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environment factors have been demonstrated to be associated with the popularity of cycling
behaviors. However, the most recent built environment cycling reviews were conducted nearly
10 years ago, and these reviews reached no clear consensus on which built environment factors
are associated with which domain of cycling behaviors. To determine the crucial features of a
cycling-friendly city, it is therefore necessary to conduct a review based on empirical studies from
the last decade (2007-2017).

Methods: Thirty-nine empirical studies published in peer-reviewed journals between 2007 and
2017 were retrieved and reviewed. The results were summarized based on built environment
factors and four domains of cycling behaviors (transport, commuting, recreation, and general).
Weighted elasticity values for built environment factors were calculated to estimate effect sizes.
Results: We found consistent associations with large effect sizes between street connectivity and
cycling for commuting and transport. The presence of cycling paths and facilities was found to be
positively associated with both commuting cycling and general cycling. However, the effects of
land-use mix, availability of cycling paths to non-residential destinations, and terrain slope on
cycling behaviors remained weak. The effects of urban density and other built environment
factors are mixed.

Conclusions: This review has demonstrated that street connectivity and the presence of cycling
paths and facilities are the two most significant built environment factors that may promote
cycling behaviors. With the emergence of advanced measurement methods for both the built
environment and cycling behaviors, further studies may overcome current research limitations
and provide robust evidence to support urban planning and public-health practice.
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1. Introduction

This review focuses on the impact of built environment factors on cycling behavior, an important form of physical activity.
Physical activity has a long-term effect on health and is thus considered by the World Health Organization one of the top five
interventions to reduce the prevalence of noncommunicable diseases (Beaglehole et al., 2011). Previous studies have found that
walking and cycling for transportation purposes can provide substantial net health benefits, after considering the risks of traffic
incidents and air pollution exposure (Mueller et al., 2015). Strong evidence demonstrates that cycling behaviors can reduce the risks
of premature death, obesity, heart disease, stroke, type II diabetes, metabolic syndrome, colon cancer and breast cancer among adults
(Oja et al., 2011; Pucher et al., 2010a,b; Rojas-Rueda et al., 2011; Rojas-Rueda et al., 2013).

Apart from the common health benefits of physical activity in general, cycling behaviors can provide additional health benefits.
Cycling particularly enhances cardiorespiratory and metabolic functions (Gotschi et al., 2016; Haennel and Lemire, 2002). For
children and adolescents, cycling can effectively improve cardiorespiratory endurance, muscular fitness, bone health, and cardio-
vascular and metabolic health (Davison et al., 2008; Voss and Sandercock, 2010). For older adults, cycling can prevent falls, reduce
depression, and enhance cognitive functions (James et al., 2013; Rissel and Watkins, 2014).

Furthermore, cycling behaviors provide opportunities to habitually accumulate other types of physical activity, by encouraging
people to engage in other forms of moderate to vigorous physical activity (MVPA) more frequently and for longer times (Kerr et al.,
2016). In addition to its minimal use of fossil fuels and moderate speed, cycling can also be regarded as a sustainable transportation
mode that helps to reduce the use of private vehicles and thus mitigates traffic congestion and improves air quality (Li et al., 2011).

Given the health and environmental benefits of cycling, researchers and policymakers seek to understand why bicycle use differs
by location and what built-environment interventions can be implemented to increase cycling levels. Previous studies of the asso-
ciations between built environments and cycling have demonstrated that several built environment factors are related to different
domains of cycling behaviors (Day, 2016; Ferdinand et al., 2012; Fraser and Lock, 2011; Heinen et al., 2010; Saelens and Handy,
2008; Wang et al., 2016). Cycling for transportation purposes was shown to be positively associated with the presence of dedicated
cycle routes or paths, the separation of cycle tracks from other vehicle paths, high urban density, short travel distances, and the
proximity to green space (Fraser and Lock, 2011; Heinen et al., 2010; Saelens et al., 2003a,b). The environmental factors negatively
associated with cycling for transportation include perceived and objective danger from traffic, long travel distances, steep inclines,
and the absence of cycle paths (Fraser and Lock, 2011; Heinen et al., 2010). Reviewers demonstrated that shorter distances and a
greater land use mix had a positive association with the proportion of people cycling for commuting, while the evidence of possible
effects of street connectivity, urban density, the perception of traffic-calming facilities and cycling infrastructure on transportation
cycling were mixed (Heinen et al., 2010). For reviews that did not differentiate the domains of cycling, diversely functional and
accessible bicycle parking facilities have been found to increase the likelihood of engagement in cycling behaviors (Heinen et al.,
2010; Wang et al., 2016).

