiento OL, Christiansen LB, 

MacFarlane DJ, Schofield G, Sallis JF. Neighborhood Environments and Objectively Measured 

Physical Activity in 11 Countries. Med Sci Sports Exerc. 2014; 46:2253–2264. [PubMed: 

24781892] 

Cervero R, Kockelman K. Travel demand and the 3Ds: Density, diversity, and design. Transportation 

Research Part D-Transport and Environment. 1997; 2:199–219.

Cervero R, Sarmiento OL, Jacoby E, Gomez LF, Neiman A. Influences of Built Environments on 

Walking and Cycling: Lessons from Bogotá. International Journal of Sustainable Transportation. 

2009; 3:203–226.

Christchurch City Council. Christchurch Transport Strategic Plan. Christchurch; New Zealand: 2012. 

Christiansen LB, Madsen T, Schipperijn J, Ersbøll AK, Troelsen J. Variations in active transport 

behavior among different neighborhoods and across adult life stages. Journal of Transport & 

Health. 2014; 1:316–325. [PubMed: 25506554] 

Ding D, Gebel K. Built environment, physical activity, and obesity: what have we learned from 

reviewing the literature? Health Place. 2012; 18:100–105. [PubMed: 21983062] 

Durand CP, Andalib M, Dunton GF, Wolch J, Pentz MA. A systematic review of built environment 

factors related to physical activity and obesity risk: implications for smart growth urban planning. 

Obesity Reviews. 2011; 12:e173–e182. [PubMed: 21348918] 

Eid J, Overman HG, Puga D, Turner MA. Fat city: Questioning the relationship between urban sprawl 

and obesity. Journal of Urban Economics. 2008; 63:385–404.

Ewing R, Cervero R. Travel and the Built Environment. J Am Plann Assoc. 2010; 76:265–294.

Forsyth A, Krizek K. Promoting Walking and Bicycling: Assessing the Evidence to Assist Planners. 

Built Environment. 2010; 36

Fox, J.; Weisberg, S. An R Companion to Applied Regression. SAGE Publications; 2011. 

Frank LD, Sallis JF, Saelens BE, Leary L, Cain K, Conway TL, Hess PM. The development of a 

walkability index: application to the Neighborhood Quality of Life Study. Br J Sports Med. 2010; 

44:924–933. [PubMed: 19406732] 

Gehl, J. Cities for people. Island Press; Washington, DC: 2010. 

Heinen E, van Wee B, Maat K. Commuting by Bicycle: An Overview of the Literature. Transport 

Reviews. 2009; 30:59–96.

Ivory VC, Russell M, Witten K, Hooper CM, Pearce J, Blakely T. What shape is your neighbourhood? 

Investigating the micro geographies of physical activity. Soc Sci Med. 2015; 133:313–321. 

[PubMed: 25480666] 

Kaczynski AT, Henderson KA. Environmental Correlates of Physical Activity: A Review of Evidence 

about Parks and Recreation. Leisure Sciences. 2007; 29:315–354.

Kaczynski AT, Potwarka LR, Saelens BE. Association of park size, distance, and features with 

physical activity in neighborhood parks. Am J Public Health. 2008; 98:1451–1456. [PubMed: 

18556600] 

Kennett, J.; Wall, B.; Kennett, B. Ride : the story of cycling in New Zealand. Kennett Brothers; 

Wellington [N.Z.]: 2004. 

Kerr J, Sallis JF, Owen N, De Bourdeaudhuij I, Cerin E, Sugiyama T, Reis R, Sarmiento O, Frömel K, 

Mitáš J, Troelsen J, Christiansen LB, Macfarlane D, Salvo D, Schofield G, Badland H, Guillen-

Grima F, Aguinaga-Ontoso I, Davey R, Bauman A, Saelens B, Riddoch C, Ainsworth B, Pratt M, 

Schmidt T, Frank L, Adams M, Conway T, Cain K, Van Dyck D, Bracy N. Advancing Science and 

Policy Through a Coordinated International Study of Physical Activity and Built Environments: 

Christiansen et al. Page 14

J Transp Health. Author manuscript; available in PMC 2017 December 01.

A
u
th

o
r M

a
n
u
s
c
rip

t
A

u
th

o
r M

a
n
u
s
c
rip

t
A

u
th

o
r M

a
n
u
s
c
rip

t
A

u
th

o
r M

a
n
u
s
c
rip

t



IPEN Adult Methods. Journal of physical activity & health. 2013; 10:581–601. [PubMed: 

22975776] 

Kerr JE, JA, Badland H, Reis R, Sarmiento O, Carlson J, Sallis JF, Cerin E, Cain K, Conway T, 

Schofield G, Macfarlane DJ, Christiansen LB, Van Dyck D, Davey R, Aguinaga-Ontoso I, Salvo 

D, Sugiyama T, Owen N, Mitas J, Natarajan L. Perceived Neighborhood Environmental Attributes 

Associated with Walking and Cycling for Transport among Adult Residents of 17 Cities in 12 

Countries: The IPEN Study. Environ Health Perspect 2015. 2015 Jul 17. T - aheadofprint. 

