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Preface to “Walkable Neighborhoods” 

It is now widely recognized that individual-based motivational interventions alone are 
not sufficient to address the global pandemic of physical inactivity (lack of exercise and too 
much sitting time). There has been a growing interest in the effect the physically built 
environment can have on people’s active behaviors. The fundamental assumption is that 
surrounding physical environments can support active behaviors among a large number of 
people with long-term effects. This topic has received much attention over the last decade, 
mainly in the three fields of urban design, public health, and transportation. This Special Issue 
aims to provide multidisciplinary and evidence-based state-of-the-art research on how the 
locations where people live impact their active behaviors and health outcomes. 

Koichiro Oka and Mohammad Javad Koohsari 
Guest Editors 
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Abstract: There is a growing recognition of the role of built environment attributes, such as streets,
shops, greenways, parks, and public transportation stations, in supporting people’s active behaviors.
In particular, surrounding built environments may have an important role in supporting healthy
active aging. Nevertheless, little is known about how built environments may influence active
lifestyles in “super-aged societies”. More robust evidence-based research is needed to identify how
where people live influences their active behaviors, and how to build beneficial space in the context of
super-aged societies. This evidence will also be informative for the broader international context,
where having an aging society will be the inevitable future. This commentary sought to move
this research agenda forward by identifying key research issues and challenges in examining the
role of built environment attributes on active behaviors in Japan, which is experiencing the longest
healthy life expectancy, but rapid “super-aging”, with the highest proportion of old adults among its
population in the world.

Keywords: urban design; active living; aging; physical activity; sedentary behavior; age-friendly
environments

1. Built Environments, Physical Inactivity, and Aging

Physical inactivity (defined as lack of exercise and prolonged sitting time) is one of the leading
risk factors for most chronic diseases [1,2]. For example, a systematic review using meta-analysis found
an inverse relationship between physical activity and type 2 diabetes [3]. Another recent meta-analysis
review of 47 studies demonstrated the association between too much sitting time with chronic disease
risk, regardless of time spent in physical activity [4]. Nevertheless, the rate of physical inactivity has
been constantly increasing across the world over the last decades [5]. For instance, a study using
pooled data from 76 countries found one in five adults in the world is physically inactive [6].

Motivating individuals to make lifestyle changes is important in promoting physical activity and
reducing sedentary behavior [7]. However, since people’s daily active behaviors are highly habitual
(not involving conscious decisions), such interventions targeting individual motivation may not be
totally effective [8]. There is a growing recognition of the role of built environment attributes, such as
streets, shops, workplaces, greenways, parks, and public transportation stations, in supporting people’s
active behaviors [9,10]. For instance, an international study using data from 14 cities worldwide found
built environment attributes, including higher residential density, well-connected street network,
availability of public transport, and higher number of parks, to be positively associated with adults’
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physical activity [11]. The fundamental assumption is that even if the effects of built environment
interventions on each person’s behavior is small, the overall population effect can be large, and these
effects may be sustained over a relatively long-term period [12].

The world population is aging, with the number of persons aged 60 or over expected to be more
than double by 2050, compared to 2017, and the number of super-aged societies has been continually
increasing [13]. According to the United Nations, a super-aged society refers to a society where more
than 20% of their total population is aged 65 years and older. People’s ability to be active and their
mobility gradually declines as they age; because of their declining physical function [14]. Older
adults may be interested in doing physical activity, but their physical function may substantially limit
their mobility. Therefore, their surrounding immediate environment may play an important role in
supporting healthy active aging [15,16]. While few studies exist in other regions [17,18], there are
many studies examining associations of environmental attributes with active behaviors conducted
in developed societies in New Worlds, such as the United States, Canada, and Australia (which
are characterized by a Western colonization history, high car dependency, and large proportions
of relatively young immigrants). In particular, little is known about how such attributes may
influence active lifestyle in super-aged, non-anglosphere societies, such as Japan and Germany [15,19].
For example, in a recent systematic review of built environment attributes related to older adults’ active
travel, only one study (out of 42) was conducted in Japan (and no studies were from Germany) [19].
More robust evidence-based research is needed to identify how where people live influences their active
behaviors, and how to build beneficial space in the context of super-aged societies. This evidence will
also be informative for the broader international context, where having an aging society will be the
inevitable future.

This commentary sought to move this research agenda forward by identifying key research issues
and challenges in examining the role of built environment attributes on active behaviors in Japan,
which is experiencing the longest healthy life expectancy, but rapid “super-aging”, with the highest
proportion of old adults among its population in the world.

2. Key Issues in Activity-Friendly Built Environment Research in Japan

Although the Japanese are the healthiest population in the world, the rate of physical inactivity is
increasing in Japan, following the global trend. For instance, according to a study using a nationally
representative sample of Japanese adults, the number of adults’ daily walking steps has gradually
decreased since approximately 1998–2000 [20]. Japanese adults also reported the highest amount of
sitting time per day among 20 countries [21]. In addition, Japan is already a super-aged society with
26.6% of its total population aged 65 years and over in 2015 [22]. Therefore, promoting physical activity
has become one of the major public health targets in Japan. “Health Japan 21”—the national plan for
health promotion—emphasizes the importance of environments for supporting an active and healthy
lifestyle [23].

Several studies conducted in Asian countries examined how environmental attributes can
influence active behaviors [24–26]. Similarly, the associations between built environment attributes
and active behaviors have been investigated in several previous studies in Japan [27–34]. For instance,
several perceived environmental measures, including residential density, access to shops, sidewalk
availability, and availability of bike lanes, were found to be positively associated with adults’ physical
activity in two areas in Japan [28]. Another study found objective measures of population density
and the presence of parks to be positively associated with Japanese older adults’ leisure physical
activity [33]. And, a recent Japanese study found that residents who lived in areas with well-connected
streets were likely to report more walking and less driving, compared with those who lived in
less-connected areas [31]. These studies shed light on better understanding the environmental
correlates of active behaviors in Japan. They especially provide preliminary evidence about the
importance of perceived neighborhood attributes in supporting an active lifestyle. The identified set of
influential environmental attributes are somewhat like those reported in the United States, Canada,
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and Australia. Nevertheless, there are several issues about activity-friendly built environments in
Japan—as a super-aged society—which need to be investigated.

2.1. Shrinking Cities: An Active Living Opportunity or a Threat?

The Shrinking Cities International Research Network [35] defined a shrinking city as “a densely
populated urban area with a minimum population of 10,000 residents that has faced population
losses in large parts for more than two years and is undergoing economic transformations with some
symptoms of a structural crisis” [36]. Japan’s population has been continually declining since 2005.
Except for a few metropolitan areas (such as Tokyo, Osaka, and Nagoya), many other parts of Japan,
especially small towns and rural areas, are experiencing severe shrinking. As an emerging research
agenda in urban design and planning, shrinking cities may produce many new challenges [37,38].
In relation to activity-friendly neighborhoods, urban shrinking means that Japanese cities and towns
can become far less dense and eventually unable to sustain enough facilities to support daily lives,
such as retail stores and public transportation, in the near future. Higher residential density has been
consistently found to be associated with people’s active behaviors [11,39]. For example, a Japanese
study found the average physical activity levels in Japanese cities to be positively correlated with their
urban population density [40]. Therefore, managing urban shrinking can potentially be a future issue
for walkability in Japan.

At the same time, urban shrinking may create a new opportunity to reshape built environments
as more walkable, since newly available vacant houses and spaces will emerge over the entire city
region [41]. A key issue in using these newly available spaces in cities will be “land use mix”, referring
to having a variety of destinations such as homes, shops, parks, schools, offices, and train stations
within a given area. Previous studies have identified land use mix as one of the main neighborhood
walkability features [42,43]. The underlying assumption is that those people who live in an area with
a high level of land use mix may have better opportunities to be active within their area. This indicates
that encouraging land use mix in neighborhood (re)development plans can be key for supporting
an active lifestyle. In the context of the United States, the unwalkable residential suburbs, which
are occupied by only single-family houses, emerged through the Euclidian zoning system, which
allows exclusively single land use for designated zones. Due to the lack of a rigid regulation scheme,
Japanese suburbs have occasionally developed unintended mixed land use of various residential
zones with commercial, industrial, and agricultural zones in relatively small areas in the age of urban
sprawl. However, uncontrolled mixed land use development is not necessarily beneficial for health.
For instance, it may increase noise and crime risks, and the emerged landscape is likely to be chaotic
and aesthetically less attractive. How to control suburbanization and how to manage the use of newly
available (but sporadically) emerging new spaces in existing built-up areas for creating opportunities
that support an active lifestyle is vital for the future of shrinking cities.

In response to urban shrinking, Japanese local and national governments are now encouraging
compact city policies. The policy may keep enough population density in residential areas to sustain
urban facilities, which are an important element of walkability. It may also reduce car dependency
of residents by sustaining public transportation service. Compact city may be a response to urban
shrinking in cities where already experiencing shrinking; and it may not be a solution to avoid
urban shrinking in other areas. In addition, while compact city policies have been widely advocated
across the world, their health effects have not been fully examined [44]. Future research is needed to
identify challenges and opportunities raised by urban shrinking in super-aged societies in relation to
activity-friendly neighborhoods.

2.2. Extreme Levels of Environmental Attributes

Apart from land use mix, several differences exist in built environment attributes influencing
active life between Japan and Western societies. For example, slope is an environmental attribute that
Japanese cities have in extreme levels compared to the United States., Canadian, and Australian cities.

3
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About three-quarters of the national land of Japan is mountains, and the residential areas are limited
to only four percent of the national land [45]. Slope is one of the typical features of Japanese cities
and suburbs. It is not uncommon to see steep slopes (greater than 25 percent), even in central parts of
Japanese cities (Figure 1). Some previous studies have shown the positive effects of slope on type 2
diabetes, assumingly through vigorous physical activity [46,47]. However, slope (and subsequently
stairs) has been identified as one of the barriers for the elderly to be physically active within their
neighborhoods [48–50]. Most previous studies examining accessibility measures of built environments,
such as access to shops, train stations, and parks, in relation with active behaviors, did not take into
account the slope factor [50]. Another extreme level of environmental attribute in Japanese cities is
residential density. For instance, the city of Nagoya in Japan has a population density of 7080 persons
per square kilometer [51], whereas the population density of Melbourne (the most dense capital city in
Australia) is only 450 people per square kilometer [52].

Figure 1. Steep slopes in the central parts of Tokyo, Japan (source: authors).

The relationship between environment and active behavior may not be always linear: there may
be specific levels (thresholds) over which the effects of a built environment attribute on a behavior
may change, especially among the elderly [53,54]. For example, there may be specific amounts of slope
or residential density beneficial for elderly active behaviors and health. Nevertheless, most evidence
on the importance of built environments on active behaviors comes from Western countries with
relatively less extreme levels of environmental attributes [17,18]. This suggests that it is not clear how
extreme levels of these environmental attributes may shape elderly’s active behaviors. Investigating
the effects of built environments on active behaviors in Japan can provide the international field with
an opportunity to identify the optimal values of these environmental attributes for supporting an
active aging life.

2.3. Exposures to Environments: Time/Place in Active Behaviors

Not only levels but also the way people are exposed to environments or use surrounding
environmental opportunities can be distinctively different between societies. In particular, temporality
is an important issue in investigating the relationships between environmental attributes and active
behavior [55,56]. People are exposed to different types of environments in daily life depending on
their mobility status. Consequently, their active behaviors are influenced not only by their immediate
residential environment, but also by a broader environmental context. There are several reasons why
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the temporality in the relationships between environment and behavior may be more important in
the context of Japan compared with other regions. First, safety from crime is relatively higher in
Japan than other industrialized societies [57]. Since there is a low crime rate even at night-time, time
restrictions for walking outside are minimal in Japan. Second, since most convenience stores in Japan
are open 24 h a day and 7 days a week, there are still people walking to their local convenience stores
even at midnight. Finally, Japan benefits from an efficient public transportation system that includes
trains and buses, especially within urban areas. This efficient public transport system enhances the
elderly’s mobility and enables them to travel far from their homes (and be exposed to a wide range
of environments) in their daily life. Therefore, future studies in Japan need to include time-specific
measures of environment and active behaviors.

2.4. Health Disparities, Environmental Equity, and Activity-Friendly Urban Design

Reducing health disparities is now a major goal of public health across the world [58]. Health
disparities across regions are increasing in Japan. A recent study published in Lancet has shown
widening life expectancies and clear variations of disease burden across the Japanese prefectures [59].
Larger health disparities may also exist at a smaller areal level in Japan [60]. Several previous
studies showed an association between physical activity levels and socioeconomic status (SES): more
disadvantaged people are likely to be less physically active [61,62]. For example, a systematic review
found people with high SES were more active than those with low SES during leisure time [61].
Mitigating the physical activity gap between low and high SES areas can be an important step in
reducing the health disparity, especially among elderly [63]. Inequitable distribution of environmental
attributes supporting physical activity (e.g., commercial destinations, parks, and well-connected
streets) across low and high SES areas may be one of the reasons for this gap. Several previous studies
showed those who lived in more deprived areas have less walkable built environment attributes [64,65].
For instance, a national study conducted in Germany found a significant positive association between
income level and the amount of urban green space [65]. However, some studies found either no
SES disparities or clear patterns in access to walkable neighborhood attributes [66,67]. For example,
a recent national study conducted in the United States found a complex relationship between SES and
walkable neighborhood attributes: those who lived in more disadvantaged areas, or in areas with more
educated people, had better environmental attributes conducive to walking [66].

Nevertheless, there are few studies yet to investigate whether disadvantaged people have poorer
walkable neighborhood attributes in Japan. For example, access to parks was found to be poorer for
disadvantaged areas in Yokohama City, Japan, compared with affluent areas [68]. Another recent
Japanese study found deprived neighborhoods to be less walkable in terms of population density,
street density, and access to commercial concentrations [69]. However, little is known if changes in such
environmental attributes could alter the health disparity. Considering the life course epidemiological
approach, past environmental disparities may contribute to health disparity in later life [70]. Identifying
both historical and geographical patterns between differing SES areas with walkable neighborhood
attributes will guide urban design interventions to reduce the physical activity gap between these
areas, and ultimately reduce the health disparities across regions.

3. Conclusions: Toward a Research Agenda

There has been a growing body of research examining how built environment attributes can
influence active behaviors. We have identified key issues and challenges providing robust evidence-
based research on the role of the surrounding physical environment on people’s active life in the context
of a super-aged society. To summarize, the following issues need to be investigated in future studies:

• explore challenges and opportunities that shrinking cities will have on active behaviors;
• identify optimal levels of environmental attributes, such as residential density and slope, needed

to support healthy active aging;
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• understand time/place in the elderly’s active behaviors (the way elderly are exposed to
environments or use surrounding environmental opportunities); and

• examine disparities in the distribution of activity-friendly environmental attributes.

In this commentary, our focus was only on walking, as the most common type of physical activity,
especially among older adults. There are other types of physical activities, such as exercise, which
may be of interest for elderly. Understanding how built environments may influence exercise among
elderly requires further research. Cross-disciplinary research, between urban design/planning, sport
sciences, public health, transport, geography, and gerontology, is needed to build evidence on how to
build, retrofit, and sustain activity-friendly built environments in the context of a super-aged society.
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Abstract: The translation of research into tangible health benefits via changes to urban planning policy
and practice is a key intended outcome of academic active-living research endeavours. Conversely,
policy-makers and planners identify the need for policy-specific evidence to ensure policy decisions
and practices are informed and validated by rigorously established evidence. In practice, however,
these two aspirations rarely meet and a research-translation gap remains. The RESIDE project is
a unique longitudinal natural experiment designed to evaluate the health impacts of the ‘Liveable
Neighbourhoods’ planning policy, which was introduced by the Western Australian Government
to create more walkable suburbs. This commentary provides an overview and discussion of the
policy-specific study methodologies undertaken to quantitatively assess the implementation of the
policy and assess its active living and health impacts. It outlines the key research-translation successes
and impact of the findings on the Liveable Neighbourhoods policy and discusses lessons learnt from
the RESIDE project to inform future natural experiments of policy evaluation.
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1. Introduction

Government policy and planning initiatives determine the way cities, towns and neighbourhoods
are developed and configured. They also play a vital role in creating and shaping the environments
that support or undermine residents’ health [1] and their ability to be safely and conveniently
physically active [2,3]. Creating healthy, active communities is recognized as a global priority from
both environmental sustainability and health perspectives [2,4]. However, achieving this laudable
goal is not without challenges. It requires the involvement (and commitment) of multiple sectors
beyond health, including urban planning and design, property development, construction, and finance,
each with competing priorities and pressures.

Over the last 15 years, a comprehensive body of research has documented the impact of the design
of the built environment on residents’ active-living behaviours [5–8]. The translation of active-living
research into tangible health benefits via changes to urban planning policy and practice is a key intended
outcome of these academic endeavours [9]. At the same time, enlightened policy-makers and planners
regularly affirm the need for “evidence-based policy and practice” to ensure their policy decisions
and practices are informed and validated by rigorously established evidence. In practice, these two
aspirations are rarely met and a research-translation gap remains between the ambitions of public
health and urban planning on the one hand and the on-ground delivery of healthy, active communities
on the other. With an increasing awareness and acceptance of the need for health-enhancing planning
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interventions, it is essential to understand why this research-translation gap remains. One explanation
relates to the type of health-related evidence that is needed by planners and (planning) policy-makers
in order for it to be utilized and applied [6]. This raises the question, is all evidence equal? Allender
and colleagues [10] have argued that ’evidence-based‘ public health recommendations to planners and
policy-makers are usually made without any obvious links to existing policies or legislation. Moreover,
public health evidence rarely (if ever) provides quantifiable, evidence-based information about the
potential health impacts of urban planning policies and decisions [10,11]. This has led to calls for
public health research to be better aligned with current and future policy environments [6,12], and for
science to more effectively guide city planning policy and practice [13]. However, if science is to inform
policy, it must match the policies that it aims to influence [13]. Studies that develop policy surveillance
measures and investigate and evaluate planning policy processes and implementation are well placed
to bridge the translation gap [13,14]. Such research can provide a better, more nuanced understanding
of how policies are implemented, how much of the policy has been delivered (i.e., the ‘dose’ of the policy
intervention) and allow more accurate quantification of its impacts on active-living behaviours [14].
In particular, case studies and evaluations of urban planning policies, undertaken in partnership with
planning professionals, are needed to identify the policies (or parts thereof) that produce desirable
health-related outcomes [13–15].

To date, the public health evidence has mainly been cross-sectional in nature and the field
has largely focused on the need for longitudinal natural experiment studies to evaluate policy
implementation and as a way of understanding the impact of population-level policies on health
outcomes [16]. A growing number of case studies and research papers now exist which compare new
areas developed under different design principles or alternate planning movements or theories such as
New Urbanism or Smart Growth and compare the health outcomes of residents [17–19]. These studies
have typically measured and characterized the built environment with regards to how it relates to
New Urbanist principles or planning policies [19,20]. However, to our knowledge, no studies have
explicitly assessed or quantified the implementation of specific planning policies or design codes and
empirically evaluated their impact on health-promoting behaviours and positive wellbeing outcomes.
This is despite calls for studies of this type [6].

In addition to prospective study designs, greater emphasis is needed to identify which aspects
of the policy produce desirable health-related outcomes [6,10,13–15,21]. This requires additional
emphasis on process evaluation. Policy evaluation enables detailed assessment and quantification
of which components of a policy were implemented as intended (in order to assess the ‘dose’ of
the policy implementation), which components of the policy are the most influential active living
ingredients, and which have no observable impacts. Without process evaluation, it is impossible to
know whether positive effects (e.g., desirable active living or health behaviours) are the result of the
policy intervention itself, and it is also impossible to establish whether a lack of observed outcomes is
due to policy failure or inadequate policy implementation [22].