Recently, researchers have debated whether a highly walkable built environment also promotes cycling behaviors, or in other
words, whether walkability equates to bikeability (Muhs and Clifton, 2016). Some researchers have proposed that certain built
environment factors, e.g. high urban density, short distance to non-residential destinations, and mixed land use, may promote both
walking and cycling behaviors (Saelens et al., 2003a,b; Wang et al., 2016), while others concluded that walking and cycling have
different associations with built environment characteristics. For example, cycling behaviors were significantly affected by the
presence of cycling infrastructure, such as cycling paths/lanes, and parking facilities, while walking behaviors were not (Buehler and
Pucher, 2011).

Existing reviews of built environment-cycling associations have a few limitations. First, most of the reviews tended to focus on
cycling for transportation purposes. Second, those reviews were conducted nearly 10 years ago (Fraser and Lock, 2011; Heinen et al.,
2010; Pucher et al., 2010a,b). Third, the effect sizes for different built environment factors were not estimated. Hence, it is difficult to
predict the effectiveness of any planning interventions. Fourth, none of these reviews included any evidence from developing
countries, despite the prevalence of cycling as a major transportation mode in such countries. In China, for example, several large
public bicycle-sharing programs, e.g. Mobike, provide an affordable and convenient means of shared transportation for short trips.
Since the launch of such programs in 2015, the use of bicycles in China has surged, with nearly 19 million Chinese people now using
cycling for their first-mile and last-mile trips (Tsing Hua University Planning and Design Institution and Mobike, 2017). Hence, it is
vital to summarize the evidence from recent studies of built environment-cycling associations, as these studies cover a broader scope
of geographical locations with different social and urban contexts.

In this review, we performed a meta-analysis to estimate the effects of individual built environment factors of relatively small
magnitude on cycling, which are difficult to identify in any single study. Meta-analyses can synthesize outcomes from different
studies, and calculate and compare the effect sizes across a range of outcomes in different contexts and sample sizes (Borenstein et al.,
2009). For example, Ewing and Cervero (Ewing and Cervero, 2010) conducted a meta-analysis of more than 50 studies on asso-
ciations between built environment and travel behaviors, with the aim of quantifying the effect sizes and updating earlier related
work.

Meta-analyses are useful but also controversial; some limitations are that the results of weaker studies may contaminate those of
stronger ones if the results of such different-strength studies are combined, and that choosing published articles may lead to pub-
lication bias, given that results with statistical significance are more likely to be published (Rothstein et al., 2005). Despite these
caveats, well-designed meta-analyses can effectively summarize existing evidence and guide future research, hence these are widely
used in public health and planning fields (Bartholomew and Ewing, 2009; Cerin et al., 2017; Sharmin and Kamruzzaman, 2017).

In sum, we reviewed studies on the associations between the built environment and cycling behaviors conducted between 2007
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and 2017. We also estimated the effect sizes of those built environment factors based on elasticity values. Finally, we summarized the
evidence and discussed potential directions for future research.

2. Method

The data analysis method closely followed that used in Saelens and Handy's review (Saelens and Handy, 2008). These researchers
identified 13 studies published between 2002 and 2006 and another 29 between 2005 and 2006 that focused on the link between
walking and the built environment. Day's subsequent review of the correlation between the built environment and physical activity
confirmed the replicability and reliability of the method used by Saelens and Handy (Day, 2016). However, Saelens and Handy
focused on walking in developed countries and Day focused on physical activity in China, this review focuses on built environment-
cycling studies in both developed and developing countries published between 2007 and 2017.

2.1. Search terms and criteria

The terms entered into the Web of Science search engine comprised one term from “cycling,” “bicycle,” “bicycling,” “bike,” “bike
use,” and one term from “built environment,” “physical environment,” “urban form,” “urban”. The search field was limited to articles
published in peer-reviewed journals in any country and for any population group between 2007 and 2017.

We screened the abstracts of 852 articles in the database and removed those that failed to meet all four criteria below. In the end,
our review database consisted of 39 full-text articles, comprising studies which:

” « ” @

1) measured cycling as an individual transport mode or physical activity—instead of being integrated with other modes, such as
walking;

2) examined the association between cycling and certain aspects of objective and/or perceived built environment;

3) were published as a research paper in a peer-reviewed journal between 2007 and 2017;

4) were written in English.

The workflow of literature review was shown in Fig. 1 (see Fig. 1). Studies that only addressed the impact of social, cultural, and
economic factors, such as household incomes, and personal attitudes, were excluded. In studies examining multiple factors, the
results for socio-economic and cultural factors were not considered. The built environment factors were urban design, land use, and
transportation system, which are much broader than the scope of physical environment (Handy et al., 2002). Studies that examined
only the physical environment were also considered in our review database.