Koohsari MJ, Mavoa S, Villanueva K, Sugiyama T, Badland H, Kaczynski AT, Owen N, Giles-Corti B. 

Public open space, physical activity, urban design and public health: Concepts, methods and 

research agenda. Health & Place. 2015; 33:75–82. [PubMed: 25779691] 

Krenn PJ, Oja P, Titze S. Route choices of transport bicyclists: a comparison of actually used and 

shortest routes. International Journal of Behavioral Nutrition and Physical Activity. 2014; 11

Kwan MP. The Uncertain Geographic Context Problem. Annals of the Association of American 

Geographers. 2012; 102:958–968.

Lee ACK, Maheswaran R. The health benefits of urban green spaces: a review of the evidence. Journal 

of Public Health. 2011; 33:212–222. [PubMed: 20833671] 

Lee C, Moudon AV. The 3Ds + R: Quantifying land use and urban form correlates of walking. 

Transportation Research Part D: Transport and Environment. 2006; 11:204–215.

McCormack G, Shiell A. In search of causality: a systematic review of the relationship between the 

built environment and physical activity among adults. Int J Behav Nutr Phys Act. 2011; 8:125. 

[PubMed: 22077952] 

Nielsen TAS, Olafsson AS, Carstensen TA, Skov-Petersen H. Environmental correlates of cycling: 

Evaluating urban form and location effects based on Danish micro-data. Transportation Research 

Part D-Transport and Environment. 2013; 22:40–44.

Owen N, Humpel N, Leslie E, Bauman A, Sallis JF. Understanding environmental influences on 

walking: Review and research agenda. Am J Prev Med. 2004; 27:67–76. [PubMed: 15212778] 

R Development Core Team. Computing, t.R.F.f.S. (Ed.). R: A Language and Environment for 

Statistical Computing. Vienna, Austria: 2011. 

Saelens B, Handy S. Built environment correlates of walking: A review. Med Sci Sports Exerc. 2008; 

40:S550–S566. [PubMed: 18562973] 

Sallis JF, Floyd MF, Rodríguez DA, Saelens BE. Role of Built Environments in Physical Activity, 

Obesity, and Cardiovascular Disease. Circulation. 2012; 125:729–737. [PubMed: 22311885] 

Salvo D, Reis RS, Sarmiento OL, Pratt M. Overcoming the challenges of conducting physical activity 

and built environment research in Latin America: IPEN Latin America. Prev Med. 2014a; 

69(Supplement):S86–S92. [PubMed: 25456800] 

Salvo D, Reis RS, Stein AD, Rivera J, Martorell R, Pratt M. Characteristics of the Built Environment 

in Relation to Objectively Measured Physical Activity Among Mexican Adults, 2011. Preventing 

Chronic Disease. 2014b; 11

Seattle Department of Transportation. Seattle Bicycle Master Plan. Seattle, US: 2007. 

Van Holle V, Deforche B, Van Cauwenberg J, Goubert L, Maes L, Van de Weghe N, De Bourdeaudhuij 

I. Relationship between the physical environment and different domains of physical activity in 

European adults: a systematic review. BMC Public Health. 2012; 12:807. [PubMed: 22992438] 

Warnes, GR. Various R programming tools for model fitting, version 2.15.4.1. 2014. 

Witten K, Blakely T, Bagheri N, Badland H, Ivory V, Pearce J, Mavoa S, Hinckson E, Schofield G. 

Neighborhood built environment and transport and leisure physical activity: findings using 

objective exposure and outcome measures in New Zealand. Environ Health Perspect. 2012; 

120:971–977. [PubMed: 22456536] 

Wood, S. Generalized Additive Models: An Introduction with R. Taylor & Francis; 2006. 

Wood S, Scheipl F. Generalized additive mixed models using mgcv and lme4. 2014

Kommune, Aarhus. Cykelhandlingsplan (Actionplan for Bicycle Use). Aarhus, Denmark: 2007. 

Christiansen et al. Page 15

J Transp Health. Author manuscript; available in PMC 2017 December 01.

A
u
th

o
r M

a
n
u
s
c
rip

t
A

u
th

o
r M

a
n
u
s
c
rip

t
A

u
th

o
r M

a
n
u
s
c
rip

t
A

u
th

o
r M

a
n
u
s
c
rip

t



Highlights

• International study with comparable methods

• Associations between built environment(BE) and active 

transport(AT)

• Finding both linear and curvilinear relationships

• Adding to the discussion on generalizability across 

countries
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