Few public health studies have measured policy implementation using policy-specific measures
monitored over time, and assessed their impact on health-supportive behaviours [21]. Planning
academics have also lamented the dearth of studies that quantitatively assess the implementation of
policy to determine to what degree urban development policies and guidelines have been implemented
as intended, how this relates to the intended planning goals, and to assess the on-ground outcomes [23,24].
Indeed, much of the literature about the implementation of planning theory concentrates on examining
planning documents, processes, or decisions [18], not what is actually implemented in reality in
communities and neighbourhoods.

State and local governments in jurisdictions around the world, including North America and
Australia, are seeking to implement urban planning policies designed to shift growth away from
low density, automobile-oriented development [6]. While evidence from across the globe in different
settings is an important input which informs local decision-making, policy-makers often prioritize
local evidence that directly relates to the planning and policy context [9]. Different jurisdictions in
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different contexts implement different policies and, as a result, produce different outcomes [25]. Hence,
creating context-specific, local, policy-relevant evidence on the implementation of local policies is both
important and timely.

2. RESIDE—A Natural Experiment of a New Urban Planning Policy

In 1998, when the State Government introduced the Liveable Neighbourhoods Community Design
Guidelines policy (LN), a unique opportunity arose to collaborate with policy-makers and practitioners
to evaluate the health impacts of an urban policy reform in situ through a longitudinal natural
experiment study design. [26]. Liveable Neighbuorhoods was a response to conventional planning
policies and practices implemented through the 1970s and the 1990s that had facilitated suburban
sprawl and motor vehicle dependency across Perth, the capital city of Western Australia. The LN policy
embraced emerging New Urbanism planning concepts [27] that provided an alternative approach to
suburban neighbourhood design. LN has promoted a structure of walkable neighbourhoods where
community facilities and services are (ideally) accessed by walking, cycling, and public transport
through an efficient, interconnected movement network.

In 2003, with the support of key local policy-makers and advocates, the RESIDential Environments
project (RESIDE) began with the aim of assessing the impact of LN on the desired policy outcomes
including walking, cycling and public transport use, sense of community, safety from crime,
and mental health.

All “liveable” and “conventional” developments that were under construction across the Perth
metropolitan region with land sold for housing during the RESIDE recruitment period (in 2003) were
included in the study. The Western Australian Department of Planning, Lands and Heritage (formerly
the Department of Planning) categorized new development applications it received as either ‘liveable’
(i.e., aspiring to meet many of the LN requirements), ‘hybrid’ (i.e., meeting some but not all of the LN
requirements), or ‘conventional’ (approved under the old policy). A total of 74 new developments
(19 LN, 11 hybrid, and 44 conventional) [28] were selected for inclusion in the longitudinal study
based on their stage of development, size, and location (e.g., distance to the ocean). The majority were
being constructed on greenfield sites (i.e., previously unused or undeveloped land areas that had
been rezoned, typically from urban deferred or rural to urban land uses and projects). Others were
being constructed in brownfield areas (existing urban zones being redeveloped, sometimes following
rezoning from industrial or other non-residential use).

The Water Corporation was approached to assist with the study. They invited all households
that purchased house and land packages in the 74 developments (n = 10,193) to participate in the
study [28]. To be eligible, customers had to be ≥ 18 years of age; proficient in English; building a home
in the selected development and planning to move into that home by December 2005; and they had to
indicate that they were willing to complete three surveys and wear a pedometer for one week on three
separate occasions over a five-year period. Only one eligible person was selected at random from each
household [28]. The University of Western Australia’s Human Research Ethics Committee provided
ethics approval (#RA/4/1/479). Participants completed a postal survey on four occasions: Time 1 (T1),
at baseline in 2003–2005 during construction of their new home and before relocation (n = 1813; 33.4%
response rate); Time 2 (T2) in 2004–2006, approximately one year after relocation to their new home
(n = 1465); Time 3 (T3) in 2006–2008, approximately three years after relocating (n = 1229); and Time 4
(T4) in 2011–2012, about six to nine years after relocating (n = 565) [29].

The mean age of the study population at baseline (n = 1813) was 40 years. Sixty percent
were female, 82% were married or living with a partner, and 49% had children living at home.
Just under one quarter of the sample (23%) had a bachelor’s degree or higher, 43% had professional or
managerial-administrator occupations, and 25% lived in households that earned AUD$90,000 or more
per year. A large proportion of participants (43%) worked 39–59 hours per week and almost all (98%)
had access to a motor vehicle [28,29].
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This commentary provides a case study overview and discussion of the key lessons from the
RESIDE project. It focuses on the policy-specific methodology and analyses that ensured RESIDE
findings resonated with the local planning industry, and our research-translation efforts and their
subsequent impacts on the LN policy. In discussing RESIDE we will also reflect on the three domains
of evidence-based policy identified by Brownson and colleagues [15] and five key strategies identified
as being essential to close the active-living research-translation gap [9]. The alignment between these
domains and translation strategies is outlined in Table 1.

Table 1. Criteria for assessing the policy-relevant research-translation efforts of the RESIDE project.

Three Domains of Evidence-Based Policy [15]
Strategies for Closing the Active-Living

Research-Translation Gap [9]

� Process—to understand approaches to enhance
the likelihood of policy adoption.

� Understand the ‘policy world’ we want
to change.

� Establish links and research agendas jointly
with policy-makers and practitioners.

� Apply policy-relevant study designs (e.g.,
quantifying policy implementation) that
evaluate policy reform.

� Content—to identify specific policy elements
that are likely to be effective.

� Identify reasons for implementation (or
non-implementation).

� Outcomes—to document the potential impact
of policy.

� Quantifying policy impacts on health.
� Highlight specific policy implications.

3. Understanding the ‘Policy World’ for Liveable Neighbourhoods

In earlier work [9], we highlighted the critical need for active-living researchers to understand the
‘policy world’ in which decisions are made, and which active-living researchers are trying to influence.
Similarly, Gagnon and Bellefleur [30] argue that public health researchers need to be familiar with
the science of public policy-making in order “to better understand potential intervention contexts”.
Research-translation opportunities, therefore, need to be understood in the context of politics and
public policymaking processes. Policy frameworks developed in the public policy and political science
fields are used in a range of disciplines to analyze agenda-setting and policy-making. The Multiple
Streams Framework originally developed by Kingdon [31] is an agenda-setting theory focused on how
major policy change comes about. It posits that three elements contribute to policy change: a problem
stream consisting of the issues that policy-makers and citizens want addressed; a politics stream
comprising the factors that affect policy-makers’ willingness to make a decision, including pressure
group campaigns and political ideology; and a policy stream made up of ideas for feasible policy
solutions [31]. According to this theory, policy change is possible when these streams align at critical
moments in time, opening a ‘window of opportunity’ with the help of one or more policy entrepreneurs
(individuals or organizations) who act as power brokers and manipulators of preferences.

The introduction of the LN policy was the result of a ‘window of opportunity’ where, in accordance
with Kingdon’s three streams theory of policy development, there was convergence between the
problem, policy, and politics [31]. First, the problem of unsustainable suburban development and
sprawl (the problem stream) was recognized and perceived as an issue of pressing importance for the
future sustainability of Perth by policy-and decision-makers. Second, a proposal for an alternative
policy solution promoting more sustainable design principles to those currently in operation was
introduced via the global advocacy efforts of the Congress of New Urbanism (the policy stream).
Finally, there was a supportive political climate and a willingness to trial a new approach (the politics
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stream) from the State Government, the Western Australian Planning Commission and the Department
of Planning, plus growing awareness for the need of a different planning approach among the more
enlightened property developers, through the advocacy and educational efforts of Council of New
Urbanism [27]. The convergence of the three streams opened a policy window [31], allowing the trial
of a new policy—the Liveable Neighbourhoods design guide.

The first edition of the new LN policy instrument was introduced in 1998 as a trial voluntary
design code to be implemented by developers. The policy underwent extensive public and industry
consultation before being adopted for full implementation in 2002 (as Edition 2) by the Western
Australian Planning Commission as its preferred policy for assessing and approving all new greenfield
and infill development applications in Western Australia.

In 2013, a decade after the RESIDE team first surveyed its cohort of participants and 15 years after
the introduction of the LN policy, a comprehensive review of the LN policy was announced by the
West Australian Department of Planning. This presented the opening of the policy window for the
results from RESIDE to inform and influence the LN policy.

4. Establish Links and Joint Research Agendas with Policymakers and Practitioners

A partnership with the Department of Planning was formed in the planning stages of RESIDE,
which was instrumental in galvanizing the Department’s support for the project. Departmental officials
were involved in selecting the developments for inclusion in the study, and later, a multi-sector advisory
board was established to oversee and advise on the direction of RESIDE as it progressed. Throughout
the study, Department of Planning staff received regular project updates. As a result, they were privy to
results prior to publication and were able to provide feedback to the RESIDE study team. This process
helped researchers to articulate the planning and policy implications of their research, and embed these
in the ‘so what’ messaging and communication of the findings. Further, key supporters of the project
from the Department provided opportunities for RESIDE researchers to present updates and findings
to Department staff. This was essential in generating ongoing exposure and keeping the project on the
Department’s agenda.

Whilst the LN was highly regarded internationally as an effective local interpretation of New
Urbanism, and despite the (then) Minister for Planning stating, in his foreword of the 2000 (second)
edition of the guidelines, that “the ability to measure their on-ground performance will further refine the
policy” [26], by 2003 there had been no formal evaluation of the policy. Therefore, in addition to
assessing the health and wellbeing outcomes of the LN policy, a key interest of the policy partners
within the Department was the assessment of which aspects of the policy were (or were not) being
implemented and were (or were not) most effective. Upon the commencement of the review of
the LN policy in 2013, and as a consequence of the ongoing collaboration and communication with
the Department of Planning, there was, therefore, considerable interest in identifying which, if any,
of the multitude of design features addressed in the policy were the ‘key performance indicators or
“non-negotiable” requirements for enhancing health’.

5. Quantify Policy Implementation and Delivery

In order to accurately assess the impacts of the LN policy on the health behaviours of residents
and evaluate whether the policy was achieving its intended outcomes, it was essential to determine the
degree to which the on-ground implementation had occurred (i.e., the ‘dose’ of the policy intervention
that had been delivered). Hence, a novel aspect of the RESIDE project was the inclusion of a process
evaluation to measure and quantify the levels of on-ground delivery of the policy in a subset of 36 of
the 74 housing developments. The 19 LN developments were matched with 17 of the 44 conventionally
designed developments by their stage of development (i.e., the proportion of the gross development
area that had been constructed), size, and location (i.e., distance from the ocean). The varied sizes
provided an opportunity to investigate how the LN policy was being applied at different scales of
development and at which scale (or scales) the policy produced the greatest impacts.
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Although RESIDE was a longitudinal study, the process evaluation of the policy implementation
was cross-sectional in design. The majority of the housing developments selected for inclusion in the
RESIDE project were being built on greenfield sites (i.e., previously undeveloped land). Because of
the lack of any existing infrastructure on these sites and the timelines required for the construction
of the developments from scratch, the timing of the process evaluation was chosen to coincide with
the third time point of RESIDE data collection—i.e., five to six years post the commencement of the
RESIDE study and approval of the housing developments. This allowed for the greatest amount of
construction to have occurred within the study housing developments.

The process evaluation was designed to understand how much of the policy and what
specific design requirements were (or were not) being adopted and implemented, and whether
any dissappointing observed health and wellbeing outcomes were due to shortcomings of the policy
principles, or failure to implement the policy [32,33]. The process evaluation used spatial measures
tailored to quantify the urban design features required by the policy [32]. A total of 43 requirements
were measured across four policy elements:

(1) Community design n= 13: These requirements determined the provision, location, and configuration
of neighbourhood centres to create a hub of diverse destinations that attract people to a variety of
activities. Objective measures of design features included land-use mix, number of destinations,
design and configuration of activity centres, and presence of schools;

(2) Movement network n = 15: These requirements aimed to produce a highly interconnected street
system aimed at reducing travel distances to local centres, schools, public transport links and
other destinations, and adequate infrastructure for pedestrians and cyclists. Objective measures of
design features included street connectivity, cul-de-sac lengths and block sizes, footpath networks
and public transport;

(3) Lot layout n = 7: These requirements focused on higher residential densities to create more
compact urban development and encourage the provision of a mixture of residential lot sizes to
facilitate housing variety, choice and affordability, and to cater for increasingly diverse household
types. Objective measures of design features included residential density, average area, and mix
of residential lot sizes;

(4) Public parkland n = 8: These requirements aimed for a minimum contribution of 10% of the
gross subdivisible land area to be provided as public parkland (Western Australian Planning
Commission 2000) and specify different park types based on size and catchment areas to provide
for a range of uses and activities. Objective measures of design features included the number and
area of public parkland, distance to parks, and the assets and amenities within the parkland.

Policy compliance was defined as the degree to which the LN standards or requirements were
reflected in the ‘on-ground’ construction of the developments. A simple scoring system was developed
to quantify the extent to which the 43 measurable requirements had been implemented as intended by
the LN [32]. The level of compliance for each element (defined as the degree to which the developments
met the LN standards within that element) and overall LN compliance was calculated as the percentage
of the maximum policy implementation score attainable.

The findings revealed that none of the developments had implemented the full suite of requirements
as intended by the policy [32] and indeed, across all new developments, overall the LN policy was
only half implemented, with overall compliance averaging just 46% (range: 30–60%) across the 36
developments [32]. Percentage compliance scores for each of the four elements were also well below
full implementation: community design 27% (0–67%); movement network 48% (37–59%); lot layout
52% (19–88%); and public parkland 48% (30–60%) [32].

Figure 1 identifies the policy targets for seven design requirements from the LN policy that
were found to be supportive of health behaviours [32–36]. It also plots the measured levels of
on-ground compliance in each of the 36 RESIDE housing developments that were included in the
process evaluation [32]. The results were presented in this way to the Department of Planning to
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clearly represent the levels of implementation being achieved versus the policy target and aspiration,
and how this differed between design requirements.

Figure 1. Compliance scores on selected design requirements measured in 36 housing developments
on-the-ground in 2009 and approved development applications in 2015. Top = on-ground 2009 (n = 36):
� Small subdivision ≤60 hectare (n = 8); � Large subdivision >60 hectares ≤100 hectares (n = 10);
� Structure plan >100 hectares ≤300 hectares (n = 5); � Regional master plan >300 hectares (n = 13);
Indicates the Liveable Neighbourhoods policy target for the respective design feature; | Indicates the
average level of compliance across the 36 housing developments.

6. Quantify Policy Impacts on Health-Related Outcomes

Despite incomplete implementation of the policy, analyses were also undertaken to determine if
greater on-ground implementation of the policy was associated with positive health and wellbeing
outcomes. The results revealed a strong dose–response relationship between policy compliance and
four health-related outcomes, suggesting that new communities built in accordance with the LN policy
principles and design features have the potential to promote the health and wellbeing of residents by
creating neighbourhoods that encourage transport and recreational walking and have a stronger sense
of community where residents feel safer [32,34–36]. For every 10% increase in levels of overall policy
compliance, the odds of RESIDE participants walking for transport in the neighbourhood increased by
53% [32]; the odds of having a higher sense of community increased by 21% [35]; low psychological
distress (i.e., better mental health) increased by 14% [35]; and the odds of being a victim of crime
decreased by 40% [34]. Furthermore, a series of analyses unpacked the policy further to identify which
of the specific design requirements from each of the policy elements were most strongly associated
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with walking [36], sense of community, mental health [35] and reports of safety or being a victim of
crime [34]. Additional analyses also investigated which of the specific design features from the four
policy elements showed the strongest associations with these four outcomes [32,34–36]. Other RESIDE
analyses have also shown the design of the neighbourhoods to be positively associated with public
transport use [37] and cycling [38].

7. Understand the Barriers and Facilitators to Policy Implementation

The results of the process evaluation revealed incomplete levels of implementation and compliance
with the LN policy in that the totality of on-ground built form outcomes intended by the LN was at the
time, not evident. This raised questions as to why incomplete implementation had occurred. Because
the planning principles underpinning the LN differed from the conventional planning policies and
development and engineering practices of the time, problems were experienced when implementing
the LN.

Working with the project advisory board and key personnel from the Department of Planning,
considerable efforts were made to identify and understand the barriers or factors that limited or acted
as obstacles to the implementation of the LN. This was also an essential step in helping to determine
whether principle or practice gaps were affecting its success. Conversely, it also helped to identify the
factors or approaches that enhanced the likelihood of policy adoption and implementation.

For example, the construction of housing developments is generally sequenced, and the order in
which land and infrastructure are developed appears to be dictated by several factors, including a
balance between marketing or sales purposes and economic considerations. Developers appear to
regard public open space as an important aesthetic feature that is instrumental to land sales and as
such is typically installed early [39,40]. In contrast, community infrastructure such as neighbourhood
centers, health services, schools, and public transport are often delayed until there is a sufficient critical
mass of residents to warrant these services being provided [29,41,42]. The longitudinal component of
the study allowed these changes in the new developments to be identified, tracked, and explained
over time.

The LN policy document is also complex. It contained 128 different requirements and significant
amounts of duplication within and across the four elements, which proved to be daunting and difficult
for developers to understand and apply [43].

Furthermore, development proposals submitted for assessment and approval under the LN policy
required additional compulsory information compared with the conventional policies. This was a
significant disincentive for developers and resulted in their reluctance to submit proposals using the
new LN policy, which also created difficulties for officials assessing and approving the applications [43].

Many of the LN design requirements directly contradicted existing conventional policies and
engineering standards. Whilst LN was meant to prevail in instances of conflict, the voluntary nature
of the guide meant it had no legal standing or precedence over the existing Local Government
Authority planning schemes. It was, therefore, vulnerable to negotiation and to the compromising of
LN standards. As a result, many of the LN features approved for development may not have been
implemented on the ground. The inconsistencies between the state-sanctioned LN and LGA planning
schemes were identified as a major barrier to developers adopting and implementing the LN policy
(UDIA 2005; Jones 2010; STAC 2012).

Finally, given the time taken to construct the new developments, the six years between the
commencement of the RESIDE project (in 2003) to the time of evaluation (in 2009) was a relatively
short time period. This is likely to have contributed to many of the developments being incomplete at
the time of evaluation. This was an important consideration not to be overlooked when designing
future natural experiment studies of policy implementation.

The findings indicated that the policy was worthy of wider dissemination, but a greater emphasis
on policy implementation was needed. The identified policy implementation gap highlighted the
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importance of process evaluation and the need for longitudinal study design. It also highlighted the
value of undertaking research in partnership with policy-makers within local contexts [9–11].

8. Highlight Specific Policy Implications

When undertaking case studies or natural experiment evaluations of planning policies and
practices in partnership with policy-makers and practitioners, outputs that are directly relevant to the
policy and its implementation are needed to help partners gauge the health impact of their current
policies and practices. When presenting updates and results to our industry advisory board, we were
consistently challenged to reflect on the findings and identify the policy significance in terms of being
able to communicate ‘what bit of what policy would we change and what should it be changed to?’

RESIDE’s process evaluation study provided policy-specific empirical evidence that showed that
when implemented as intended, the LN policy could positively impact a range of health and wellbeing
outcomes and produce outcomes that were aligned with the policy’s overall objectives. Through the
quantification of policy implementation with tailored spatial measures and the longitudinal tracking of
the built environments over time, the RESIDE process evaluation project highlighted important gaps
in the implementation of LN design features. Without this knowledge, it was impossible to judge
whether the observed associations with health outcomes (or lack of) were due to the ineffectiveness of
the policy principles or a failure to implement the policy on the ground.