2.2. Review scheme

We followed Saelens and Handy's (2008) approach and selected our review scheme from the first 10 papers. The initial aspects we
selected to review comprised the sample size, the data source of the built environment, the factors of the built environment examined,
and the units of geographical analysis. After these 10 papers had been reviewed, the research scheme was revised for optimization.
Four new query aspects were added: study country, domains of cycling, control variables, and whether self-selection was considered.
All the papers were reviewed again according to the new optimized research scheme, and the findings were summarized and pre-
sented in a detailed table (see Table A.1).

2.3. Summary tables

Table A.1 lists the following information from each paper: study country, sample, source of built environment data, built en-
vironmental factors, geographical analyzing units, cycling metrics, controlled variables, whether self-selection was controlled, and
results. The term “cycling metrics” refers to the attributes of cycling behavior, such as duration, frequency, choice of route, and
proportion of the cycling population. Self-selection refers to the tendency of people to choose their neighborhood of residence based
on their travel abilities, needs and preferences (Naess, 2009). Hence, the associations observed between built environment and
cycling may be explained by personal attitudes and preferences, rather than a true impact of built environment on cycling. Studies
usually attempted to control for residential self-selection, and confounding factors included attitude variables (AT), socioeconomic
variables (SE), weather variables (WE), level of service variables (LE), station variables (ST), and other variables (OT), which referred
to the categories and approaches listed in a review conducted by Cao and Mokhtarian (Cao et al., 2009).

Table A.2 elaborates on the details provided in Table A.1. Built environment factors were categorized in terms of measurement
method (perceived or objective measures) and scale (micro, meso, or macro). Microscale environment is that immediately sur-
rounding the respondents, such as streetscape and cycling path design; mesoscale environment refers to the medium-scale en-
vironments in which respondents lived, such as neighborhoods or census tracts; and macroscale environment refers to large en-
vironments such as cities or countries. We identified 12 built environmental factors from the 39 papers covered in our review study
(Fig. 2): density, land use mix, availability of non-residential destinations, accessibility of public transport, street connectivity,
availability of green spaces, terrain slope, aesthetics/attractiveness, presence of cycling paths and facilities, cycling safety design
features, cycling paths/minor roads length, and composite variables. The classification followed and developed from previous re-
views (Day, 2016; Saelens and Handy, 2008; Wang et al., 2016).
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Terms for cycling behavior Terms for built environment
« cycling « built environment
* bicycling AND * physical environment
* bicycle « urban form
* bike e urban
« bike use

852 articles retrieved and screened from Web of Science database.

Articles included based on following criteria after reading abstract

o measured cycling as an individual transport mode or physical activity —instead of being
integrated with other modes, such as walking;

« examined the association between cycling and certain aspects of objective and/or perceived
built environment;

« were published as a research paper in a peer-reviewed journal between 2007 and 2017;

o were written in English.

39 full-text articles were accessed and analyzed.

Fig. 1. Workflow of the literature review.

Table 3 is extracted from Table A.2; it underlines the directions of built environment-cycling associations (e.g. expected, un-
expected/null). Based on planning theory and previous literature, a greater or better condition of a built environment factor was
“expected” to associate with a higher level of cycling behavior (Saelens and Handy, 2008). For terrain slope and slope-related factors,
a negative association with cycling was marked as expected, whereas a positive association was regarded as unexpected. For the other
11 factors, positive associations were marked as expected, whereas negative associations were marked as unexpected. Any insig-
nificant associations were marked as null (Saelens and Handy, 2008).

Based on the data collected on cycling purposes, four domains of cycling were identified: transportation, commuting, recreation,
and general cycling, followed by the physical activity domains defined in Day's study (Day, 2016). Cycling for transportation pur-
poses was defined as the use of bicycles to travel from one place to another, while cycling for commuting purposes was defined as
traveling from home to a place of work or study (Herlihy, 2011). We categorized commuting cycling as an individual domain because
many empirical studies treat it as a separate outcome, although commuting is usually classified as one subtype of transportation.
Cycling for recreation was defined as the voluntary use of a bicycle for satisfaction, pleasure, or creative enrichment (Horner and
Swarbrooke, 2005). Studies that did not clearly indicate cycling purposes were classified as general cycling.

2.4. Weighted average elasticity values of built environmental factors

We calculated elasticity values from the 39 studies and then computed the average elasticities weighted by sample size for all 12
factors (see Table 4). The elasticity values were unit-free measures of the magnitude of built environment-behavior associations,
making it possible to compare the effect size of different built environment factors from various studies with different social and built
environment contexts and different estimating techniques for both built environmental factors and cycling behaviors. Elasticity is
defined as the percentage change in a variable associated with a 1% increase in another interest variables, and has been widely used
in recent sensitivity analyses, especially of the built environment and in travel mode studies (Munshi, 2016; B. D. Sun et al., 2017;
Zhang, 2004). For instance, if a 1% increase in population density is associated with a 0.3% increase in cycling time, then the
elasticity value will be 0.3.



Y. Yang, et al. Journal of Transport & Health 14 (2019) 100613

‘ Density J 0y

Transportation
Land Use Mix

Access to Non-residential Destination

Accessibility of Public Transit Services

— N Y Y Y

=
Street/ Route Connectivity Commuting
Open Space/ Green Space g
Low Slope }
p 5 N
{ Aesthetics/ Attractiveness
/ Recreation
( Cycling Facilities/ Cycling Paths \_
Cycling Safety }
Length of Cycling Paths/Minor Roads/ Sidewalks J
p: General
{ Composite J
b N

Fig. 2. The strengths of associations between built environmental factors and different cycling purpose. Strong associations (the number of expected
results was greater than twice the sum of unexpected and null results) are shown as dark blue lines. Emerging associations (where the number of
expected results was more than the sum of unexpected and null results but less than twice of the sum) are shown as light blue lines. (For inter-
pretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)

Table 1
Elasticity calculation formulas.
Regression model Elasticity Formula
Linear X
B x 7
Log-log ¢
Logistic o Y
BxXx(1- o

Note: B is the regression coefficient on the built environment
factors in a specified study. Y refers to the mean value of the
cycling behavior in a specified study, and X refers to the mean
value of the built environment factors. % is the mean estimated

probability of occurrence.

Table 2
Number of studies available for the computation of weighted average elasticity by sample size. Weighted elasticity values were calculated if there
were at least three candidate studies (shown in the bolded font).

Number of Available Studies

Transport Commuting Recreation General
Density 4 0 0 0
Land use mix 3 0 0 0
Availability of non-residential destinations 1 0 0 0
Accessibility of public transport 0 0 0 0
Street connectivity 4 4 0 0
Availability of green spaces 1 0 0 3
Terrain slope 0 0 0 3
Aesthetics/attractiveness 1 0 0 0
Presence of paths and facilities 5 3 0 3
Cycling safety design features 6 0 0 0
Cycling paths/minor roads length 0 0 0 0
Composite variables 0 0 0 0
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Table 3

Strength of association grouped according to environmental factors and domains of cycling and expected evidence (+ ), unexpected evidence (—)
and null (0) results. One study may have multiple results. Strong evidence (where the number of expected results was more than twice the sum of the
unexpected and null results) is shaded in dark blue; emerging evidence (where the number of expected results was more than the sum of unexpected
and null results but less than twice of the sum) is shaded in light blue.

Transportation Commuting Recreation General

Built Environment Factors + - 0 + - 0 + - 0 + -0

Density 3 6 2 0 1 2 1 31 2 4 1

Land use mix 7 8 1 2 1 0 0 6 1 2 3 0

Availability of non-residential destinations |5 1 11 1 0 0 1 3 1 2 1

Accessibility of public transit 1 3 1 0 2 1 0 o 0 0 3 2

Street connectivity |2 3 13 0 1 4 2 2 2 1 6

Availability of green spaces 4 5 2 2 1 0 1 1 1 3 1 0

Terrain slope 2 2 2 1 1 0 0 2 0 3 1 1

Aesthetics/attractiveness 3 6 1 1 1 0 0 32 3 0 1

Presence of cycling paths and facilities 5 7 2 |5 1 1 0 2 1 5 0 0

Cycling safety design features 0 12 3 3 4 0 1 5 2 4 2 1

Cycling paths/minor road lengths 1 2 1 1 1 0 0 31 0 1 2

Composite variables 2 1 0 1 1 0 0 1 0 0 1 0

Table 4
Weighted average elasticity values of built environment factors.
Elasticity value
Transport Commuting Recreation General

Density < 0.01 - - -
Land use mix 0.09 - - -
Availability of non-residential destinations - - - -
Accessibility of public transit - - - -
Street connectivity 0.08 0.39 - -
Availability of green spaces - - - 0.27
Terrain slope - - - 0.26"
Aesthetics/attractiveness - - - -
Availability of cycling facilities/paths 0.07 0.28 -
Cycling safety design features 0.04 - - -

Cycling paths/minor road lengths - - - _
Composite variables - - - -

@ Sign was reversed for terrain slope.