This data resonated with the Department of Planning, which was keenly interested in the
policy-specific measures of implementation as they both illustrated and confirmed how well the policy
was being implemented and the potential promise of the policy principles. For the first time, the process
evaluation armed the Department of Planning with the objective evidence they needed to assist in
reviewing a planning policy and its processes. Importantly, it enabled them to gauge current levels
of LN implementation and identify what aspects of the policy were (or were not) being delivered on
the ground.

In direct response to their interests and jointly established research questions, we were able to
identify the specific design requirements shown to be important for health and wellbeing outcomes,
derived from analyses examining individual policy requirements [32–36]. The empirically based
submissions were also important in terms of preventing policy regression (i.e., health-promoting
requirements were not removed from the policy). Specifically, policy advocates needed a highly
regarded, policy specific, and well-understood evidence-base to help preserve the design requirements
that had been shown to consistently and positively influence health-enabling or health-promoting
behaviours. This was an important outcome of the RESIDE project and a direct result of the
policy-specific nature of the measurement and analyses undertaken.

9. Undertaking Policy-Relevant Research and Natural Experiments—Lessons Learned

The long-term partnership between researchers and policy-makers from the Department of
Planning was paramount to the success of the RESIDE research-translation. Throughout the study,
Department of Planning staff received regular project updates, ensuring they were privy to results
prior to publication, and provided feedback to the RESIDE study team. This process helped researchers
to understand and articulate the planning and policy implications of their research and embed these in
the ‘so what’ messaging and communication of the research findings.

Another crucial success factor was understanding the planning and development processes.
Concerted efforts were made to work with our industry partners to understand the development and
construction processes of the local planning system. Indeed, the relevance of research findings and their
applicability to a local context have been identified as important enablers of research uptake among
policy-makers (Oliver et al. 2014). The guidance provided by the partners was essential in helping
the research team to understand (1) the different stages of the ‘policy pipeline’—that is, the different
stages of approval a development application goes through; (2) the relevant authorities responsible
for the approval of a development application at each of stage of the process (i.e., local government
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versus state government); and (3) which specific design requirements were assessed and approved at
each stage of the process and at different scales of development (e.g., regional masterplan, structure
plan, or subdivision). This knowledge was essential in alerting the researchers to the challenges that
practitioners face throughout the development application process, whilst simultaneously helping and
enabling the research team to credibly frame, contextualise, and communicate the policy-relevance of
the findings when presenting to the policy-makers and planning practitioners. Further, it was apparent
that different aspects of policy compliance were the responsibility of different authorities, and it was
important to understand this to tailor targeted messages to specific groups. Other lessons learned were
an understanding of the complexity of the process of developing policy and delivering outcomes on
the ground in communities, and a recognition of the number of actors involved in the policy pipeline.
With our industry partners, we attempted to conceptualize this process in what we’ve termed ‘the
leaky pipe’ of the policy pipeline process (see Figure 2).

 

Figure 2. The ‘leaky pipe’ of the policy pipeline process for the Liveable Neighbourhoods Community
Design policy in Perth, Western Australia.

The concept of the ‘leaky pipe’ in policy evaluation studies is important, because if policies are
to be fully implemented and studies are to be established to identify where leakages occur between
a policy and its on-the-ground delivery, it is essential that researchers understand what agencies or
authorities are responsible for the approval and enforcement of different design features within the
policy. Moreover, understanding the policy pipeline could help with the translation of active-living and
public health research findings by going beyond simply identifying that a policy was not working to
identifying where in the policy implementation pipeline leakages were occurring. This would enable
specificity in the messaging by highlighting the aspects of the policy that are important for positive
health impacts. Moreover, if different organizations are responsible for different design features, it may
be necessary to communicate and target research findings to the specific authorities and agencies
responsible for these design requirements at different stages of the approvals process.

In an ideal world, there should be an increase in policy compliance at each stage of the policy
pipeline, as the different authorities uphold and enforce the intent (and implementation) of the policy.
But at each stage, there is also the potential for ‘leakage’ (e.g., failure to implement parts of the policy).
Hence, research is needed to understand and identify how much and what specific features of the
policy are being approved and enforced at each stage of the process, to enable any leakages to be
‘plugged’ or resolved to ensure full policy implementation. Moreover, if the custodians of the policy
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(in our case, the Department of Planning) wish to close the gap between policy and implementation,
they need to exercise greater oversight of development applications as they move through each stage
of the pipeline process and identify and stem any leakages.

Our process evaluation provided a benchmark of the on-ground delivery of the LN policy for the
Department of Planning; however, they have since embarked on an ongoing (in-house) monitoring
program to track LN policy uptake. In partnership with department planners, we identified the design
requirements from the LN policy that had been shown (from RESIDE) to be important for the health
and wellbeing outcomes that they were directly responsible for enforcing. These were adopted by the
Department of Planning in 2016 as ‘performance indicators’ to provide a framework for the assessment
of future development applications against the LN policy. This consistent capture of policy-specific
data by the Department was also the basis for an ongoing monitoring and evaluation framework for
the LN policy, and a cross-check of how well (and how much of) the policy was being adopted and
enforced at the last point in the pipeline before construction.

A final lesson learned from RESIDE was the need to benchmark and quantify the levels of
compliance against the policy aspirations and targets at different stages of the policy pipeline. This is
important to explain findings related to the intended policy outcomes versus those actually being
realized. It would also assist in translating research findings, ensuring that different authorities are
appropriately targeted to assist in avoiding leakages between policy and delivery on the ground.
Future process evaluations of policy implementation could seek to quantify the levels of compliance
with the policy at the different stages of the policy pipeline with the aim of identifying where leaks in
the system are occurring and to gain an understanding of the barriers to, or facilitators of, compliance
and implementation.

10. Conclusions

This paper demonstrated how policy-relevant research and natural experiments can be undertaken
and disseminated to policy-makers to positively impact policy. The longitudinal natural experiment
approach adopted by RESIDE allowed time for sufficient development to unfold. This, coupled with a
process evaluation to quantify the dose of the LN policy being evaluated, helped to bridge the gap
between active-living research and its application for evidence-based (or informed) planning policy.
Evidence-informed planning and better monitoring of urban policy implementation [32] can help assess
progress towards maintaining and strengthening the health and liveability of cities. The development
and regular measurement of spatial indicators to benchmark and monitor the implementation of
policies designed to create healthy, liveable communities is essential to ensure the policies aimed at
creating these environments are fulfilled.
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Abstract: Physical activity, primarily comprised of walking in older adults, confers benefits for
psychological health and mental well-being, functional status outcomes and social outcomes. In many
communities, however, access to physical activity opportunities are limited, especially for older adults.
This exploratory study engaged a small sample (N = 8) of adults aged 65 or older as citizen scientists
to assess and then work to improve their communities. Using a uniquely designed mobile application
(the Stanford Healthy Neighborhood Discovery Tool), participants recorded a total of 83 geocoded
photos and audio narratives of physical environment features that served to help or hinder physical
activity in and around their community center. In a facilitated process the citizen scientists then
discussed, coded and synthesized their data. The citizen scientists then leveraged their findings
to advocate with local decision-makers for specific community improvements to promote physical
activity. These changes focused on: parks/playgrounds, footpaths, and traffic related safety/parking.
Project results suggest that the Our Voice approach can be an effective strategy for the global goals of
advancing rights and increasing self-determination among older adults.

Keywords: older adult; physical activity; social connectedness; physical environment; citizen science;
Discovery Tool

1. Introduction

1.1. Population Ageing

In 2030 there will be 1 billion older adults globally (12% of the total population) [1]. Across the
planet, the number of older adults is growing faster than the number of people in any other age
group [2]. We can expect a 150% expansion of the population aged 65 and over in the next 35 years [1].
Worldwide the population 80 and over is projected to more than triple between 2015 and 2050 from
126.5 million to 446.6 million [1]. The WHO notes that reducing severe disability from disease and
health conditions within this age cohort is one key to constraining health and social costs [3]. It is
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recommended that we need specifically targeted policies to address the needs of older adults to include
housing, employment, health care, social protection and other forms of intergenerational support [2].

1.2. Physical Activity

For nearly all older adults, declining muscle mass, muscle strength and physical performance and
increasing time spent sedentary are common pathways to disease, disability, falls risk, dependency
and morbidity [4–7]. Consequent to this are the attendant care needs, community care costs and rising
residential aged care uptake.

The evidence of the benefits of physical activity for the prevention and management of chronic
conditions for older adults is well documented [6,8,9]. Pertinent to this study is the evidence that
physical activity, primarily comprised of walking in older adults, confers benefits for psychological
health and mental well-being (e.g., anxiety, depression, life satisfaction), functional status outcomes
(e.g., sarcopenia, physical and cognitive function), and social outcomes (e.g., community involvement
and social networks) [1,5,10,11]. Local environments can in turn affect physical activity levels.
In addition to the effects of social aspects of the environment on physical activity, an extensive
amount of evidence underscores the importance of physical environment features (e.g., intersection
crossings, footpaths) on physical activity levels in different age groups.

1.3. Social Connectedness

Enhancing social participation is a central component of the WHO’s response to concerns about
population ageing [12]. In its many forms social connectedness (social networks, social integration,
social embeddedness, human companionship) is vital for active ageing [13]. Social ties help humans
build resilience in the face of various hardships and help to extend our lives. They can matter even
more as we age when ill health increases, which can diminish opportunities for social engagement [14].
Those who have larger networks tend to have better health especially when the interaction with
network members is frequent [15]. Generally speaking, adults who are more socially connected
are healthier and live longer than their isolated peers; there is also a direct relationship between
poor mental health and risk of dying which can be influenced by low quantity and quality of social
relationships [16]. Social ties influence health behaviors and physical health [16].

Social connectedness and engagement can be affected by the surrounding physical environment
in which older adults live. For example, proximity to parks and community centers can influence the
amount of social engagement as well as physical activity that older adults obtain on a regular basis.
Local community senior centers and volunteer organizations can play an important role in facilitating
engagement with social activities. Social groups occurring in neighborhoods or at nearby community
venues are typically ‘cheap to run’ (they do not require a trained other to manage them) and because of
their contribution to better bio-psychological health and health behaviors across time, their capacity to
build social connectedness can contribute to lower healthcare costs and greater quality of life [11,16].

1.4. Physical Environment

The associations between neighborhoods and health have been reported to be the strongest
among adults around retirement age [17]. Furthermore, the positive impacts of walking on older
adults’ strength and flexibility supports the value of walking in warding off disability and extending
older adults’ capacity for independence and aging in place [18]. Planners and civil engineers are
therefore groups that can contribute to ‘ . . . developing new and redeveloping existing communities
to address the health, safety and mobility of older adults’ [18] (p. 43). This latter sentiment is
supported elsewhere: ‘policy makers should consider how to provide both psychosocial and physical
environment resources to support seniors’ physical activity’ [19] (p. 73). Hence, urban planners have
been increasingly encouraged to incorporate into their designs walkable neighborhoods which by
definition are characterized by mixed land use, interconnecting streets, convenient transit locations
and compact communities [20]. What is currently less clear are the types of neighborhood features
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that would be particularly helpful for promoting regular walking among older adults across the
continuum of mobility as people age. A valid and reliable approach for older adults to inform urban
planners and policy-makers about older adults’ needs related to their physical environment is through
citizen science.

1.5. Citizen Science “by the People”

The Our Voice Citizen Science model is a community-based empowerment approach in which
citizen scientists are trained and supported to become agents of change in their own communities [21].
In the “Discover” phase of this approach, citizen scientists use a simple mobile application called the
Stanford Healthy Neighbourhood Discovery Tool (DT), to document local environmental features
through geo-coded photographs, audio narratives, and walking routes. The DT is user-friendly across
all levels of education and technology literacy, and has been operated successfully by persons ages 10
to 92. In the facilitated “Discuss” phase, citizen scientists review and analyze their own data in order
to collectively identify and prioritize challenges. The group then moves into the “Activate” phase,
brainstorming potential solutions and working with local community partners to develop and advocate
for realistic, low-cost changes to local structures, policies and practices (see Figure 1). This process gives
participants a “voice”—a means of telling their stories, building consensus, and motivating action.
Our Voice blends the active participant engagement and ownership inherent in community-based
participatory research with the standardized participant-based data collection methods that are a
hallmark of citizen science. This approach allows citizen scientists to merge individual storytelling
to represent collective experiences and advocate for changes that will impact both individuals and
their communities.

Research has demonstrated that this approach works. Having older adults evaluate their
neighborhoods and then meet with local and public sector decision makers for the purpose of bringing
improvements to these neighborhoods is a viable approach [22]. Citizen science empowers older adults
to participate more actively in local management decisions [23] and policy-making [23]. Accordingly,
‘engaging older adult community residents in advocacy has the potential to achieve better local policy
outcomes, improve [ . . . ] physical activity environments, and provide direct benefit to the residents’
physical health and well-being’ [24]. As Miller [25] suggests, community development works best
when social change is initiated from bottom-up support and actions. The approach lends itself to
improved knowledge transfer impacting policy and action [26,27]. Specific to research with older
adults as citizen scientists, Buman and his colleagues concluded that community-focused values and
interests bought by the older adults themselves guarantees that policy decisions reflect the older adults’
priorities and beliefs [24]. The purpose of this study was to apply the Our Voice citizen science model
with older adults affiliated with the Burnie Brae community center, engaging and empowering those
participants to document their lived experiences and drive positive changes in their local environment.

DISCOVER DISCUSS ACTIVATE CHANGE 

    
Discovering aspects of the 
environment that impact 

walking and access 

Discussing findings with 
other citizen scientists 

Activating for local 
improvements to 

surroundings 

Changing the environment 
for the better 

Figure 1. Our Voice Citizen Scientist framework (King et al., 2016) [21]. © Stanford University.
All rights reserved.
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Research questions

1. What are the features that help or hinder access to a seniors’ center?
2. What are the features of the physical environment surrounding a seniors’ center that help or

hinder physical activity (walking)?
3. In what ways can older adults acting as citizen scientists bring about changes to their

local environment?

2. Methods

This study applied the Our Voice citizen science framework (Figure 1) [27]. Our Voice is
a community partnership process aimed at better understanding community members’ lived
experiences—supporting outreach and action as a direct consequence of a collaborative research
project [28].

Burnie Brae (the Chermside and District Senior Citizens Centre Incorporated, Queensland,
Australia) is a large not-for-profit and charitable organization established in Brisbane (Australia) in
1984. It is Queensland’s largest over 50’s community center. Burnie Brae operates across four locations
on the north side of Brisbane (Australia) and offers a wide range of activities to its membership
base of more than 6000 (average age 69 years). The Burnie Brae Centre is adjacent to Burnie Brae
Parklands—an area of approximately 3.91 hectares (0.0391 km2). Based on an ongoing academic
partnership, the Centre Executive invited the research to be undertaken.

Data were collected from January to March 2018. All citizen scientists gave their informed consent
for inclusion before they participated in the study. The study was conducted in accordance with the
Declaration of Helsinki, and the protocol was approved by the University of Queensland Human
Research Ethic Committee (Approval number #2017000913) as well as approval through the Burnie
Brae Research Administration Group (September 2017).

2.1. Participants and Recruitment

2.1.1. Citizen Scientists

To be eligible to participate in this study, citizen scientists had to be members of the Burnie Brae,
aged 65 years or older, English speaking, actively engaged in a range of social activities (e.g., volunteer
gardening, attended the gymnasium and/or participating in organized social outings) and able to walk
unaided (i.e., independent of walking aids of any kind). Participants were recruited from December
2017–January 2018 via posters displayed at Burnie Brae with further person-to-person invitations
through the Burnie Brae subsidiary Healthy Connections Exercise Clinic. People registered their
interest and attended a 60-min group face-to-face information session. At this information session they
were given a detailed verbal explanation of the study (using a Power Point presentation) that included
a YouTube © video (www.youtube.com/watch?v=sYcYXh51Bl0), safety instructions and instructions
not to photograph persons’ faces/identifiable features. Attendees were assessed for eligibility based
on the inclusion/exclusion criteria with all found eligible. Citizen scientists were also provided a
hard copy project information sheet and provided written informed consent and they also signed a
photography release form.

2.1.2. Researchers (Partner Facilitators)

Eight citizen scientists partnered with members of the research team and a research assistant in
the implementation and emerging design of this research. All but one of the citizen scientists was
female, and all were independently mobile and 65 years or over. Researchers AT and PG are active
members of the Stanford University Citizen Science Global Research Network (CSGRN see: http:
//med.stanford.edu/ourvoice.html), AF is a senior undergraduate dual-degree nursing/ midwifery
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scholar who undertook a short summer research internship and SH is a Burnie Brae researcher and
Accredited Exercise Physiologist (AEP).

2.1.3. Enabling Actors (Decision Makers)

Burnie Brae Executives and the Member for Northgate-Brisbane City Council, were the
purposefully targeted decision-makers. For Burnie Brae this included the Chief Executive Officer
(CEO), the Chairman of the Board (COB) and the Operating Manager (OM). Municipal Councillor AA
is the elected representative for the Brisbane City Council and has local jurisdiction over a Council
Parks Team, the Transport Planning and Strategy Branch, and the Field Services Team responsible
for repair and improvements to surrounding parklands, footpaths and roadways in the immediate
neighborhood. The CEO, COB and OM were invited by AT to hear the findings and the CEO later also
met with AT and the citizen science advocates (HP, NK) to reach an agreement on actions. Councillor
AA was invited through the Chairman of the Board to attend a further hearing of findings and
proposed solutions in the company of the citizen scientist pair (DW, CL) and Chairman of the Board
and co-researchers AT and PG.

2.1.4. Discovery: Data Collection by Citizen Scientists

To discover aspects of the local neighborhood environment, the citizen scientists walked around
the Burnie Brae center and the adjacent park. During these walks, the citizen scientists used the
Stanford Healthy Neighborhood Discovery Tool (Version 1.9.6) (Stanford University, Palo Alto, CA,
USA) application on a Nexus tablet. The Stanford Healthy Neighborhood Discovery Tool (DT) is a
non-medical mobile application created by Stanford University. It is licensed for use by contributing
research projects at outside institutions for the purpose of data collection only. The DT is designed for
single use by community members to gather environmental photos (explicitly not to include identifiable
persons), audio narratives, and GPS-tracked walking routes. Users also answer a brief 8-question
survey that captures basic non-identifiable demographic information and assesses perceptions of the
neighborhood environment [29]. This app is designed to record physical environment (neighborhood
features) and building access points that citizen scientists perceived impacted walking or accessing
their center [29]. Citizen scientists individually designated a feature as helpful or a hindrance on the DT
app. by clicking on a green smiley face or red angry face after reviewing each image. Citizen scientists
were accompanied by a trained member of the research team who provided verbal instructions on how
to use the app. The accompanying trained member of the research team did not influence the data
recorded but served as a silent observer to ensure the safety of the participant [30] and, where required,
to provide technical support [31]. The neighborhood walk canvassed the outside building facilities
and amenities, parking areas and surrounding Burnie Brae Park (http://www.brisparks.com.au/
qld/chermside/burnie-brae-park). Four participants undertook the discovery phase of the study
immediately following the information session, with the remaining four participants completing the
walk within 3 days (N = 3) and 15 days (N = 1) of the information session, respectively (see Figure 1).