The calculations of elasticities for individual studies were conducted in one of two ways (Ewing and Cervero, 2010). We either: (1)
found elasticity values reported in papers; or (2) calculated a value from regression coefficients and the mean values of dependent
and independent variables. For method (2), we used the formulas in Table 1 to compute elasticity values, depending on the types of
regression method used to estimate coefficient values. Using formulas to calculate elasticity from mean values may result in an error
in estimated results because the difference between the mean and individual values of elasticities can be significant. Train mentioned
that “the probability evaluated at the average utility underestimates the average probability when the individuals’ choice prob-
abilities are low and overestimates when they are high” (Train, 1986, p. 42). When the elasticity is calculated over a curve re-
lationship, it refers to an arc elasticity. However, due to the limited accessibility of raw data, we nevertheless used the mean values to
calculate the elasticities quoted in this review.

The weighted average elasticity of each built environment factor was calculated according to three conditions: 1) studies reported
significant results of a built environmental factor; 2) studies reported descriptive statistics of dependent and independent variables,
which are necessary to compute elasticity value; and 3) at least three studies were available. Number of candidate studies used to
calculate weighted average elasticity values are shown in Table 2. Ten of the 39 studies included in this review for computations of
weighted average elasticity used objective measurement of the built environment factors. Only one study (Ma and Dill, 2015) that
used perceived measures to compute weighted average elasticity was included, while other studies using perceived measures did not
report adequate descriptive statistics for elasticity calculation.

3. Results
3.1. Study sample

We reviewed 39 studies published between 2007 and 2017 focusing on associations between built environment and cycling. Most
studies (33 out of 39) were conducted in developed countries; three studies were conducted in developing countries; and three studies

were conducted in multiple countries including both developing and developed countries. The top three studied countries were the
United States (12 studies), Belgium (10), and Australia (9). There were also studies conducted in developing countries such as Brazil
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(3), China (2), Colombia (3), and Mexico (2). The criteria used to define a country as “developed” and “developing” followed the
Standard Country or Area Codes for Statistical Use (M49) published by the United Nations (United Nations, 1999).

Five studies focused on children or adolescents, and four focused on older adults. In terms of sample size, over 60% of studies
recruited fewer than 5000 participants, while 14 of 39 studies recruited fewer than 1000 participants. Studies conducted in multiple
cities usually recruited more than 10,000 participants.

3.2. Built environment

Most of the studies (20 out of 39) focused on the impact of the built environment at mesoscale (at neighborhood level) and
collected built environmental factors within a buffer of a respondent's residential locations.

3.2.1. Perceived or objective measures

In terms of the measurement of built environment factors, objective measures were used in 26 of the 39 studies; perceived
measures were used in 22 studies; and perceived and objective measures were simultaneously used in 9 studies. While one paper
suggested that both perceived and objective measures had distinct effects on cycling behaviors (Ma and Dill, 2015), other studies
argued that the effects of perceived measures were slightly more reliable than those of objective measures (Orstad et al., 2017).

3.2.2. Data collecting method

For objective measures, Geographic Information System (GIS) technology, combined with census data and open source urban
land-use data, has been widely used to identify objective built environment measures. Recent studies have also used advanced
methods to improve the accuracy of measurement, such as the Normalized Difference Vegetation Index (NDVI), a greenness index
based on satellite remote sensing images (Tilt et al., 2007).

For perceived measures, interviews and questionnaires were the most common data-collection methods. In particular, the
Neighborhood Environment Walkability Scale (Cerin et al., 2006; Saelens et al., 2003a,b; Sallis, 2002) was the most widely used
questionnaire to measure mesoscale built environments; various versions of this questionnaire have been developed and validated in
different study areas. Besides standard questionnaires or interviews, one recent study has exploited the opportunities of using si-
mulated photos to survey perceptions of proposed built environment changes (Ghekiere et al., 2015).

3.2.3. Built environment factors

In our review database, cycling safety design features (addressed in 32 of the 39 studies) were the most widely studied aspect of
the built environment, followed by street connectivity (26 of 39 studies), presence of cycling paths and facilities (23 of 39 studies),
and land use mix (22 of 39 studies).

3.3. Cycling

3.3.1. Domains of cycling
We found that 23 of the 39 studies examined cycling for transportation. Nine studies examined cycling for commuting and eight
for cycling for recreational purposes, respectively. Ten studies focused on general cycling behaviors.

3.3.2. Data collection method

The most common method of collecting cycling data, such as cycling time and frequency, was by questionnaires. Fourteen studies
used the International Physical Activity Questionnaire (IPAQ) or a modified IPAQ, whereas many other studies developed their own
questionnaires. The participants were asked to report the duration or frequency of their cycling activity during a given period, and/or
their willingness to cycle for different purposes.