Data Storage and Security

Data are uploaded to a password protected Discovery Tool Data Repository (DTDR) and
stored on a secure server at the Stanford University School of Medicine. All data uploaded to the
password-protected data repository are backed up with remote data storage servers. The servers
are maintained by Stanford IT managers. Access to these data are managed by a Protocol Director.
The data are kept securely within the Stanford University system for up to 30 years. Anonymous data
are collected with the DT. No personal health information is recorded or stored. Data uploaded to the
DTDR are not linked to individual participants. Any identifiable photos are immediately blurred or
removed from the server. The audio narratives recorded on the DT are the only potentially-identifiable
data that is stored in the DTDR. Project data collected using the DT and stored in the DTDR may be
shared via a password-protected website only with those collaborators who have signed the DT License
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Agreement and submitted and complied with an approved study protocol; and human subjects/ethics
standards from their home institution.

2.2. Data Preparation by Research Team Members

All attendant geocoded narratives were transcribed and photographs downloaded and printed in
high resolution color. These were then placed in named plastic sleeves corresponding to the citizen
scientists (A–H). The day after the final walk (late January 2018) two members of the research team
(AT, AF) met to prepare the data for the first community meeting where the data were discussed
(see Figure 1). The research team relied on the initial 19 content elements derived from a previous
developed coding schema [29,30]. It was deemed necessary to replace some code element terminology
(for culturally specific reasons); to merge some code elements (to be specific to the neighborhood
walk for this precinct) and remove some altogether (where no data were obviously forthcoming)
(see Table 1).

Table 1. The coded elements used here to derive the three issues prioritized by the citizen scientists
during the Discuss session, January 2018.

Code Element [29,30] (N = 19) Code Element (N = 10)

Parks/playgrounds Parks/playgrounds

Traffic
Traffic related safety

Parking
Traffic related safety/Parking

Sidewalks Footpaths

Mobility/Access issues Mobility/Access issues

Amenities/destinations Amenities/destinations

Crosswalks Zebra crossing

Other Other

Street features Street features

Aesthetics Pretty surroundings

Trash Rubbish/litter/filth

Private residences

Crime/security

Graffiti

Other people

Footbridge

Vacant lots

Dogs

2.3. Discuss: Data Analysis by Citizen Scientists

After completion of the last walk and data preparation, the discuss phase was enacted and citizen
scientists gathered to code their own data (see Figure 1). Co-researcher AT reiterated and further
explained the process and facilitated the citizen scientist group.

Code element headings based on the validated coding schema comprising our revised
10 elements [29,30] were affixed to the walls of the meeting place. The citizen scientists assigned
their photographs, paired with transcribed audio narratives, on the wall under the appropriate
heading. In addition, the citizen scientists allocated positive data on one side of each element space
and negative data on the other. The benefit of this was that it created an immediate visual impression
of what the most frequently noted content element and hindrances were. Once each citizen scientist
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had completed their data assignment, the group walked around to each of the 10 content elements for
the purpose of reaching consensus. The data from one citizen scientist, who was unable to attend this
session, were not analyzed.

At this point the group nominated two citizen scientist advocates to be the group’s representatives
to take the findings and their solutions to the activate session (see Figure 1). One of the citizen science
advocates (HP) led the discussion to prioritize three hindrances to walking and/or center access that
they wanted addressed. Determinations by the citizen scientists of the most important barriers in their
physical environment that hinder physical activity were facilitated by them tallying the negative data
assignment (see Table 2). Finally, a collective brainstorming of solutions took place. Priorities and
solutions were written on a whiteboard and recorded photographically and by the researcher taking
notes of the session.

Table 2. The barriers and facilitators coded by citizen scientists at the Discuss session, ranked by total
frequency, that hinder or help physical activity (walking) and access, January 2018.

Coded Elements
Total Hinder Help Neutral

N % N % N % N %

Parks/playgrounds 24 33 9 13 14 19 1 1
Footpaths 12 17 6 8 5 7 1 1

Pretty surroundings 11 15 0 0 11 15 0 0
Traffic related safety/Parking 8 11 7 10 1 1 0 0

Mobility/Access issues 8 11 4 6 4 6 0 0
Other 5 7 1 1 3 4 1 1

Amenities/destinations 3 4 3 4 0 0 0 0
Zebra crossings 1 1 1 1 0 0 0 0
Street features 0 0 0 0 0 0 0 0

Rubbish/litter/filth 0 0 0 0 0 0 0 0

2.4. Activate: Voicing the(ir) Needs and Prioritising Solutions by Citizen Scientists

Two activate sessions were driven by the citizen scientists-activate session one was a public
presentation open to the center membership and the eight citizen scientist co-researchers (see Figure 1);
activate session two was a ‘closed’ citizen science presentation to the municipal council member.
Activate session one took place in the first week of February and activate session two took place in
third week of March, 2018.

At activate session one, the nominated citizen science advocates delivered a 55-minute,
Power-Point presentation followed by a question and answer session. This session focused on the
group’s needs (N = 7), and their proposed solutions to improve the features of the physical environment
surrounding their center to encourage physical activity (walking). The audience comprised the
enabling actors, five citizen scientists and three members of the research team, and the research
assistant. The citizen science advocates had input into the design of the Power-Point presentation;
were provided a presentation script (based on the co-designed Power-Point presentation) in the days
before the session and arrived on the day one hour before the session to practice their oral presentation
and Power-Point skills with AF and AT. A week following this activate session one, the CEO of Burnie
Brae met again with the two citizen science advocates and co-researcher AT to further discuss and
commit to changing the physical environment features that needed improvement and over which the
CEO had jurisdiction.

At activate session two, the nominated citizen science advocates were unavailable to attend due
to prior commitments. Instead, citizen scientists DW and CL advocated for the group. With the change
to the citizen scientists acting as the groups’ advocates, the Power- Point presentation and question
and answer session was co-delivered with AT. Present at this session were the municipal council
member AA, Burnie Brae Chairman of the Board and co-researcher PG. The focus of the session was
also the physical environment features that needed improvement and over which the Councillor had
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jurisdiction and thus responsibility through the municipal council. It was here that the Councillor
committed to making the citizen scientists’ proposed changes.

2.5. Change: Citizen Scientists Making a Real Difference

At the time of writing, the planning continues for the work related to Burnie Brae Centre access
and the commitments to physical environment features that needed improvement, and over which
Burnie Brae’s CEO has jurisdiction. Councillor AA, as the elected representative for the Brisbane City
Council, has instructed his Council Parks Team, the Transport Planning and Strategy Branch, and the
Field Services Team responsible for repair and improvements to surrounding parklands, footpaths
and roadways to commence work. Footpath repairs and have started. Line marking road works are
completed. A derived outcome from this project has been the approval for the construction of a new
toilet block and additional exercise equipment in the Park.

3. Results: Citizen Scientist Participation and Data Collected

Eight citizen scientists participated in this study. Most were women (87.5%, 7/8), and all were
able to walk independently. All were 65 years or over. 87.5% (7/8) rated the app ‘extremely useful’
with the one other rating the app. ‘somewhat useful’. All but one of the citizen scientists was contacted
both by telephone and attended the information session. Seven attended the discuss session with five
attending activate session 1 and two activate session 2 (see Figure 1).

The citizen scientists took a total of 83 photographs and recorded 83 audio commentaries of the
photographs (9–11 photos/commentaries per citizen scientist) on an average walk duration of 18 min.
Table 2 shows the number of images by coded elements from the discuss session. The three issues
prioritized by the citizen scientists to advocate for were parks/playgrounds, footpaths, and traffic
related safety/parking.

The following represents examples of the citizen scientists’ findings and solutions under the three
priority issues (features of the physical environment surrounding a senior’s centre that hinder physical
activity). Further audio-narratives that support these hindrances are provided in Table 3.

Table 3. Examples of audio narratives (hindrance) to physical activity (walking) and access made by
citizen scientists using the Discovery Tool during the Discover sessions, January 2018.

Coded Element
Quotations about Hindrances to Physical Activity (Walking) and Access
(−, Negative)

Parks/playgrounds

“A tap or drinking bubbler would be nice in the park because if you do have
children or people here for a small picnic there is no way of getting hold of water”
“Been walking for a little while and noticed there are no seats in the park this far I
can see”
“This gravel path through the park where there is a little arbour and shrubs, it’s
great but there is some trimming that needs to be done so folks don’t get caught
up with it”

Footpaths

“Raised paving in the footpath (is) a trip hazard”
“Seems to be a loose gravel path (and) can’t quite see where it’s heading; but
maybe it wouldn’t be a good (path) for people with walkers”
“This pathway is too narrow for more than one person, but it may be difficult to
widen it”

Traffic related
safety/Parking

“I think the sign is misleading and (I am) not sure which side people would be
designated to walk. An actual sign on the pathway would be beneficial”
“Car park is always full; difficult for some people to be able to park in the
car park”
“This is the entrance from X street to the car park and the pedestrian entrance to
the gymnasium (as well) everyone who goes (to the gym) has to walk up and
down the hill; a zebra crossing down the hill would be useful; also traffic flow
in-and-out is confusing for everyone”
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3.1. Parks/Playgrounds

Citizen scientist F and H recorded this environmental feature (Figure 2). Citizen scientist
F narrated:

“I’m finding when you get to the end of the gravel path, there is a sleeper (a heavy timber beam,
especially one that is laid horizontally on the ground), I’m not too sure if it’s supposed to be on a slope
but one part is sticking out quite a bit that would cause some problem to people with walkers”

The feature was evaluated as a safety risk. During the discuss phase (see Figure 1) the citizen
scientist group proposed that the nominated citizen scientist advocates investigate the purpose of
this feature with Council, with a view to having it removed. When the advocate pair presented their
finding at the community meeting and met with the Burnie Brae Chief Executive Officer, the issue
was dealt with by Centre Grounds and Maintenance to make the hazard more visible as it could not
be removed.

 
Figure 2. The sleeper.

Citizen scientist C recorded this feature (Figure 3) and citizen scientist F cautioned where these
facilities do exist ‘you just have to be a little bit careful walking onto the cement slab’:

“More covered shade over the tables, there is three other tables, which would make it more convenient
for a picnic and make it more pleasant”

Whilst other citizen scientists recorded favorably the shaded areas that do exist, the group
felt that there remains a need to build more shaded shelter. This was a priority taken to the
municipal Councillor.
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Figure 3. Shade.

Citizen scientist H noted the outside shade areas for a different reason (Figure 4), concerned about
the impact on walking around Burnie Brae Park:

“This is a photo of urine stench, don’t know how it gets there or how to keep it away but it is
very unpleasant”

It was recommended to the Burnie Brae Executive by the citizen scientist advocates that the
group’s solution was to demand the municipal council to spray and clean the area regularly. However,
the Executive group acknowledged the problem as a Centre issue and directed Grounds & Maintenance
to clean and disinfect the area.

 
Figure 4. Urine stench.
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3.2. Footpaths

Citizen scientist B recorded Figure 5. In contrast, it was the case that citizen scientists A and
H agreed that the shared pathway (bike/pedestrian) in the park was a facilitator for their walking;
and citizen scientist C recorded an impression of ‘safe pathways’. However, for citizen scientist B:

“Seems to be a loose gravel path, can’t quite see where it’s heading, but maybe it wouldn’t be a good
idea for people with walkers”

The group supported this as an issue and proposed that signage be placed to alert persons that
the path was a loose surface. At activate session one (1) the Executive group explained that the nature
of the surface meant it was prone to scuffing. However, the CEO agreed that signage could be posted
to alert persons that the path surface was loose (see Figure 1).

 

Figure 5. Loose gravel path.

Citizen scientist B recorded Figure 6 and was not alone (also citizen scientist H):

“Damaged footpath could be a hazard for people tripping”

This was a group consensus and citizen scientist advocates proposed a letter to be sent to the
municipal council. In conversation with the CEO, it was further recommended that additional
photographs be taken whereby the exact areas were precisely ‘spot-marked’ with paint. This data were
then presented to the municipal Councillor. Preparatory repair work has started.
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Figure 6. Damaged footpath.

3.3. Traffic Related Safety/Parking

Citizen scientist A expressed real safety concern related to Figure 7. Given other recorded images
and narratives about the lack of parking (‘car park always full’), the issue captured here takes on
greater significance:

“On leaving the car park, it’s very difficult when you’re turning right with all the cars parked that
you can’t see cars coming down on the left-hand side and you need to take it out very carefully or
you’re likely to have an accident as all the cars on the left-hand side actually block your view”

The citizen scientists’ solution was to suggest the installation of a reverse mirror and/or to extend
the yellow line road marking. This was a priority taken to municipal Councillor. The line marking has
been completed.

 
Figure 7. Likely to have an accident.
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Citizen scientist E recognized that safely walking about the outside of the center relied on there
being suitable line markings in the car park (Figure 8).

“Carpark needs repainting for the lines in the carpark, it looks terrible”

The Centre CEO accepted the citizen scientists’ request that the line markings be redone.

 
Figure 8. Carpark repainting.

Additional illustrative quotes for the hindrances to physical activity (walking) are included in
Table 3.

4. Discussion

Our research allowed community dwelling older adults, as citizen scientists, to evaluate their
physical environment around the Burnie Brae center for features that help or hinder their walking or
access to it, respectively. These citizen scientists relied on smart technology in the form of the Discovery
Tool to effectively capture digital geocoded images and record narratives about these features whilst
undertaking a neighborhood walk. Collectively these citizen scientists analyzed their own data,
allocating them to meaningful codes and from this they identified those hindrances to walking and
access they wanted ameliorated. The group generated solutions which their nominated advocate pair
presented to their center Chief Executive Officer, Chairman of the Board, Operating Manager; and the
municipal Councillor at formal meetings. Adopting the Our Voice framework and the Discovery Tool
for the first time in Australia, this study showed that it is possible for citizen scientists to enact changes
in the neighborhood.

We have suggested [32] that the nature of the research reported here extends original forms
of photo voice research [33–36]. Here we add smart technology in the form of the Discovery Tool
application to underscore the critical opinions of older adults who not only identify their needs and
assets but also offer real-world, real-time solutions to their identified problem(s) [37].

The Our Voice framework has been successfully tested in a number of lower-income neighborhoods
in California’s Bay Area (e.g., East Palo Alto, north San Mateo County, south Santa Clara County),
and internationally in Mexico, Colombia, Chile and Israel [21]. These projects have addressed a range
of challenges facing marginalized communities (e.g., walkability, food access, safe routes to school,
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park safety and land use) and have shown changes across multiple levels: individual, social, physical
environment and policy [24,29–31,37]. An emerging Our Voice Citizen Science Global Research
Network (CSGRN) (see http://med.stanford.edu/ourvoice.html) is advancing the paradigm in the
USA-inspiring, for example, African-American woman to identify aspects of their local environments
that if improved would support the daily habit of walking. In addition, the Our Voice CSGRN is
targeting older adults (and adolescents) in Brazil, Chile, Manitoba (Canada), the UK and Taiwan as
well as young adults and Maori communities in New Zealand.

We propose that there are a range of good reasons for the implementation of the Our Voice Citizen
Scientist framework and community engagement process as an environmentally-focused intervention.
Our proposals come with a caveat, namely the scope and reach of our findings must be set alongside
our research limitations, which include a small sample size and reasonably short time frames in which
impacts of the intervention have been evaluated. Our Voice projects are currently being conducted
globally with larger numbers of citizen scientists (e.g., a hundred plus) and across longer time frames
(e.g., two years).

The physical environment is a key to social participation which is vital to successful ageing [38,39].
The physical characteristics of the home, neighborhood and transport infrastructure all have a bearing
on older adult’s ability to maintain independence and engage socially [40] The latter is protective of
older adult’s physical, cognitive and mental health [41], and is facilitated through development of
social capital (i.e., neighborhood trust, community belonging). The older adult as a citizen scientist,
engaged in the way we have described, not only improves their immediate neighborhood to facilitate
active living but also engages in a process that brings them together; sharing ideas, agreeing and
disagreeing as they propose solutions that are meaningful to their immediate needs.

It is only by incorporating the perspectives and experiences of the citizens in our neighborhoods,
communities and prefectures that we might expect to meet the UN 2030 Sustainable Development Goals
of ‘making cities and human settlements inclusive, safe, resilient and sustainable’ [2]. Furthermore,
the 2002 Madrid International Plan of Action on Ageing (MIPAA) recognizes that older adults ought
to participate in and benefit equitably from the outcomes of development to advance their health and
well-being and that societies should provide enabling environments for them to do so [42]. Increasingly,
there is an expectation to create aged-friendly standards and environments to help prevent the onset or
worsening of disabilities [42] and to design urban spaces free of barriers to mobility and access. Mindful
of the earlier noted caveats, the citizen science we have described herein does all of these things.

Consistent with the 2002 MIPAA [42] our older adult as a citizen scientist is recognized as
“participant(s) in development planning, emphasizing (they ought to be able to) participate in and
benefit equitably from the (outcomes) of development to advance their health and well-being, and
that societies should provide enabling environments for them to do so” [2] (p. 1). The participatory
role of the public as citizen scientists in the Our Voice framework posits it as a perfect mechanism
for decision making about the environment. Our Voice supports one of the core rights of the Aarhus
Convention [43].

The WHO’s Global Age-Friendly Cities Project and guide contains some eight (8) core age-friendly
features as universal standards for an age-friendly city [44]. The WHO project identified, by listening
to the voices of older adults, two urban living areas of specificity for the research being reported here,
namely: age-friendly outdoor spaces and buildings and age-friendly respect and social inclusion [44].
The former means that the older adult expects well-maintained and safe green spaces, pedestrian
friendly walkways, well-maintained pavements and well-designed roads. The latter means that the
older adult is consulted on ways to serve them better; and that the older adult is included as a ‘full
partner in community decision-making affecting them’ [45] (p. 50). Across the international literature,
an age-friendly city takes as a starting point older adult’s lives and experiences to identify desirable
community services and support [46]. Mindful of our project’s small size, we propose that older adults
as citizen scientists engaging in the Our Voice processes are participating in the very assessments the
WHO suggests a city can make about its age-friendly urban features [44].
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Scaled-up, Our Voice can be enacted to address these big topics espoused by the ‘big players’—we
have named a few (e.g., UN 2030 Sustainable Development Goals; 2002 Madrid International Plan of
Action on Ageing; UNECE Aarhus Convention). A planned future application for this work could also
include persons with dementia (PWD), in the hope of driving change towards creating and maintaining
dementia-friendly habitats [47].

Limitations

This project utilized a small purposive sample of motivated members of the Burnie Brae Centre
as citizen scientists. Outcomes need to be weighed carefully against sample size. Whilst the relatively
small sample generated a range of issues in the physical environment around the Centre and the
project achieved its stated aim of consolidating feedback and solutions from the member base on ways
to improve the walkability of their environment, caution must be taken about extrapolating outcomes.
Equally, the sample was taken from a single Centre and caution should be paid when translating
findings to other locales. Lastly, the small sample was predominantly female. Though this is reflective
of the Center membership, it can be reasonably assumed that features of the physical environment that
are identified by older women might not necessarily be the same as features identified by older men.

5. Conclusions

Older adults are often the recipients of services and solutions that are provided to them by an
external other; by government, institution or organization. In this paper, we present a project were
issues have been identified and solutions have been formulated by the older adult for the older adult.
Further, the older adults have actively advocated for the implementation of these solutions to the
benefit of their entire community. As outlined in the discussion, this has the potential to satisfy on
many levels the objectives set by world-leading organizations who demand rights for older adults and
for them to be to self-determining in all aspects of their lives.
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Abstract: The creation of walkable communities constitutes a cost-effective health promotion strategy,
as walking is an accessible and free intervention for increasing physical activity and health. In this
cross-sectional ecological study, we developed a walkability index for the Porto Metropolitan Area
and we validated it by assessing its association with walking for transportation. Neighborhood
walkability was measured using a geographic information system and resulted from the weighted
sum of residential density, street connectivity, and a destination-based entropy index. The index was
categorized into quintiles of increasing walkability. Among the 1,112,555 individuals living in the
study area, 28.1% resided in neighborhoods in the upper quintile of walkability and 15.8% resided in
the least walkable neighborhoods. Adjusted regression models revealed that individuals residing
in the most walkable neighborhoods are 81% more likely to report walking for transportation,
compared with those from the least walkable neighborhoods (odds ratio: 1.81; 95% confidence
intervals: 1.76–1.87). These results suggest that community design strategies to improve walkability
may promote walking behavior.

Keywords: built environment; urban health; urban form; walking; physical activity; health promotion

1. Introduction

Despite the many benefits of physical activity (PA) [1], most people do not engage in regular PA.
The Portuguese remain amongst the most physically inactive Europeans, as 68% of Portuguese adults
were reported as never engaging in PA [2].

Walking is the most common form of PA. It is affordable, enjoyable, and versatile; it is recognized as a
means of increasing levels of PA for the majority of the population [3]. Furthermore, walking can be easily
incorporated into daily life routines, namely during trips from home to work/school, so-called “walking
for transportation” (or active transportation).

Certain built environmental characteristics can act as facilitators or as barriers to walking.
For instance, a well-connected street network shortens distances between origins and destinations,
and the availability of a variety of destinations (recreation, services, and retail) within a walkable
distance from residence reduces automobile trips and promotes walking [4].

To combine key built environmental features that encourage walking behavior—street network
connectivity, land-use mix, and residential density—the walkability index was developed in the
2000s [5]. An increasing number of studies, mainly from the United States (US) and Australia,
showed that neighborhood walkability is an important correlate of PA, i.e., walking behavior [3,6,7],
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suggesting that the creation of more walkable communities may constitute a powerful and cost-effective
tool for promoting PA at population-level.

Despite the importance of addressing the built environmental correlates of PA, no validated
measures of neighborhood walkability exist in Portugal. The walkability index was mostly applied
in North America and Australia. Given the differences in urban form, extrapolation of findings to
European cities such as Porto may not be appropriate [8]. Cities in America are more decentralized
and sprawling, while cities in Europe are more central and compact [9]. Furthermore, the walkability
index proposed by Frank and colleagues uses a set of well-established variables that were shown
to be significantly associated with walking behavior [5]. Ideally, the same set of variables should
be used in Porto (Portugal) to create a similar index. However, these variables were not available
and alternate indexes must be computed. The creation of novel and modified walkability indexes
requires validation to assess if they preserve the same explanatory power of the original index. In 2016,
two indexes of walkability were developed for the Porto municipality [10,11], though these indexes
were not validated by measuring their association with walking behavior. This is particularly relevant
because the previously mentioned indexes used land-use data from a pan-European dataset—European
Environment Agency Urban Atlas land-use map [12]—which has poor attribute accuracy. For instance,
commercial, industrial, and military land-uses are collapsed in the same land-use category (“industrial,
commercial, public, military, and private units”), which may not allow for the accurate quantification
of the diversity of non-residential destinations, a key component of the walkability index.

Taking into account these research gaps, we aimed to develop a neighborhood walkability index
for the Porto Metropolitan Area and to test if it is associated with walking for transportation.

2. Materials and Methods

2.1. Study Area

The Porto Metropolitan Area is the second largest metropolitan area of Portugal. It is located in
the northern region of the country and has a population of 1.3 million [13].

For the development of the walkability index, we focused on the six core municipalities of
the Metropolitan Area, which hold roughly 85% of its population (N = 1,112,555 inhabitants):
Porto, Matosinhos, Maia, Vila Nova de Gaia, Gondomar, and Valongo. These municipalities are divided
into 10,444 census tracts. Census tracts are an operational unit for data collection and constitute the
smallest geographical unit of census data dissemination (mean of 107 inhabitants/area, mean area of
53,852 m2) [14]. Census tracts, from here onward simply referred to as neighborhoods, were used as
the unit of analysis in the present study.

2.2. Walkability Index

Neighborhood walkability is generally composed of four elements [6]. Due to data unavailability,
the ratio of retail building floor areas was not included; thus, our index incorporated the remaining
three variables: residential density, street connectivity, and entropy index. Similarly to us, due to data
unavailability, several other studies were also forced to remove this variable [7,8,10,15,16]. Despite this
methodological modification, these studies were able to detect a significant association between the
developed walkability index and walking for transport [7,8,15,16], which indicates that the explanatory
power of the index may not be affected by this omission.

All the variables and procedures required to assess the components of neighborhood walkability
are described in Table 1.
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2.2.1. Residential Density

Residential density was obtained by calculating the density of households (number of households
per km2) within each neighborhood. For that, data from the 2011 population and housing census,
available at Statistics Portugal (https://www.ine.pt/), were used.

2.2.2. Street Connectivity

An updated street network dataset, provided courtesy of Environmental Systems Research
Institute (ESRI), was used to compute the number of intersections (≥3 intersecting streets) per km2

within 800 m of the centroid of each neighborhood; only streets that allowed pedestrian circulation
were included. For this assessment, we used the ArcGIS 10.4 Network Analyst tool (Environmental
Systems Research Institute, ESRI, Redlands, CA, USA) and an 800-m (equivalent to a 10-min walk)
threshold as employed in other studies focused on measuring pedestrian access to neighborhood
facilities [17,18]. Additionally, to evaluate how sensitive our results were to the distance threshold,
the 400-m distance was also employed. The 800-m and 400-m buffers contain approximately 2,011,000
and 503,000 square meters, respectively.

2.2.3. Entropy Index

To assess the variety of destinations available to each neighborhood, we computed an entropy
index. Traditionally, the entropy index is based on the percentage area occupied by different types
of land uses that promote PA, and reflects how varied the neighborhood is in terms of its land-use
distribution [5,6]. However, no accurate polygon dataset of those land uses was openly available for
the Porto Metropolitan Area. Thus, we computed an alternative, destination-based measure of entropy
as described below.

(1) Step 1: Collection of the locations of commonly visited destinations in the study area. Based
on previous studies [6,19], we considered the following types/groupings of destinations: retail,
institutional, services, recreational, and residential. Several sources of data were used, fully
detailed in Table 1. These data sources can be considered reliable and accurate, as details
about most destinations were centralized in institutional and territorial local authority websites
and datasets.

(2) Step 2: Assessment of the number of destinations of each type within 800 m of the centroid of
each neighborhood, using the ArcGIS 10.4 Network Analyst tool and an updated street network.
Again, for sensitivity analysis, the 400-m distance threshold was also employed.

(3) Step 3: After determining the number of destinations of each type at a walkable distance,
we calculated the entropy index for each neighborhood, using the equation below.

Entropy index o f j neighbourhood =
−∑ pij × ln pij

lnNi
, (1)

where pij is the fraction of destinations of type i at a walkable distance from neighbourhood
centroid j, and Ni is the number of different destination types, i.e., five. Values may range from 0
(low diversity of destinations) to 1 (high diversity).

2.2.4. Walkability Index Calculation

Each of the previously described variables was standardized, and the walkability score was
obtained by summing the three z-scores [10].

The walkability index was created to be used both as a continuous score and/or a categorical
variable. As in the original version of the measure [5], the neighborhood walkability index was then
categorized in quintiles of increasing value (Q1—least walkable to Q5—most walkable).
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2.3. Walking for Transport

Data on the number of individuals that report walking from/to school/work were obtained from
the 2011 population and housing census, available via Statistics Portugal (https://www.ine.pt/).

In the census survey, every inhabitant answered the following question: What is your main mode
to travel to school/work? (1, walking; 2, car; 3, bus; 4, collective transport offered by school/work;
5, metro; 6, train; 7, motorcycle; 8, bike; 9, boat; 10, other). The person could select one option only.
There were no missing data, as usual in universal population censuses.

In this study, we used the number of individuals (count) living in each neighborhood who reported
walking to/from home/work and, as a denominator, we included the total number of individuals
living in the same neighborhood.

2.4. Covariates

We also included data on potential confounders in the association between neighborhood
walkability and walking for transport, identified in previous studies [5,20]: the population age and
gender distribution (proportion of active-age population 15–64 years old, and proportion of women),
the proportion of employed individuals, and the proportion of people working in other municipalities.
These data were obtained from the 2011 population and housing census, available via Statistics Portugal
(https://www.ine.pt/), Additionally, we considered the neighborhood socioeconomic deprivation
index developed and fully described in previous publications [21,22]. In short, this index was
calculated from the weighted sum of the following standardized variables: % overcrowded households,
% households with no bath/shower, % households without indoor flushing, % households occupied
by non-owners, % women aged 65 or more, % individuals with low education, % individuals in
low-income occupation, and % unemployed individuals. The index was categorized into quintiles of
increasing socioeconomic deprivation (Q1—least deprived to Q5—most deprived).

2.5. Associations with Transport Walking

Generalized additive models (GAM) were used to estimate the association between the proportion of
individuals that reported walking from/to school/work and the walkability index score and quintiles.

GAM extends generalized linear models to include nonparametric smoothing. This approach,
employed previously [23,24], allowed us to model the spatial distribution of the response variable,
thus allowing for the control of spatial autocorrelation.

Firstly, we fitted a univariable model, which included the response variable, the walkability index,
and a function (thin plate spline) applied on the coordinates of each neighborhood.

Then, the model was adjusted for potential confounders: the population age and gender distribution
(proportion of active-age population 15–64 years, and proportion of women), the proportion of
employed individuals, the proportion of people working in other municipalities, and the neighborhood
socioeconomic deprivation index. Statistical analyses were conducted in the R software version 3.3.3.
(R Foundation for Statistical Computing, Vienna, Austria) using the package “mgcv”.

3. Results

The spatial distribution of the walkability index is shown in Figure 1. The average walkability
index in the study area was 0.01, ranging from −2.81 to 15.05. Out of the 1,112,555 inhabitants living in
the study area, 15.8% resided in neighborhoods in the first quintile of walkability (Q1—least walkable),
16.0% in Q2, 17.9% in Q3, 22.2% in Q4, and 28.1% in Q5 (the most walkable neighborhoods). For the
geographical distribution of the index, we observed a clear radial decay in the walkability index of
the Porto Metropolitan Area from the center (Porto municipality) to the periphery (municipalities of
Matosinhos, Maia, Valongo, Gondomar, and Vila Nova de Gaia) (Figure 1).
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Figure 1. Location of the study area in Portugal (A). Spatial distribution of the walkability index at the
neighborhood level (n = 10,444) (B).

Table 2 shows the population characteristics. Overall, 15.4% of the population reported walking
to/from work/school. Table 3 depicts the association between the walkability index and the proportion
of the population that walks to/from work/school. There is a graded and positive association between
the walkability index and transport-related walking.

This association remained after adjustment for potential confounding variables. Compared with
the least walkable neighborhoods, individuals residing in the most walkable neighborhoods were
significantly more likely to walk to/from work/school (Q1 vs. Q5 odds ratio: 1.81; 95% confidence
intervals: 1.76–1.87). When using the walkability index score, we observed that the odds of walking
to/from work/school increased by 7% for every unit increase in the walkability index (odds ratio: 1.07;
95% confidence intervals: 1.07–1.08).

Similar results were obtained using the 400-m distance threshold, as shown in Table S1
(Supplementary Materials).

Table 2. Characteristics of the population residing in the study area (N = 1,112,555).

Variables %

Gender (men) 47.4
Active-age population 15–64 years 68.5

Employed individuals 60.3
Working in other municipalities 24.1
Walking from/to work/school 15.4

Neighborhood walkability index
Q1—least walkable 15.8

Q2 16.0
Q3 17.9
Q4 22.2

Q5—most walkable 28.2

Neighborhood socioeconomic deprivation
Q1—least deprived 15.5

Q2 19.1
Q3 22.4
Q4 20.9

Q5—most deprived 22.2
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Table 3. Crude and adjusted associations between the neighborhood walkability index and the proportion
of residents walking from/to work/school.

Walking from/to Work/School
OR and 95% CIs 1

Walking from/to Work/School
AOR and 95% CIs 2

Neighborhood walkability index
Q1—least walkable 1.00 1.00

Q2 1.08 (1.05–1.11) 1.11 (1.08–1.15)
Q3 1.30 (1.27–1.34) 1.37 (1.33–1.41)
Q4 1.44 (1.40–1.48) 1.56 (1.51–1.60)

Q5—most walkable 1.53 (1.48–1.57) 1.81 (1.76–1.87)
Neighborhood walkability index (score) 1.05 (1.04–1.05) 1.07 (1.07–1.08)

1 Odds ratio (OR) and 95% confidence intervals. 2 Adjusted odds ratio (AOR) and 95% confidence intervals.
Adjusted for the proportion of active-age population 15–64 years, proportion of men, proportion of employed
people, proportion of people working in other municipalities, and neighborhood socioeconomic deprivation score.

4. Discussion

The present study was designed to measure of how well the Porto Metropolitan Area neighborhoods
promote active forms of transportation, such as walking. This study fulfilled an important evidence gap in
Portugal, where, despite the extremely low levels of PA, few investments were made in ascertaining how
friendly urban environments are for pedestrian movement. To address this, we developed a walkability
index at the neighborhood level by adapting an original methodological framework for walkability [5] to
the data available in the study area.

Confirming findings from international investigations [3,6–8,15,16,25,26], we observed a positive
and graded association between neighborhood walkability and walking. Residents in more walkable
neighborhoods—areas with a variety of destinations within walking distance, a well-connected street
network, and a high density of residences—presented 81% higher odds of walking for transportation
(to/from work/school), as compared with those living in the least walkable areas. While our methods
are not fully comparable with all those used in other studies on the topic, it is important to note that
the effect sizes observed in the literature somehow match ours. For instance, Chudyk et al. reported
that a 10-point increase in the walkability index score was associated with 45% greater odds of walking
for transportation in a population of older adults from Canada [3]. In a sample of South Asians living
in the US, for each 10-point increase in walk score, men engaged in 13 additional minutes per week
of walking for transport [16]. Villanueva et al. collected data from a sample of Australian adults,
and observed that a point increase in the walkability index score was associated with 6% greater odds
of walking [7]. In Sweden, individuals living in highly walkable neighborhoods, compared to those
living in less walkable neighborhoods, had 77% higher odds of walking for active transportation [15].
Studies using objective measures of walking, derived from accelerometry, also observed a positive
association between neighborhood walkability and daily steps [25,26].

Regarding, the geographical distribution of the index, we observed a clear radial decay in the
walkability index of the Porto Metropolitan Area from the center (Porto municipality) to the periphery,
as expected. This is likely the case because the Porto municipality is the urban core, and the peripheral
municipalities (Matosinhos, Valongo, Maia, Vila Nova de Gaia, and Gondomar) have lower land-use
mix and street connectivity, two of the walkability index components. Similar radial decay patterns in
the walkability index were observed in other urban areas [6,8,27].

This investigation has a number of limitations that should be discussed. Concerning the index
development methodology, we could not include all possible destinations available in the study
area (namely shops and small food outlets), due to difficulty in accessing high-quality and accurate
datasets. This may affect the absolute walkability index value by underestimating it, but it is unlikely
to influence the relative position of the neighborhoods, i.e., the quintiles. We were also unable to
obtain information on a fourth variable commonly included (ratio of retail building floor areas).
Concerning the measurement of associations, conclusions regarding causality and the directionality
of the associations could not be made, given the study’s cross-sectional design. We relied on a
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dichotomous (yes/no) self-reported variable to measure walking for transport, which might lead to
recall and reporting bias. Previous studies found a low-to-moderate correlation between self-reported
and objective measures of PA [28]. Thus, ideally, objective measures obtained using global position
systems (GPS) and accelerometry, should be used to measure walking for transport [28]. Additionally,
our variable on walking for transport did not capture the duration and intensity of walking, which are
more relevant to health.

This study also has a number of strengths and implications. Firstly, we developed, for the first
time, a validated walkability index for Porto area, which is critical for establishing priorities for the
creation of more walkable and pedestrian-friendly communities. Secondly, we developed and tested
an alternative measure of entropy, which may be useful in settings where no high-resolution land
parcel maps are openly available. The methods employed in this study may be easily transposed and
applied in other countries of high, medium, and low income, where accurate and updated land-use
datasets may not be available, provided these new indexes are subject to proper validation. Moreover,
we tested the impact of using different thresholds of geographical proximity to destinations (800 and
400 m); this is critical as there is no current consensual definition of what a walkable distance is. In sum,
the validation of the index was based on census data, which have universal coverage in Portugal, and
included data from 1.1 million citizens living in the second largest metro area of the country.

Demonstrating that the way the urban environment is built influences walking behavior
provides important evidence for the development of area-based interventions for the creation of
more PA-friendly communities. Moreover, the creation of walkable communities may lead to a series
of co-benefits [29]: (1) significant health gains at population level, as physical inactivity is a leading risk
factor for mortality and several non-communicable diseases [30]; (2) environmental sustainability, since
it reduces car trips, which minimizes air pollution and noise [29]; (3) economic gains, by decreasing
expenses related to car ownership and strengthening the local business environment [29].

5. Conclusions

In conclusion, this study showed that neighborhood walkability has a positive and graded
association with walking for transportation. Although we cannot directly infer this from our study,
our results suggest that implementing community design strategies to improve walkability might
enhance PA among Portuguese urbanites, specifically by increasing walking for transportation.
The study also demonstrated that, in the absence of land-use maps, an alternative and valid measure
of the neighborhood entropy index could be developed based on the number and type of destinations
within a certain area.

Supplementary Materials: The following are available online at http://www.mdpi.com/1660-4601/15/12/2767/s1:
Table S1: Crude and adjusted associations between the neighborhood walkability index and the proportion of
residents walking from/to work/school (threshold distance equal to 400 m).
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Abstract: This study aimed to investigate the associations between Walk Score® and lifestyle
behaviors and health outcomes in older Taiwanese adults. A nationwide survey was conducted
through telephone-based interviews with older adults (65 years and older) in Taiwan. Data on Walk
Score®, lifestyle behaviors (physical activity, sedentary behavior, healthy eating behavior, alcohol
use, and smoking status), health outcomes (overweight/obesity, hypertension, type 2 diabetes,
and cardiovascular disease), and personal characteristics were obtained from 1052 respondents. A
binary logistic regression adjusting for potential confounders was employed. None of the Walk Score®

categories were related to the recommended levels of total physical activity. The categories “very
walkable” and “walker’s paradise” were positively related to total sedentary time and TV viewing
among older adults. No significant associations were found between Walk Score® and other lifestyle
health behaviors or health outcomes. While Walk Score® was not associated with recommended
levels of physical activity, it was positively related to prolonged sedentary time in the context of a
non-Western country. The different associations between the walk score and health lifestyle behaviors
and health outcomes in different contexts should be noted.

Keywords: walkability; neighborhood; older adult; chronic diseases

1. Introduction

There is overwhelming evidence of the role of the neighborhood environment in individuals’
lifestyle behaviors and health outcomes [1,2]. Compared to psychosocial intervention, manipulation
of the built environment is expected to have long-term effects on various populations [3,4].
The neighborhood built environment is particularly important for older populations because they tend
to spend most of their time in it as their mobility gradually declines with age [5]. Walkability, a key
concept of the built environment, is the capacity of a neighborhood to support individuals’ lifestyle
behaviors such as walking and physical activity [6]. Previous studies have assessed neighborhood
walkability using various measurements such as audits of streetscapes, residents’ perceptions as
well as indices of land use mix diversity, street connectivity, and residential density [7,8]. Research
has associated an increased duration of physical activity with a decreased risk of negative health
outcomes such as being overweight [9], symptoms of depression [10,11], and overall mortality [12,13].
A deeper understanding of neighborhood walkability and older adults’ health is needed to develop
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IJERPH 2019, 16, 622

initiatives and inform policymakers and urban designers on redesigning cities and suburbs to improve
public health.