In studies focusing on microscale built environment, some researchers used a mapping method, e.g. retracing a cycling route on a
map to collect participants' cycling route choice, which is an important indicator of participants’ preference of cycling environment
(Snizek et al., 2013). In studies focusing on macroscale built environment attributes, such as at city level and/or across countries, the
proportion of the cycling population and the count of cyclists in specific places were also widely used to measure cycling behaviors
(Buehler and Pucher, 2011).

3.4. Associations between cycling and the built environment

A built environment factor was identified as strong evidence if the number of expected results was more than twice the sum of the
unexpected and null results; a factor was identified as an emerging evidence if the number of expected results was more than the sum
of unexpected and null results but less than twice of the sum. In terms of transportation cycling, there was strong evidence for an
association with street connectivity (11 expected results vs. 5 unexpected/null), and availability of non-residential destinations (5 vs.
2), and emerging evidence for an association with a composite index (2 vs. 1) (Table 3). However, the evidence for an association
with other built environment factors was weak (i.e. the number of expected results was less than or equal to the number of
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unexpected results).

For commuting cycling behavior, there was strong evidence of an association with street connectivity (3 vs. 1) and presence of cycling
routes/paths (5 vs. 2), and emerging evidence for an association with land use mix (2 vs. 1) and availability of green spaces (2 vs. 1).

The results regarding recreational cycling behavior were less clear, partly because there were fewer of these. We did observe
distinct evidence in these studies for associations between recreational cycling and any built environmental factors, although there
was inconclusive evidence for an association with street connectivity, given the equal number of expected and unexpected/null
results (4 vs. 4).

For general cycling behavior, strong evidence was found of an association with the presence of cycling routes/paths (5 vs. 0), open
space and green space (3 vs. 1), and aesthetics and attractiveness (3 vs. 1); and emerging evidence was found for an association with
terrain slope (3 vs. 2), and cycling safety design features (4 vs. 3).

3.5. Elasticity values of built environmental factors

We calculated elasticity values from individual studies in our review database. Table 3 shows the weighted average elasticity
values of 12 built environmental factors on different domains of cycling. For transport cycling, land use mix had the largest elasticity
value of 0.09, which meant that a 1% increase in land use mix was associated with a 0.09% increase in cycling for transport. Street
connectivity had the second largest elasticity value of 0.08, while other factors had relatively small elasticity values below 0.05. For
commuting cycling, both street connectivity (0.39) and availability of cycling facilities/paths (0.28) have relatively large elasticity
values.

4. Discussion

In this study, we conducted an updated review of the associations between the built environment and cycling behaviors based on
39 empirical studies conducted in 2007-2017. The results showed that different domains of cycling behaviors (transport, commuting,
recreation, and general) may have different associations with built environment factors. Consistent and positive associations were
found between street connectivity and cycling for transportation and commuting purposes, which suggests that street connectivity
may be a fundamental requirement for cycling behaviors. The presence of cycling paths and facilities and open/green spaces was
associated with both commuting and general cycling behaviors, which suggests that these two factors are more important for
commuting cycling than other domains.

The land use mix, availability of paths to non-residential destinations, and composite variables are only associated with certain
domains of cycling, and show less evidence of an association with general cycling. By contrast, low slope and cycling safety are only
associated with general cycling but show less evidence of association with any specific domains. However, it is still difficult to draw
definitive conclusions about these specific associations given the limited number of available studies. A future review of a sufficient
number of studies, especially those simultaneously considering different domains of cycling behaviors, is warranted; such a review
may unequivocally demonstrate the relationship of particular built environment characteristics with particular cycling behaviors
(Ferdinand et al., 2012).

4.1. Comparison with previous reviews

Previous reviews suggested that land use mix and provision of bicycle parking facilities may increase the likelihood of engage-
ment in general cycling (Saelens et al., 2003a,b; Wang et al., 2016). We found strong evidence in results from studies during
2007-2017 for associations between general cycling and availability of green spaces, terrain slope and availability of cycling fa-
cilities/path. All three factors had relatively large elasticity values.

Previous reviews found significant associations between transport cycling behaviors and the presence of cycle routes/paths, high
population density, availability of non-residential destinations, and availability of green space, and terrain slope (Fraser and Lock,
2011; Heinen et al., 2010; Saelens et al., 2003a,b). The results of the 2007-2017 studies regarding transport cycling found strong
associations with street connectivity, and emerging associations for the influence of availability of non-residential destinations and
composite factors upon cycling behaviors, although the elasticity values for these factors was relatively small.