Walk Score® is a free, web-based, and publicly available estimate of neighborhood walkability that
can minimize the limitations of observational, self-reported, and geographic information system (GIS)
measures [14]. Although Walk Score® was initially developed as an indicator for housing prices and
environment friendly neighborhoods (i.e. walkability and transportation), previous studies showed a
positive association between walk score and walking behavior and overall physical activity [15–17]
and a negative association with sedentary behaviors such as driving a car [18]. Moreover, the walk
score is negatively related to health outcomes such as risk of obesity [19] and cardiovascular diseases
(CVD) [20,21], and positively related to risks of type 2 diabetes [22]. However, studies using Walk
Score® mostly reported data from Western countries, and the situation remains unclear in the context of
non-Western countries. Thus, to our knowledge, only two studies have investigated the relationships
between Walk Score® and physical activity, sedentary behavior, [18] and weight status [23] in Japan, an
Asian country. Compared to Western countries, differences in the context of Asian countries include
high population density, long working hours, transportation mode (i.e. motorcycles), and traditionally
mixed land-use [24,25]. Based on different cultural, economic, and environmental contexts, the walk
score may have different effects on public health in Asian countries. In addition, since neighborhood
physical attributes influence lifestyle behaviors that contribute to chronic diseases [26], it remains
unclear whether the walk score is linked with other lifestyle behaviors such as current smoking
status, alcohol use, and healthy eating behavior (potentially influenced by access to amenities in the
neighborhood), and other health outcomes (i.e., hypertension) in older adults. To fill this research gap,
the present study aimed to explore the relationships between the walk score and lifestyle behaviors
(total physical activity, sedentary time, smoking behavior, alcohol use, and eating behavior) and
health outcomes (risks of overweight/ obesity, hypertension, type 2 diabetes, and CVD) of Taiwanese
older adults.

2. Materials and Methods

2.1. Participants

A cross-sectional telephone-based survey was conducted across Taiwan in 2017. To ensure a
representative sample, participants were randomly selected using a stratified two-stage sampling
procedure. The four areas (i.e., northern, eastern, western, and southern) of Taiwan were first stratified
according to geographic location. In the second stage, individuals were randomly selected based
on gender and age group (aged 85+, 75–84, 65–74 years). Each interviewer underwent training and
conducted a standardized questionnaire during each survey. Among 3,282 older adults asked to
participate, 1,068 responded (response rate: 32.5%). After data cleaning, the data of 1052 participants
was considered valid and included in our analysis (eligible rate: 32.1%). Before each telephone
interview began, verbal informed consent was obtained. Furthermore, participants were not offered
any rewards. The protocols of this study were assessed and approved by the Research Ethics Committee
of the University (REC number: 201706HM020).

2.2. Outcome Variables

Seven lifestyle behaviors and four health outcomes were included in this study:

1. Lifestyle behaviors: (i) total physical activity, (ii) total sedentary behavior, (iii) TV viewing, (iv)
driving time, (v) healthy eating behavior, (vi) alcohol use, and (vii) current smoking status

2. Health outcomes: (viii) overweight/obesity, (ix) hypertension, (x) diabetes, and (xi) CVD
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2.2.1. Lifestyle Behaviors

Physical Activity

The total time spent doing physical activity was assessed using the Taiwanese version of the
International Physical Activity Questionnaire (IPAQ), which is widely utilized in telephone interview
surveys on older adults [27,28]. The Taiwanese version of the IPAQ has high test-retest reliability
(r = 0.78) and content validity (intra-class correlation coefficient = 0.99) [29]. The self-reported time
spent walking, on moderate-intensity physical activity excluding walking (e.g., dancing and table
tennis), and vigorous-intensity physical activity (e.g., aerobic exercises and basketball) was summed as
total physical activity. The total physical activity was then dichotomized into two categories according
to the physical activity guidelines for older adults: sufficient (≥150 min/week total physical activity)
and insufficient (<150 min/week total physical activity) [30].

Sedentary Behavior

The total sedentary behavior, TV viewing time, and driving time were obtained using the Measure
of Older Adults’ Sedentary Time questionnaire. Total sedentary behavior in the past week was
calculated as the sum of TV viewing (i.e., time spent watching TV or digital videos), screen time (i.e.,
time spent online via any medium such as a computer, cellphone, and tablet), reading, chatting with
others while sitting, driving time, eating, sedentary hobbies (e.g., listening to music and playing cards),
sitting for work or volunteering, and other sitting activities. The total sedentary behavior was then
dichotomized as >8 h/d and ≤8 h/d [31]. Furthermore, two specific sedentary behaviors, namely TV
viewing and driving time, were examined because they may be potentially related to environmental
walkability [18,32]. The cutoffs of 2 h/d and 1 h/d were selected for TV viewing [33,34] and driving
time, respectively [35].

Eating Behavior, Alcohol Use, Current Smoking Status

In addition to physical activity and sedentary behavior, eating behavior, alcohol use, and current
smoking status were recorded. Based on the items used in previous studies [36], participants were
asked about their healthy eating behavior (How many servings of fruits and vegetables do you
consume on an average day?), total number of alcoholic drinks consumed (How many alcoholic
drinks do you consume each week?), and current smoking status (Are you a current smoker?). We
divided healthy eating behavior into “Yes (three servings of vegetables and two servings of fruit)” and
“No” according to the Taiwanese dietary guidelines [37], and categorized “alcohol use” and “current
smoking status” as “Yes” and “No.”

2.2.2. Health Outcomes

Overweight/Obesity, Hypertension, Type 2 Diabetes, CVD

Health outcomes included self-reported body mass index (BMI), hypertension, type 2 diabetes,
and CVD. BMI was calculated based on self-reported height and weight and classified as “normal
weight, <24 kg/m2” and “overweight/obesity, ≥24 kg/m2” according to the criteria for Asian cutoff
points [38]. According to the Taiwanese Chronic Disease Survey [39], the status of hypertension, type 2
diabetes, and CVD is determined by an affirmative response to a question (yes or no). The question is
as follows: “Has a doctor, nurse, or other health professional ever told you that you have hypertension
(type 2 diabetes, and CVD type 2 diabetes), or do you use medications for such conditions?”

2.3. Exposure Variable

The exposure variable was neighborhood walkability, which was measured using the Walk Score®

website (Link: www.walkscore.com). Walk Score® was recently confirmed as a valid measure for
assessing neighborhood walkability in the Asian context [40]. Our study also found significant positive
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correlations between Walk Score® and GIS-derived environmental attributes relevant to walking,
namely residential density (r = 0.64), intersection density (r = 0.70), number of local destinations
(r = 0.70), sidewalk availability (r = 0.38), and access to public transportation (r = 0.53) in Taiwan.
Walk Score® is first calculated by determining a raw score for each geographic location based on
the network distance to nine amenity categories of walking destinations, namely grocery stores,
restaurants, shopping, coffee shops, bank services, schools, entertainment, bookstores, and parks.
These raw scores are then normalized from 0 to 100 adjusting for the “intersection density” and “block
length” around each location [41,42]. To calculate the walk score of each respondent, each respondent’s
residential neighborhood was manually inputted into the Walk Score® website by one researcher and
the validity checked by another researcher. Recent studies suggested that there may not be a linear
association between the walk score and walking [16] and obesity [19]. Therefore, according to the
methodology [42], the walk scores were classified into four categories: (1) “car-dependent” (walk
score: 0–49), (2) “somewhat walkable” (walk score: 50–69), (3) “very walkable” (walk score: 70–89),
and (4) “walker’s paradise”(walk score: 90–100).

2.4. Covariates

The covariates were several demographic variables: gender, age groups (65–74, 75–84, 85+ years),
education achievement (up to a high school degree or college degree or more), occupational status
(full-time job or no full-time job), marital status (married or not married), and living status (living
alone or living with others).

2.5. Data Analysis

Data from 1052 Taiwanese older adults who completed the survey on the study variables were
analyzed. Since the outcome variables were skewed (i.e., health behaviors) or categorical (i.e., health
outcomes) and the walk score category was provided, an adjusted binary logistic regression was
performed to investigate the relationship between the four walk score categories and seven lifestyle
behaviors and four health outcome variables. For the association between walk score and each lifestyle
behavior, socio-demographic covariates including gender, age group, education level, occupational status,
marital status, and living status were adjusted. For the association between the walk score and each health
outcome, all health lifestyle behaviors (excluding TV viewing and driving) and the abovementioned
socio-demographic variables were further adjusted. We considered the total sedentary behavior; therefore,
we excluded these two types of sedentary behavior to avoid issues of multicollinearity. The odds ratio
and 95% confidence interval (CIs) were calculated for each variable. Inferential statistics were performed
using IBM SPSS 22.0 and the level of significance was set at P < 0.05.

3. Results

3.1. Participants’ Demographic Characteristics

Table 1 presents the demographic characteristics of the sample. Among the participants, the mean
age was 73.0 years (standard deviation (SD) = 6.10), 50.1% were male, 64.5% were aged 65–74 years,
69.7% had a high school degree and lower, 90% did not have a full-time job, 75.6% were married,
and 85.7% lived with others. Older adults who lived in car-dependent neighborhoods tended to be
male, had up to a high school degree, and did not have a full-time job.

We demonstrate the association between 11 health-related characteristics and 4 walk score
categories in Table 2. Older adults living in a “walker’s paradise” were more likely to have a total
sedentary behavior time of more than 8 h per day (41.8%) and TV viewing time of more than 2 h
per day (58.5%). No proportional differences were observed for total physical activity, driving time,
healthy eating behavior, alcohol use, current smoking status, BMI, hypertension, type 2 diabetes,
and CVD across the walk score categories.
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3.2. Association Between Walk Score and Lifestyle Behaviors and Health Outcomes

The adjusted logistic regression models showed the associations between 11 health-related
characteristics and 4 walk score categories (Table 3). In the unadjusted model, some covariates
(i.e., gender, education achievement, and occupational status) and two sedentary behaviors (i.e.,
total sedentary behavior and TV viewing) were associated with the walk score category (data are
not shown). After adjusting for potential covariates, the associations of the walk score categories
with the two studied sedentary behaviors were slightly attenuated. Participants living in very
walkable neighborhoods and walker’s paradises were more likely to have a total sedentary behavior
time > 8 h/day (very walkable: OR = 1.68, 95% CI = 1.13–2.48; walker’s paradise: OR = 2.28, 95%
CI = 1.62–3.21) and more TV viewing time (>2 h/day) (very walkable: OR = 1.47, 95% CI = 1.03–2.09;
walker’s paradise: OR = 1.50, 95% CI = 1.10–2.05). No significant relationships were found between
walk score category and total physical activity, driving time, healthy eating behavior, alcohol use,
and current smoking status. Furthermore, walk score category was not related to health outcome
variables including BMI, hypertension, type 2 diabetes, and CVD.

Table 3. Adjusted odds ratios (ORs) for the association of walk score category with lifestyle behaviors
and health outcomes.

Health-Related Characteristics

Walk Score Category

Car-Dependent Somewhat Walkable Very Walkable Walker’s Paradise

OR * (95% CI †) OR * (95% CI †) OR * (95% CI †) OR * (95% CI †)

Lifestyle behaviors

Total PA ‡ (ref. Insufficient)
Sufficient 1.00 0.65 (0.41, 1.03) 0.93 (0.60, 1.43) 1.01 (0.68, 1.49)

Total SB § (ref. ≤ 8h/day)
> 8h/day 1.00 1.28 (0.81, 2.01) 1.68 (1.13, 2.48) 2.28 (1.62, 3.21)

TV viewing (ref. ≤ 2h/day)
> 2h/day 1.00 0.97 (0.65, 1.44) 1.47 (1.03, 2.09) 1.50 (1.10, 2.05)

Driving time (ref. ≤ 1h/day)
> 1h/day 1.00 1.18 (0.73, 1.90) 0.83 (0.52, 1.32) 0.75 (0.50, 1.14)

Healthy eating behavior (ref.
Yes)
No 1.00 0.81 (0.48, 1.36) 0.86 (0.54, 1.36) 0.82 (0.54, 1.23)

Alcohol use (ref. Yes)
No 1.00 0.57 (0.29, 1.09) 0.59 (0.32, 1.11) 0.66 (0.38, 1.17)

Current smoking status (ref. Yes)
No 1.00 1.08 (0.48, 2.39) 0.79 (0.39, 1.61) 1.12 (0.57, 2.19)

Health outcomes

BMI || (ref. Overweight/obesity)
Normal 1.00 1.18 (0.79, 1.77) 1.13 (0.79, 1.61) 1.07 (0.78, 1.48)

Hypertension (ref. Yes)
No 1.00 0.96 (0.64, 1.44) 0.90 (0.63, 1.28) 0.76 (0.55, 1.04)

Diabetes (ref. Yes)
No 1.00 1.02 (0.63, 1.67) 1.05 (0.68, 1.61) 1.41 (0.94, 2.12)

CVD ** (ref. Yes)
No 1.00 0.97 (0.59, 1.59) 1.06 (0.68, 1.65) 1.18 (0.79, 1.77)

* ORs = odds ratios; † CI = confidence interval; ‡ PA = physical activity; § SB = sedentary behavior; || BMI =
body mass index; ** CVD = cardiovascular disease; Lifestyle behaviors adjusted for gender, age group, education
achievement, occupational status, marital status, and living status; Health outcomes adjusted for gender, age group,
education achievement, occupational status, marital status, and living status, total PA, total SB, healthy eating
behavior, alcohol use, and current smoking status.

4. Discussion

The present research is one of the limited number of studies that explore the relationships of
the walk score with seven lifestyle behaviors and four health outcomes among older adults in an
Asian country. The findings revealed that the walk score is not associated with physical activity
recommendations, but positively related to prolonged sedentary time and TV viewing among older
adults in the context of Taiwan. These findings are inconsistent with previous findings on physical
activity [16,17,43] and sedentary behavior [19,44] conducted in Western countries. The present findings
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may have significant implications for the inconsistency in the associations of the walk score with
physical activity and sedentary behavior between Western countries and other contexts.

Contrary to our expectations, none of the walk score categories were related to physical activity,
although the categories “very walkable” and “walker’s paradise” were positively related to total
sedentary time and TV viewing. Previous studies provided conflicting findings regarding the
association between walkability and physical activity. Many associated a higher walk score with higher
physical activity [45,46], although several others demonstrated no association between walkability and
physical activity [46] or walking [47]. The lack of association between Walk Score® and physical activity
may reflect the nature of the participants, because regardless of the walk score, around 70–80% of
older adults engage in sufficient physical activity. Consistent with previous studies using GIS-derived
environmental measures, a highly walkable environment and total sedentary time [48] and screen
time [49] were positively associated. To our knowledge, the previous literature does not provide much
evidence of the potential mechanisms regarding the different relationships between the walk score
and physical activity and sedentary time in older adults. Possibly, as highly walkable neighborhood
environments in Taiwan are usually crowded and accompanied by more traffic (i.e., motorcycles) [50],
older adults may tend to not go outdoors and spend more time engaging in sedentary behavior
and watching TV at home. In addition, total physical activity, not context-specific walking behavior
was used in the present study, which may partly explain why no significant relationships were
found between walk score and physical activity. These results are important in terms of informing
public health policymakers and urban designers that more highly walkable neighborhoods may not
necessarily facilitate older adults’ physical activity, but could prolong their sedentary time, at least
in Taiwan.

Although previous studies associated the walk score with several health outcomes such as lowered
obesity [19], type 2 diabetes [22], and CVD [20,21], no significant relationship was found in our study.
Our results were consistent with those of previous studies that found no associations between the
walk score and overweight [51] or excessive body weight [52]. These results could also be attributed
to key lifestyle behaviors such as physical activity, driving, eating, drinking, and smoking, which
are strongly associated with health outcomes [53–55], not with the walk score in the present study.
This suggests that walkability, as measured by the walk score, may not play a direct role in older adults’
health outcomes in the context of Taiwan. Future research in different contexts should be conducted to
confirm these results.

There are several limitations in the present study that must be considered. First, because of
the cross-sectional design, we were unable to determine the causality between variables. Second,
we used self-reported lifestyle behaviors and health outcome measures that may be subject to recall
bias. Third, self-selection (older adults’ preference to live in highly walkable neighborhoods), a
potential confounder, was not accounted for in this study. Fourth, previous studies suggested that
the Walk Score® algorithm did not account for micro-scale characteristics that may impact walking
behavior, such as sufficient light and traffic volume [56,57]. Fifth, although gender differences in the
associations between neighborhood walkability and health behavior have been found [58,59], the
present study has not further examined this issue. Future studies examining the gender difference in
the association between walk score and health behaviors/outcomes are warranted. Furthermore, in this
study, the walk score was obtained using participants’ residential neighborhood, not address, because
residential address is a private and sensitive question for Taiwanese older adults. In our pilot survey, a
large number of older adults refused to provide their complete address. However, Walk Score® has
been shown to provide a visualized and valid measurement of walkability in neighborhoods [56].
In this study, the neighborhood analyzed was a relatively small area in Taiwan (mean population is
nearly 3,000) [60]. Future studies using participants’ residential address to confirm our results are
needed. Finally, we were unable to obtain a representative sample because a telephone survey was
conducted. It is impossible to reach older adults without a household telephone in Taiwan (estimated
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to be around 7.3% of households) [61]. Thus, our findings may be less germane and relevant to the
general population.

In conclusion, Walk Score®, an indicator of neighborhood walkability, was not related to the
recommended levels of physical activity in this study, but positively associated with prolonged
sedentary time in Taiwan, a non-Western country. Thus, the different relationships between Walk
Score® and lifestyle behaviors and health outcomes in different contexts should be noted.
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Abstract: Improving the walkability of built environments to promote healthy lifestyles and reduce
high body mass is increasingly considered in regional development plans. Walkability indexes have
the potential to inform, benchmark and monitor these plans if they are associated with variation in
body mass outcomes at spatial scales used for health and urban planning. We assessed relationships
between area-level walkability and prevalence and geographic variation in overweight and obesity
using an Australian population-based cohort comprising 92,157 Sydney respondents to the 45 and
Up Study baseline survey between January 2006 and April 2009. Individual-level data on overweight
and obesity were aggregated to 2006 Australian postal areas and analysed as a function of area-level
Sydney Walkability Index quartiles using conditional auto regression spatial models adjusted for
demographic, social, economic, health and socioeconomic factors. Both overweight and obesity were
highly clustered with higher-than-expected prevalence concentrated in the urban sprawl region of
western Sydney, and lower-than-expected prevalence in central and eastern Sydney. In fully adjusted
spatial models, prevalence of overweight and obesity was 6% and 11% lower in medium-high versus
low, and 10% and 15% lower in high versus low walkability postcodes, respectively. Postal area
walkability explained approximately 20% and 9% of the excess spatial variation in overweight and
obesity that remained after accounting for other individual- and area-level factors. These findings
provide support for the potential of area-level walkability indexes to inform, benchmark and monitor
regional plans aimed at targeted approaches to reducing population-levels of high body mass
through environmental interventions. Future research should consider potential confounding due to
neighbourhood self-selection on area-level walkability relations.

Keywords: body mass; disease mapping; geographic variation; obese; overweight; spatial analysis;
walkability
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1. Introduction

The increasing prevalence of overweight and obesity is a universal and urgent public health
problem [1]. High body mass index ≥25 kg/m2 (overweight or obese) contributed 5.7% of total
disability adjusted life years (DALY) to the global burden of disease in 2016, making it the fifth leading
risk factor—up from 2.7% of total DALYs and a ranking of 12 in 1990 [2]. High body mass is a risk
factor for cardiovascular disease, cancer, type 2 diabetes mellitus, and musculoskeletal conditions [3,4],
while its economic costs to health care systems and communities grow with increasing levels of
overweight and obesity [5]. The physiological energy imbalance that underlies high body mass is
influenced by genetic, behavioural, social, economic, and environmental factors operating within
multiple complex systems [6–8]. Reducing the health and economic burdens of overweight and obesity
will require shifts in these population-level systems [7]. For example, environmental interventions
that typically produce small individual-level effects may aggregate into large population-level benefits
because exposure is ubiquitous [8,9] and relatively persistent [10,11].

The built environment refers to that “part of the physical environment...Constructed by human
activity” ( [12] p. S550), and is hypothesised to contribute to high body mass by influencing lifestyle
behaviours that underlie its development [8]. The emerging consensus from the extensive literature
is that the built environment evidence base is sufficiently developed to incorporate into planning,
policy and interventions aimed at reducing high body mass [7,13], although uncertainties remain
(see reviews by [14–18]). ”Walkability” describes the capacity of the built environment to promote
walking for multiple purposes [19], and may contribute to reducing overweight and obesity by
promoting participation in total daily moderate-intensity physical activity [8,9,17,20–22]. To this
end, it is increasingly considered in development plans aimed at enhancing physical and social
infrastructure to promote healthy lifestyles and reduce the burden of chronic conditions like high body
mass on populations (e.g., [23–26]).

Walkability indexes have been identified as potentially useful tools for planning, benchmarking
and monitoring environmental policies and interventions to improve walkability, and translating
the outcomes of walkability research from rhetoric to action [27,28]. While numerous indexes exist
(e.g., [29–37]), the Neighborhood Quality of Life Study (NQLS) [38] and Physical Activity in Localities
and Community Environments (PLACE) Study [19] indexes remain the most influential [39]; underpin
a majority of research linking walkability to health behaviours and outcomes, including high body
mass [17]; and are applicable in planning, policy and practice settings [28], which is facilitated by
their capacity to be constructed at multiple spatial resolutions [38,40]. These indexes operationalise
walkability using residential density, street connectivity, land use mix and, if available, retail floor
area ratio, destinations or density within a geographic information system [19,38,40]. Index variables
serve as proxy measures for built environment attributes associated with walking. Land use mix
measures the diversity and concentration of land uses in an area, while intersection density measures
the directness of paths [38]. Compact areas with diverse land uses that are highly connected promote
walking by reducing the distance between origins and destinations [9,19,40]. Similarly, high population
densities provide critical masses that concentrate diverse destinations within compact areas [12,38,40],
and is measured by residential density. The ratio of retail floor area to retail land use is a measure of
pedestrian access, with larger values indicating greater area given to pedestrian uses and less area to
car parking [41].

The extent to which walkability indexes are associated with health outcomes at population
scales is a key consideration in their utility to benchmark and guide planning and policy aimed
at reducing population-levels of overweight and obesity [27,42]. This is because health and
urban planning that influences environmental walkability occurs at local, urban and regional
scales [43,44]; that is, for communities and populations. These meso (neighbourhoods/communities)
and macro (cities) geographic scales are much coarser than typically used in studies to derive built
environment exposure-response evidence [42,45], which mostly focus on individual (micro) level
risk (see reviews by [14–17,22,46]). Measured at the micro-scale, walkability is typically derived
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within a radial or street-based network buffer of 200–1600 metres around a residential address; reflects
the immediate built environment to which an individual is exposed [47,48]; and is preferred for
individual-level research.

In contrast, when measured at meso- and macro-scales, walkability (or sprawl) is usually
calculated within an administrative boundary; represents a contextual variable describing the shared
built environment to which groups, communities and populations are exposed; and is especially
useful for area-level (ecological) research and planning applications [42]. Using individual-level
walkability evidence to inform activity at coarser planning scales has raised concern in the literature
for its potential to result in flawed public health action [49]. This is a concern about atomistic [50] or
individualistic [51] fallacy, which is the area-level corollary of the ecological fallacy and refers to the
erroneous use of data on individuals to make inferences about groups [52].

Analysis at the geographic scale of planning addresses concern about erroneous cross-level
inference [42], and has been identified as highly relevant to “local area” walkability planning because
it produces evidence at the level where decisions are made [43]. Rydin and colleagues have also
identified the need for “urban scale” data to inform planning and policy interventions that maintain
the urban advantage in health outcomes [44]. However, studies that match walkability exposures and
body mass outcomes at these planning scales are uncommon [16,17,46], despite calls from planners
and policy makers for evidence at this level [45,53–55]. What evidence is available at these planning
scales comes largely from ecological analyses in the United States, which have consistently found
higher body mass and prevalence of obesity in sprawling versus compact counties (e.g., [30,53,56–58]).
Compactness at this scale is generally considered synonymous with more walkable environments.
However, sprawl indexes have been criticized for conflating multiple built environment concepts,
and not providing a coherent, unitary measure of walkability [38,40].

Geographic variation in overweight and obesity has been reported within many countries [59],
and needs to be considered in health programming and planning. In addition to identifying areas
at increased risk of adverse health outcomes [59,60], geographic variation in excess of that due to
known factors can indicate place-based influences on health that are distinct to the contextual effects
arising from differences in the demographic, social and economic composition of populations between
areas [61,62]. Spatial analysis is particularly useful in identifying these place-based effects because
it quantifies the contribution of both observed and unobserved factors to geographic variation in
outcomes while accounting for spatial autocorrelation that can lead to biased statistical inference [62].
In this context, geographic variation encompasses more than just differences between areas, which is
well addressed in the body mass literature (e.g., [63–72]). It is also the spatial expression or distribution
of this variation [73]. Spatial analysis is concerned with location [74]. It leverages the underlying
process giving rise to the geographic variation rather than reducing it to a naïve dummy-coded
comparison of areas in the case of fixed-effects analysis, or focusing on reductions in intraclass
correlation coefficients that conflate spatial and non-spatial sources of variation through a common
random effect term as in multilevel analysis [42].

Spatial analysis has the potential to provide unique information on relations between walkability
and high body mass. For example, we have previously reported that physical activity is geographically
structured in Sydney, and that area-level walkability accounts for some of this spatial patterning [42].
The ”disease mapping” approach [75] used in this study also produces smoothed maps that can
be used to communicate spatially varying risks to planners, policy-makers and other interested
stakeholders [42]. Identifying spatial disparities in contextual factors that contribute to adverse health
outcomes at appropriate intervention scales has been identified as essential for informing place-based
interventions aimed at improving population health [76]. Spatial analysis is uniquely placed to
assist in addressing these disparities and environmental inequalities through its capacity to identify
and target geographic areas where environment-related health risks are disproportionately higher
and potentially amenable to intervention [42,77]. However, despite an increasing use of geographic
information systems in the high body mass literature, the application of spatial analysis at any scale
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is rare [78]. For example, only a few area-level studies have used an explicitly spatial approach to
address geographic variation in overweight and obesity [56,59,62,72,79–89]; an even smaller number
have considered built environment influences on this geographic variation [62,81,82,89]; and only one
appears to have evaluated the contribution of walkability to this geographic variation directly [81].

The objective of this study was to build on our previous work in the Sydney statistical
district [39,42] and assess relations between area-level walkability and population-levels of overweight
and obesity using an explicitly spatial approach, and at a geographic scale representative of those
used for “local area” [43] and “urban scale” [44] planning. The specific aims of the study were
to (i) assess area-level associations between walkability and prevalence of overweight and obesity
in Sydney; (ii) assess geographic variation in area-level prevalence of overweight and obesity in
Sydney; and (iii) assess the extent to which area-level walkability accounts for geographic variation in
overweight and obesity in Sydney beyond that due to individual-level demographic, social, economic
and health factors, and area-level socioeconomic disadvantage.

2. Materials and Methods

2.1. Study Design and Area

We investigated associations between area-level walkability and prevalence of overweight and
obesity in the Sydney statistical division of New South Wales, Australia [90], using a cross-sectional
ecological study design, which is appropriate and valid for area-level inference [52]. Sydney has a
land area of 12,142 km2, and was Australia’s most populous city at the 2006 Australian Census with an
estimated resident population of 4.1 million people living in 1.6 million dwellings [91]. We used Census
postal areas as our units of analysis to coincide with the smallest spatial unit at which individual-level
data were geographically identified by the data custodian. In 2006 there were 260 conterminous postal
areas across the Sydney statistical division [92] with median and inter quartile range (IQR) values
for land area of 7.6 (IQR = 3.7–19.4) km2, 5304 (IQR = 2694–8426) residential dwellings, and 13,090
(IQR = 6529–22,092) residents [91]. The median land area of postal areas corresponds to a radial buffer
of 1550 m, which is within the range of buffer sizes for which consistent environment-behaviour
associations have been reported in individual-level studies of walkability [47,48], and is likely a
reasonable analogue of the “local areas” and “urban scales” at which health and urban planning
decisions occur [43,44].

2.2. Participants

Individual-level data used in this study were obtained from participants of The Sax Institute
45 and Up Study [93] approved and monitored by the University of New South Wales Human
Research Ethics Committee (ref no. HREC 05035/HREC 10186). This population-based cohort study
was established to investigate healthy ageing in the New South Wales population aged 45 years
and over [93]. Study recruitment occurred between January 2006 and December 2009 [94] for a
final cohort size of 267,153 participants or approximately 10% of the total New South Wales target
population [95]. Eligible persons were randomly sampled from the the Department of Human Services
(formerly Medicare Australia) enrolment database. Selected individuals were mailed an invitation
letter, and asked to return a signed, written consent form with their baseline survey via reply-paid mail
if they consented to participating in the study [93]. We were provided access to the April 2009 data
release, which the data custodian had geocoded to 2006 Census statistical divisions and postal areas.
We limited our analysis to 115,153 respondents living in the Sydney statistical division to coincide
with the spatial extent of our exposure variable. Our research comprised a sub-study of the Social,
Environmental, and Economic Factors Study approved and monitored by the University of Sydney
Human Research Ethics Committee (ref No. 10-2009/12187). Details on accessing 45 and Up Study
data are available on The Sax Institute website (www.saxinstitute.org.au/our-work/45-up-study).
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2.3. Data

Individual-level data included self-reported responses to the baseline survey of 45 and Up Study
collected between January 2006 and April 2009 [93], which we used to calculate and adjust area-level
outcome variables. Postal area contextual variables comprised the Sydney Walkability Index (SWI) [40]
and 2006 Index of Relative Socioeconomic Disadvantage [96], which we included as study and covariate
factors, respectively.

2.4. Outcome Variable

The primary outcome measures used in our study were self-reported overweight and obesity,
which we defined using the standard body mass index (BMI) formula of weight in kilograms (kg)
over height in metres (m) squared (kg/m2) and World Health Organisation (WHO) cut-points of
25.0–<30.0 kg/m2 for overweight and ≥30.0 kg/m2 for obesity [97]. Self-reported BMI has been
validated against measured BMI as a generally appropriate method for quantifying body size in the 45
and Up Study cohort, although it is known to underestimate prevalence of obesity when classified
using standard BMI categories [98]. Overweight and obesity status were represented as dichotomous
(yes/no) variables for individual-level analyses, and as counts of overweight and obese respondents
within postcodes in area-level analyses.

2.5. Exposure Variable

The exposure variable used for all analyses was postal area walkability, which we measured
using the Sydney Walkability Index [40]. This three-factor index is derived using methods and
data comparable to the PLACE and NQLS walkability index [19,38]. The Sydney Walkability Index
is calculated within a geographical information system using three built environment variables:
residential dwelling density (the number of residential dwellings per square kilometre of residential
land use); intersection density (the number of intersections with three or more roads per square
kilometre of total land area); and land use mix (the entropy of residential, commercial, industrial,
recreational and other land uses). The Sydney Walkability Index was derived at the 2006 postal area
level using 2007 spatial data to temporally align it with the midpoint of the of the 45 and Up Study
baseline data collection.

Environmental variable values are divided into deciles, scored from 1 (lowest) to 10 (highest),
summed to give a total score between 3–30, and then divided into quartiles corresponding to low,
low-medium, medium-high and high walkability [40]. Environmental values increase monotonically
within strata and have median values of 2.3, 13.4, 19.8 and 46 dwellings per hectare for residential
density; 3.4, 46.1, 79.5 and 162.5 intersections per square kilometre for street network connectivity;
and entropies of 0.005, 0.033, 0.056, and 0.134 for land use mix (see [42]). The Sydney Walkability Index
has predictive validity for utilitarian walking, is comparable to four-variable indexes in the research
literature, and is associated with population-levels of moderate and vigorous physical activity [40,42].

Walkability was entered as an index in our analysis for consistency with the interest expressed in
the literature on using “walkability indexes” to benchmark, inform and monitor regional development
plans [27,28], and because the non-parametric functions used in other studies [99–101] to model
index components separately would have made our already computationally-intensive spatial
analyses intractable.

2.6. Covariates

Individual- and area-level factors from the 45 and Up Study and substantive literature likely
to contribute to, or confound, associations between walkability and body mass were included as
covariates in our analysis (see [102–113]). Individual-level covariates included self-reported sex;
five-year age group at baseline interview; language spoken at home; educational level; relationship
status; employment status; health insurance type; level of psychosocial distress measured using the
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Kessler Psychological Distress Scale [114] (minor, moderate, high, very high [115–117]); smoking status;
number of chronic conditions ever diagnosed and treated in the previous four weeks; and functional
capacity, which was measured using the Medical Outcomes Study (MOS) 36-Item Short-Form Health
Survey (SF-36) physical functioning scale [118,119] and classified as none (0 to <60), minor (60 to <90),
moderate (90 to <100), and severe (100) [120]. Postal area socioeconomic disadvantage was measured
using the Index of Relative Socio-economic Disadvantage from the 2006 Australian Census [96]. We did
not include physical activity in our analysis because it likely mediates relations between the built
environment and high body mass [8,14–17].

2.7. Statistical Analysis

The objective of our analysis was to assess relations between walkability and the prevalence
and geographic distribution of overweight and obesity in the Sydney statistical district at a scale
analogous to those at which health and urban planning decisions are made. This objective is
appropriately addressed by an ecological (spatial) analysis because the targets of inference are areas,
not individuals [52]. We have previously identified high levels of spatial autocorrelation in 45 and
Up Study data that have both research and planning utility, and the potential to bias inference if
not addressed in the analysis [42]. Multilevel models can account for spatial autocorrelation but
typically conflate spatial and non-spatial variation through a common variance component [42].
We therefore explicitly modelled the underlying spatial and non-spatial sources of variation in our
data using a relative risk implementation of the ecological Besag, York and Mollié (BYM) conditional
auto regressive model.

The BYM is a fully Bayesian ecological spatial model fit to aggregate data, which is commonly used
in epidemiology for “disease mapping” applications [75]. The goal of disease mapping is to recover a
map displaying variation in the geographic distribution of risks for spatial units within a study area
that is “smoothed” of extreme and unreliable estimates that can arise from differences between units
in the sizes of their underlying populations [75]. This is achieved in the BYM model by decomposing
map variation into an unstructured variance component that smooths risk estimates towards the global
mean of the study area, and a spatially structured (geographic) variance component that smooths risk
estimates towards the local mean of contiguous spatial units [75,121]. These components also indicate
the extent to which map variation is due to structured (spatial) and unstructured (non-spatial) factors.

The BYM model can be extended to ecological regression problems by incorporating area-level
covariates into its specification [75], but it cannot parsimoniously control for individual-level factors
that may confound area-level effect estimates. We therefore used a two stage modelling strategy
adopted by other researchers in the epidemiological literature whereby individual-level regression
models are used to estimate expected cases for each outcome, which are then used as offset terms
in area-level spatial analyses to adjust for the varying size and composition of populations between
spatial units (see [39,42,122–124]).

In the first step, we estimated the predicted log odds (lij) of overweight and obesity for individuals
using conditional fixed-effects logistic regression models:

l̂ij = α + xiβ (1)

where l̂ij is the predicted log odds of being either overweight or obese for the ith person in the jth

postal area, α is the model intercept, and xiβ is an optional vector of individual-level covariates. We fit
two models for each outcome: (1) an unadjusted null model with no covariates; and (2) an adjusted
model including all individual-level covariates described previously. The log odds for individuals
from each model were converted to a predicted probability using the inverse link function:

Ŷij =
elij

1 + elij
(2)
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We then summed these probabilities within each postal area to obtain the expected number of cases
for each outcome based on (1) the prevalence in the study area from unadjusted logistic regression
estimates; and (2) the underlying respondent structure of our sample from adjusted logistic regression
estimates (see [39,42,122–124]). These expected case counts were used as offsets in the spatial Poisson
regressions described in step 2, and are referred to as unadjusted and adjusted offsets, respectively.

In the second step, we used relative risk implementations of the BYM model with Poisson
likelihoods to estimate prevalence ratios for postal areas relative to the study area [125]. The BYM
model is a fully Bayesian spatial model fit to aggregate data that decomposes total variation into
observed and unobserved sources [75,121] using:

log(θj) = α + xjβ + sj + uj + log(ej) (3)

where θj is the prevalence ratio for the jth postal area; α is the prevalence ratio for the study area; xj
and β are vectors of observed area-level explanatory variables and associated regression parameters
estimates; sj and uj are unobserved spatially structured and unstructured random effects; and ej is
an offset term representing the expected number cases in the jth area. The unstructured variance
(uj) is a normal independent and identically distributed residual, while the spatial variance (sj) is
conditionally normally distributed on the mean prevalence of the surrounding k contiguous postal
areas [75]. Model offsets (ej) corresponded to those derived for postal areas in step one, and were
either unadjusted or adjusted for individual-level factors.

The total count of overweight and obese respondents (oj) in each postal area served as the
dependent variable in each model. We fit six BYM spatial regressions for each outcome: (1) a null
model with unadjusted offsets; (2) a null model with adjusted offsets; (3) a covariate model with
adjusted offsets and postal area walkability; (4) a covariate model with adjusted offsets and postal area
socioeconomic disadvantage; (5) a covariate model with adjusted offsets and postal area walkability
and socioeconomic disadvantage, and (6) an effect modification model with adjusted offsets, postal
area walkability and socioeconomic disadvantage, and their interaction. A total of 10,000 draws from
the posterior distributions of two Monte Carlo Markov Chains sampled every 250th iteration were used
to obtain medians and 95% credible intervals for each model. Chain convergence was assessed using
autocorrelation plots and the Gelman-Rubin diagnostic [126]. We chose between alternate models
using the Deviance Information Criterion (DIC) [127], and mapped exponentiated linear predictors
and variance estimates using quintiles to visualise geographic variation in risk of high body mass.
The spatial fraction (ρ) for each model was calculated from the marginal variances of the random
effects, and used to index the proportion of residual variation due to unobserved spatial factors
(i.e., σ2

s /[σ2
s + σ2

u ]) (see [128,129]). Models were fit in WinBUGS 1.4.3 using R 3.3.2 and unweighted
survey data, which produce unbiased, representative and generalisable relative effect estimates for
individual- and area-level analyses in this cohort [42,130,131].

3. Results

Complete data were available for 92,157 of 115,153 (80.0%) Sydney respondents residing in 254 of
260 (97.7%) study postal areas. The median number of respondents per postal area was 212, and ranged
from 0 to 2532 with an inter-quartile range of 110–363. Individual-level attributes for respondents
included in analyses are shown in the Characteristics section of Table 1. Consistent with the larger 45
and Up Study cohort [132], our sample had a similar gender and employment profile to the study area
but was otherwise younger, more highly educated, less likely to speak a language other than English
at home, and more likely to be living with a partner than the general Sydney population aged 45 years
and over [91].
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Table 1. Sample characteristics and prevalence of overweight and obesity among study participants.