For commuting cycling, previous reviews document strong associations with land use mix (Heinen et al., 2010). This review also
found evidence of consistent associations between commuting cycling and land use mix, and constant associations with the avail-
ability of green space, street connectivity, and presence of cycling paths and facilities. The latter two factors also had relatively large
elasticity values. This indicates the great importance of land use mix and green spaces and the increasing importance of street
connectivity and cycling paths/facilities in promoting commuting cycling.

However, the recreational cycling findings of the 2007-2017 studies showed no clear association with most of the environmental
factors. The unexpected/null results outnumbered expected results for any environmental factors, which echoed findings from
previous reviews (Day, 2016; Saelens et al., 2003a,b).

In contrast with the findings of previous reviews, our review did not reveal a clear association between cycling behaviors and
urban density. This contrasting result may be explained by increased ranges of urban density arising from a broader scope of
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geographical locations covered in this review. That is, this review included studies conducted in both developed and developing
countries, while previous reviews included only studies conducted in developed countries (Christiansen et al., 2016). In addition,
cities classified as “high density” in China and South America may be several times denser than “high-density” cities in Europe, North
America and Australia. Indeed, researchers have recently indicated that different ranges of urban density may account for the
inconsistent influence of urban density on physical activity (Gomez et al., 2010; Lu et al., 2017; Su et al., 2014; Szeto et al., 2017).

4.2. Objective measures vs. perceived measures

In addition to more evidence of associations between the built environment and cycling, studies in the past decade have in-
corporated significant methodological developments in addressing some limitations raised in previous reviews (Christiansen et al.,
2016; Cole-Hunter et al., 2015; Day, 2016; Fraser and Lock, 2011; Ma and Dill, 2015). One such development was to explore the
relationship between the objective and perceived built environment. The objective measures of built environment factors are often
obtained from existing GIS data or field audits, while perceived measures are often collected based on an individual's perception of
built environment features (Brownson et al., 2009). The results obtained from objective measures can be repeated and hence are more
reliable than results from perceived measures. However, perceived measures reflecting individual exposure and perceptions of the
built environment, and thus may complement and inform studies based on objective measures (Ma and Dill, 2015). For example,
safety and aesthetics are typically assessed by subjective measures, but objective measurement of these factors is warranted in further
studies.

4.3. Bikeability and walkability

As mentioned at the beginning of this review, researchers have debated whether built environment factors promoting walking
also promote cycling (Muhs and Clifton, 2016). Previous reviews suggested that higher-density neighborhoods with more diverse
land use and greater street connectivity may promote walking behaviors (Saelens and Handy, 2008; Wang et al., 2016). However, we
did not find a close relationship between walkability and bikeability, as only street connectivity was positively associated with
cycling. Recent empirical studies investigating walking and cycling simultaneously have also argued that walking and cycling are
affected by different built environment factors, and to a different extents (Muhs and Clifton, 2016; Ton et al., 2019).

4.4. Planning and policy applications

This meta-analysis provides the elasticity values of various built environment measures on cycling behaviors from pooled samples.
These values may be useful for urban planners and policymakers for providing rough forecasts on baseline cycling behaviors for new
urban design projects, or of potential changes in cycling behaviors after design interventions in existing urban areas. Previous reviews
have already suggested the utilization of elasticities, and the new elasticities calculated in this review could also be used in similar
situations (Cervero, 2006; DKS Associates, 2007; Johnston, 2004; Walters et al., 2000). Furthermore, a potential application of
elasticities may be to estimate health outcomes. Knowledge of regular cycling behaviors, as a common form of physical activity, is
critical to predicting health conditions. Therefore, a potential increase in cycling can be used to project the potential health impacts of
urban design interventions. Similarly, it can also be used to estimate the reduction of greenhouse gas emissions or air pollution,
because cycling can reduce private vehicle use.

4.5. Limitations

There are three limitations to this review. First, because we only reviewed articles written in English, the results of research
written in other languages were not considered. However, this review has covered a broader range of geographical locations, in-
cluding both developed and developing countries, whereas previous reviews largely focused on developed countries (Christiansen
et al., 2016).

Second, only five studies covered in this review involved children or adolescents. Being active during childhood has been found to
decrease several health risk factors and enhance quality of life in later years (Aires et al., 2011; Bailey et al., 2012; Maki-Opas, de
Munter, Maas, den Hertog and Kunst, 2014). Future studies should thus pay more attention to children's and adolescents' cycling
behaviors, due to the increasing trend of obesity among young people (Cai et al., 2017).

Third, it was still a challenge to assess causality from the 2007-2017 studies. Most recent studies have used cross-sectional
research design, making it difficult to determine whether the built environment alters residents’ cycling behaviors or if cyclists choose
to live in areas with cycling-supporting built environment characteristics. To address this limitation, natural experiment research
designs should be implemented to examine causal relationships. For example, researchers from Perth made an attempt to address this
issue by conducting a RESIDE project, a longitudinal natural experiment to compare cycling behaviors of people before and after
moving into a new residence (Badland et al., 2013). The results demonstrated that changes in both objective and self-reported built
environment characteristics were associated with changes in transport cycling and recreational cycling. This longitudinal
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experimental design enabled the researchers to study the effects of neighborhood design on cycling behaviors while controlling for
individual attitudes toward cycling and other health-related behaviors.

4.6. Future directions

As objective measurements of built environments can avoid potential bias in self-reported data, big data in conjunction with
machine learning techniques offer unprecedented opportunities for objectively measuring fine-grained built environment char-
acteristics. Open source data have been widely used in recent urban studies (Cole-Hunter et al., 2015; Hino et al., 2014; Y. R. Sun
et al., 2017). OpenStreetMap, Points of Interest, and Google Street View (GSV) provide plenty of opportunities to quantify built
environment metrics, such as street networks and streetscapes (Lu, 2018; Y. R. Sun et al., 2017; Wang et al., 2019a, 2019b). Computer
vision is one of the most popular machine learning applications and is used mainly for object recognition. GSV and other image
databases can help researchers to develop image recognition methods to measure the built environment. SegNet is a notable ap-
plication developed by the University of Cambridge: it is a fully convolutional deep neural network architecture for semantic pixel-
wise segmentation, trained to classify urban street images into 12 categories, such as ‘sky’, ‘building’, ‘road’, ‘pavement’, and ‘tree’,
enabling much more reliable assessment of the percentage of streetscape design elements (Badrinarayanan et al., 2017). Researchers
have also developed several objective variables to measure urban greenness, such as NDVI, measured using high-solution satellite
remote images, and GSV eye-level greenness (Cole-Hunter et al., 2015; Lu et al., 2018). The advance of machine learning methods
may significantly improve the accuracy of estimating a person's environment exposure (e.g. eye-level greenness, building density),
and is more time- and cost-effective than field audits.

As perceived data can reflect individual exposure and perceptions of the built environment, it would be better for such data to be
measured objectively. To this end, portable sensing technologies, notably GPS technology, have enhanced the capacity for recording,
measuring, and analysis of human behaviors, and use of these would thereby avoid the bias of self-reported built-environment data.
The emergence of advanced equipment, such as eye tracking or mobile electroencephalography, may enable the assessment and
recording of the psychological impact of environments on individuals, and hence provide opportunities for researchers to develop an
enhanced understanding of the relationship between the perceived environment and cycling behaviors (Mavros et al., 2016).

Such technological advancement may also reduce the cost of collecting detailed behavioral data. Crowd-sourced GPS data and
physical-activity apps are emerging methods of collecting large samples of cycling data (B. D. Sun et al., 2017). However, the extent
to which app users represent the total population of cyclists in a given city remains unclear (Selala and Musakwa, 2016). In China,
public bicycle-sharing programs have attracted millions of people back to cycling. These shared bicycles are usually equipped with
GPS technology and the data of the routes on which these bicycles are taken are collected (Tsing Hua University Planning and Design
Institution and Mobike, 2017). Such data may help researchers use large sample sizes to further explore the association between the
built environment and cycling behaviors.

Most of the 2007-2017 studies were still conducted in cities of Europe, North America, and Australia, although some emerging
studies were conducted in cities of developing countries, such as Brazil, China, Colombia, and Mexico. Future studies should pay more
attention to the cities of Asia and South America, where governments are investing in cycling infrastructure and cycling is becoming
more and more popular. Furthermore, given the fact that cycling behaviors may be influenced by local culture and vehicle ownership,
the studies conducted in a broader range of geographical locations may improve our understanding of the relationships between the
built environment and cycling in diverse urban and cultural contexts.

This review focused on the unique characteristics of cycling, and studies with the same research framework will provide better
guidance for policymakers, urban planners and designers in creating a cycling-friendly urban environment, including more specific
recommendations for different demographic groups and different cities.

5. Conclusion

This review summarizes the recent evidence (2007-2017) of the relationship between cycling and various built environment
characteristics. A positive and consistent correlation between street connectivity and cycling for commuting and other transportation
purposes was found. In addition, the presence of cycling paths and facilities was found to be positively associated with both com-
muting cycling and general cycling. There were weak or mixed associations with other built environment factors, such as land use
mix and density. With the emergence of advanced measurement methods, future studies should overcome current limitations and
support improved urban planning and public-health practice to increase uptake of cycling.
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