Variable

Characteristics Prevalence

Overweight Obesity

N % n % n %

AREA-LEVEL VARIABLES
Walkability

Low 25,454 27.6 10,150 52.9 6251 40.8
Low-medium 31,404 34.1 12,380 50.0 6655 35.0
Medium-high 19,449 21.1 7543 47.2 3454 29.0
High 15,850 17.2 5861 44.0 2516 25.2

Socioeconomic disadvantage
Q1 - Most 17,425 18.9 6697 52.1 4559 42.5
Q2 19,517 21.2 7579 51.7 4847 40.6
Q3 - Middling 14,984 16.3 5877 49.4 3082 33.8
Q4 19,982 21.7 7938 47.8 3392 28.2
Q5 - Least 20,249 22.0 7843 45.5 2996 24.1

INDIVIDUAL-LEVEL VARIABLES
Sex

Male 44,690 48.5 20,802 58.1 8912 37.3
Female 47,467 51.5 15,132 40.3 9964 30.8

Age
45–49 13,550 14.7 4871 45.1 2761 31.8
50–54 16,723 18.1 6188 47.4 3665 34.8
55–59 16,717 18.1 6568 51.2 3885 38.3
60–64 13,742 14.9 5696 53.7 3136 39.0
65–69 10,188 11.1 4297 54.0 2227 37.8
70–74 6910 7.5 2969 53.3 1341 34.0
75–79 4999 5.4 2047 49.0 820 27.8
80–84 6614 7.2 2513 43.2 801 19.5
85+ 2714 2.9 785 31.7 240 12.4

Language spoken at home
English 78,028 84.7 30,768 49.9 16,330 34.6
Other 14,129 15.3 5166 44.6 2546 28.4

Education level
Less than secondary school 7434 8.1 2704 50.6 2086 44.1
Secondary school graduation 26,741 29.0 10,171 49.2 6052 36.5
Trade, certificate or diploma 28,932 31.4 11,814 51.8 6143 35.9
University degree 29,050 31.5 11,245 46.0 4595 25.8

Relationship status
Partner 68,759 74.6 27,826 50.7 13,863 33.9
No partner 23,398 25.4 8108 44.1 5013 32.8

Employment status
Full-time work 32,716 35.5 13,622 53.5 7246 37.9
Part-time work 13,177 14.3 4418 41.0 2408 27.5
Other work 1358 1.5 426 39.6 281 30.2
Not working 44,906 48.7 17,468 48.6 8941 32.6

Health insurance type
Private with extras 54,218 58.8 21,751 50.1 10,830 33.4
Private without extras 12,961 14.1 5058 47.2 2255 28.5
Government health care card 11,993 13.0 4351 47.8 2881 37.7
None 12,985 14.1 4774 47.4 2910 35.4

Smoking status
Never smoked 54,117 58.7 20,518 46.6 10,072 30.0
Past smoker 31,639 34.3 13,145 54.2 7397 40.0
Current smoker 6401 6.9 2271 45.5 1407 34.1
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Table 1. Cont.

Variable

Characteristics Prevalence

Overweight Obesity

N % n % n %

Psychosocial distress
Low 70,218 76.2 27,960 49.1 13,318 31.5
Moderate 14,573 15.8 5433 49.0 3475 38.0
High 5152 5.6 1828 48.4 1375 41.4
Very high 2214 2.4 713 47.3 708 47.2

Diagnosed chronic conditions
0 31,297 34.0 11,955 44.1 4218 21.8
1 36,917 40.1 14,726 50.2 7560 34.1
2 18,186 19.7 7145 54.4 5040 45.6
3 or more 5757 6.2 2108 57.0 2058 56.4

Treated chronic conditions
0 41,580 45.1 15,904 45.5 6590 25.7
1 30,121 32.7 12,141 51.3 6448 35.9
2 14,524 15.8 5721 53.5 3835 43.6
3 or more 5932 6.4 2168 55.2 2003 53.2

Limited physical functioning
None 32,392 35.1 12,656 44.4 3908 19.8
Minor 25,125 27.3 10,628 52.4 4838 33.4
Moderate 20,316 22.0 7801 52.8 5555 44.4
Severe 14,324 15.5 4849 49.7 4575 48.3

SENSITIVITY VARIABLES
Total physical activity

0 min 5478 5.9 1868 50.9 1807 50.1
1–149 min 15,365 16.7 5895 52.1 4053 42.8
150–299 min 15,833 17.2 6241 50.5 3468 36.2
≥300 min 55,481 60.2 21,930 47.7 9548 28.5

N—Stratum total, n—Stratum outcome frequency, %—Stratum outcome per cent.

3.1. Prevalence Overweight and Obesity

The within-cohort prevalence of overweight and obesity were 49.0% (48.7–49.4%) and 33.6%
(33.2–34.0%), respectively. Table 1 reports prevalence by area- and individual-level characteristics.
Prevalence of both overweight and obesity were highest in postal areas with low walkability,
lowest in postal areas with high walkability, and displayed a exposure-response gradient.
Likewise, overweight and obesity reduced with reducing levels of postal area socioeconomic
disadvantage. For individual-level factors, overweight and obesity were more prevalent in males,
persons speaking English at home or living with a partner, less educated individuals and full-time
workers, persons without private health insurance, and past smokers; and increased with age to
65–69 years, psychosocial distress, number of diagnosed and treated chronic health conditions, and
reduced functional capacity.

3.2. Individual-Level Factors

Table 2 shows adjusted fixed-effects estimates for overweight and obesity used to derive adjusted
offsets for postal area spatial models. All effects were significantly associated with body mass
outcomes and mostly consistent with the prevalence patterns reported in Table 1. The stand-out
exception was a reversal in gradient between obesity and psychosocial distress from positive to
negative after adjustment. This was due to confounding by functional capacity, which was both an
independent risk factor for obesity (see Table 2) and strongly associated with psychosocial distress
(χ2

9 = 4072.4, p < 0.0001). Other notable differences following adjustment were relationship status,
which was unrelated to either overweight or obesity; age, which became associated with monotonically
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decreasing odds of obesity across the lifespan; and smoking status, which became associated with
reduced odds of obesity for current compared to non smokers.

Table 2. Adjusted odds ratios for individual-level analyses of overweight and obesity.

Overweight Obese

OR 95% CI OR 95% CI

Sex p < 0.0001 p < 0.0001
Male 1.00 1.00
Female 0.47 0.46–0.49 0.62 0.59–0.64

Age p < 0.0001 p < 0.0001
45–49 1.00 1.00
50–54 1.00 0.95–1.05 0.94 0.88–1.00
55–59 1.07 1.01–1.13 0.90 0.84–0.97
60–64 1.08 1.02–1.15 0.76 0.70–0.82
65–69 1.00 0.93–1.07 0.59 0.54–0.65
70–74 0.87 0.81–0.94 0.39 0.35–0.43
75–79 0.66 0.60–0.72 0.23 0.21–0.26
80–84 0.50 0.46–0.54 0.12 0.11–0.14
85+ 0.31 0.28–0.35 0.06 0.05–0.07

Language spoken at home p < 0.0001 p < 0.0001
English 1.00 1.00
Other 0.81 0.78–0.84 0.72 0.68–0.77

Education level p < 0.0001 p < 0.0001
Less than secondary school 1.53 1.43–1.63 2.47 2.28–2.67
Secondary school graduation 1.35 1.29–1.40 1.77 1.67–1.86
Trade, certificate or diploma 1.27 1.22–1.32 1.54 1.46–1.62
University degree 1.00 1.00

Relationship status p < 0.0001 p = 0.1285
Partner 1.00 1.00
No partner 0.89 0.86–0.92 0.96 0.92–1.01

Employment status p < 0.0001 p < 0.0001
Full-time work 1.00 1.00
Part-time work 0.75 0.71–0.79 0.61 0.57–0.65
Other work 0.72 0.64–0.82 0.61 0.52–0.71
Not working 0.78 0.75–0.82 0.66 0.62–0.70

Health insurance type p < 0.0001 p < 0.0001
Private with extras 1.00 1.00
Private without extras 0.90 0.86–0.94 0.83 0.78–0.88
Government health care card 0.94 0.89–0.99 1.02 0.96–1.09
None 0.91 0.87–0.95 0.99 0.93–1.05

Smoking status p < 0.0001 p < 0.0001
Never smoked 1.00 1.00
Past smoker 1.17 1.13–1.21 1.28 1.23–1.34
Current smoker 0.78 0.74–0.84 0.73 0.68–0.79

Psychosocial distress p < 0.0001 p < 0.0001
Low 1.00 1.00
Moderate 0.94 0.90–0.98 0.91 0.86–0.96
High 0.88 0.82–0.95 0.82 0.76–0.89
Very high 0.83 0.74–0.92 0.88 0.78–1.00

Diagnosed chronic conditions p < 0.0001 p < 0.0001
0 1.00 1.00
1 1.19 1.15–1.24 1.58 1.51–1.66
2 1.35 1.29–1.42 2.13 2.01–2.27
3 or more 1.48 1.37–1.60 2.69 2.46–2.93
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Table 2. Cont.

Overweight Obese

OR 95% CI OR 95% CI

Treated chronic conditions p < 0.0001 p < 0.0001
0 1.00 1.00
1 1.22 1.18–1.27 1.47 1.40–1.54
2 1.38 1.31–1.45 1.89 1.77–2.01
3 or more 1.57 1.45–1.69 2.48 2.27–2.71

Limited physical functioning p < 0.0001 p < 0.0001
None 1.00 1.00
Minor 1.36 1.30–1.41 2.10 1.99–2.21
Moderate 1.58 1.51–1.65 3.77 3.56–4.00
Severe 1.61 1.52–1.70 5.31 4.96–5.68

OR—Odds ratio, CI—Confidence interval.

3.3. Spatial Analysis

Tables 3 and 4 report parameter estimates and diagnostics for spatial regressions fit to overweight
and obesity data. Smoothed prevalance ratios for postal areas from unadjusted null models ranged
from 0.83–1.16 for overweight and 0.46–1.68 for obesity. Variation in risks between postal areas
was principally due to unobserved spatial factors, with >96% of residual variation attributed to the
spatial variance component for both overweigtht and obesity (see spatial fractions for Model 1 in
Tables 3 and 4). Adjusting for individual-level factors (Model 2) attenuated the ranges of smoothed
prevalence ratios to 0.88–1.08 for overweight and 0.63–1.23 for obesity, but had little effect on the
proportions of residual variation from spatial sources, which remained high at >93% for both outcomes.
Univariable parameter estimates for area-level associations including walkability and socioeconomic
disadvantage are shown in the Model 3 and 4 columns of Tables 3 and 4. Risk ratios for walkability
indicated consistent exposure gradients for both outcomes, with prevalence of overweight reduced
by 4% and 9% and obesity by 8% and 11% in medium-high and high versus low walkability postal
areas. Likewise, high body mass reduced monotonically with decreasing socioeconomic disadvantage.
Overweight was 6% lower in the least versus most disadvantaged postal areas, and obesity was 11%
and 9% lower in the least and second-to-least versus most disadvantaged postal areas. Fully-adjusted
spatial regressions including individual- and area-level factors (Model 5) had the lowest DIC values
and were the best fitting models for both outcomes (see DIC row in Tables 3 and 4). Prevalence
ratios for socioeconomic disadvantage in these models were largely unaffected; however, gradients
for area-level walkability strengthened with overweight 6% and 10% lower and obesity 11% and
15% lower in medium-high and high versus low walkability postcodes. These fully-adjusted spatial
models also had the smallest amounts of residual spatial variation, with 67% of unexplained model
variation attributed to unobserved spatial factors for overweight and 90% for obesity. Interaction
analyses (Models 6) provided no evidence that the observed associations between walkability and
overweight (DICM6 − DICM5 = 18.21) or obesity (DICM6 − DICM5 = 12.12) were modified by postal
area socioeconomic disadvantage.
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3.4. Prevalence Maps

Figures 1 and 2 graphically display smoothed prevalence ratios for overweight and obesity
obtained from spatial models 1 (unadjusted null model), 2 (adjusted null model) and 5 (adjusted model
with walkability and socioeconomic disadvantage). Total excess prevalence is shown in Maps A, D and
G, and decomposed into excess risk due to spatial factors in maps B, E and H, and unstructured factors
in maps C, F and I. Two features stand-out in each set of maps. First, residual prevalence is principally
due to unobserved place-based factors, with higher ratios in spatial (B, E and H) versus unstructured
(C, F and I) maps; and second, this geographic variation in risk reduces as individual- (Model 2)
and area-level (Model 5) factors are added to spatial models. In unadjusted (Model 1) and adjusted
(Model 2) null models, higher-than-expected prevalence was concentrated in western Sydney, and
lower-than-expected prevalence in central and eastern Sydney. Including area-level walkability and
relative socioeconomic disadvantage (Model 5) substantially attenuated excess prevalence by reducing
excess risk attributable to unobserved spatial factors (see maps G and H of Figures 1 and 2). Final
excess prevalence estimates were reduced in western Sydney and the peri-urban fringe for both
overweight and obesity; and remained higher-than-expected for obesity through south-central Sydney,
and lower-than-expected for both outcomes on the eastern seaboard north of the Sydney central
business district.

Figure 1. Total, Spatial and Unstructured prevalence ratios for overweight body mass in Sydney postal
areas. Total prevalence ratios are derived by exponentiating the sum of spatial (s) and unstructured (u)
random effects; Spatial and Unstructured prevalence ratios are obtained by exponentiating individual
s and u components, respectively. Total, Spatial, and Unstructured prevalence ratio estimates are
reported in maps (A–C) for Model 1, maps (D–F) for Model 2, and maps (G–I) for Model 5.
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Figure 2. Total, Spatial and Unstructured prevalence ratios for obese body mass in Sydney postal
areas. Total prevalence ratios are derived by exponentiating the sum of spatial (s) and unstructured (u)
random effects; Spatial and Unstructured prevalence ratios are obtained by exponentiating individual
s and u components, respectively. Total, Spatial, and Unstructured prevalence ratio estimates are
reported in maps (A–C) for Model 1, maps (D–F) for Model 2, and maps (G–I) for Model 5.

4. Discussion

This is one of only a small number of studies to examine geographic variation in high body
mass and its association with environmental walkability using a large population-derived cohort and
spatial analytic framework. We find strong support for associations between postal area walkability
and area-levels of overweight and obesity among persons aged 45 years and over living in Sydney,
Australia. Prevalence in postal areas with medium-high and high walkability is reduced by 6% and
10% for overweight and 11% and 15% for obesity compared to postal areas with low walkability,
and are independent of individual-level social, economic and health status factors, and area-level
socioeconomic disadvantage. We also find that both overweight and obesity are geographically
clustered at the postal area level with lowest prevalence in and to the north of the central business
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district, and highest prevalence in western Sydney. Postal area walkability explains approximately 20%
and 9% of this geographic variation in overweight and obesity, respectively, that is not attributable to
individual-level factors and area-level socioeconomic disadvantage. Our findings confirm associations
between high body mass and walkability at spatial scales typical of those used for public health
planning; highlight the potential for spatial analysis to better integrate “place” into walkability research;
and provide novel methods and data for New South Wales Government initiatives aimed at creating
built environments that support active transportation and promote healthy lifestyles, and monitoring
these initiatives.

Despite some limitations, the existing built environment evidence base appears sufficiently
developed to inform interventions aimed at addressing high body mass at individual and population
levels [13]. A recent review concluded that the strongest evidence is for meso- and macro-level
correlates, and identifies urban sprawl, land use mix, street connectivity, population density, and
proximity to services and destinations as the important environmental characteristics at these levels [17].
Walkability indexes combine many of these key environmental variables into summary metrics that
can be easily implemented at multiple spatial scales for planning purposes [19,27,28,40]. Our study is
novel because it directly addresses exposure-outcome relations at a geographic scale more proximal to
those typically used by government agencies for population-level health and urban planning [43–45].
We observed that higher levels of postal area walkability measured by our index were associated with
lower prevalence of overweight and obesity in postal area populations aged ≥45 years, even after
adjusting for other individual- and area-level characteristics related to body mass. These findings
coincide with the small but consistent body of area-level findings that increased body mass and
prevalence of obesity are associated with greater urban sprawl (see review by [17]), and extend recent
individual-level associations between walkability and body mass [133–137] to populations and the
spatial scales at which health and urban planning decisions are made. Our study also provides new
evidence on the potential of tools like the Sydney Walkability Index [40] to benchmark, inform and
monitor health and urban planning activities aimed at reducing population-levels of overweight
and obesity. This will have relevance in the Australian context where open-access tools have been
developed that allow researchers and planners to calculate NQLS-PLACE index values at mutiple
spatial scales (see [28,138]).

Action to address overweight and obesity should target populations of greatest need [59,60].
However, it is unlikely that at-risk groups will be uniformly distributed across an area such as the
Sydney statistical district [88]. Spatial analysis is especially useful in this regard with its ability to
identify geographic locations with higher (or lower) than expected rates of overweight and obesity,
and whether this variation is explained by, or in addition to, factors known to influence the distribution
of health, such as demographic and socioeconomic characteristics [61]. We observed very strong
clustering of overweight and obesity through central Sydney that was due to unobserved and spatially
structured factors, and which contributed the majority of excess risk. Including individual-level
demographic, social, economic and health status factors in our analysis attenuated excess prevalence
of high body mass and reduced spatial variance but had little effect on outcome clustering across the
study region. This is consistent with Canadian findings that individual-level variables were important
correlates of within-region variation but explained little between-area geographic variation [85].
In contrast, adding postal-area walkability and socioeconomic disadvantage to our models reduced
area-level clustering of overweight and, to a lesser extent, obesity. However, our final maps remained
weakly clustered. This residual variation could suggest the presence of other unobserved spatial
factors structuring the residual prevalence of high body mass in our study area. Identifying these
additional factors was beyond the aims of our study but may include greenspace, access to shops
and services, aesthetics, the food environment, and proximity to public transport [7,8,13,62]. It is also
possible that some of this residual variation is due to residual confounding of associations between
walkability and high body mass by sociodemographic factors. For example, Frank and colleagues have
reported that features of walkable neighbourhoods are associated with lower overweight in males
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but greater overweight in females without a degree, and with lower obesity in men with a degree
but higher obesity in unemployed non-white men without a degree and white women without a
degree [139]. Likewise, there is some evidence that higher body mass is negatively associated with
features of walkable neighbourhoods in high socioeconomic communities, and positively associated in
low socioeconomic minority communities [140]. Future spatial studies employing our approach should
consider alternate adjustment techniques to account for this possibility; for example, by calculating
offsets using a logistic machine learning classifier.

Our findings are consistent with a growing evidence base indicating geographic variation at
multiple spatial scales in the distribution of overweight and obesity that have relevance for health,
urban and transport planning [56,59,62,79–89], although only a few studies have investigated built
environment correlates of this variation within a geospatial context [62,81,82]. While Shuurman
and colleagues were unable to assess whether population density—included in most walkability
indexes—patterned obesity in Metro Vancouver because obesity itself did not cluster in their study
area [82], Congdon has reported that not only are obesity rates 13–20% higher in sprawling versus
compact US counties—an effect size similar to that obtained for physical inactivity, but that adding
environmental measures to spatial models of county-level obesity prevalence reduced unexplained
spatial variation by 22%. Lathey et al. have also examined associations between obesity rates and
sprawl factors, including walkability, for census blocks in Maricopa County, Arizona [81]. They defined
walkability as accessibility to places of social interaction, and found it was the strongest model predictor
of being in a ”high disease” obesity cluster with odds halved for the most versus least walkable census
blocks [81]. Cluster membership was also associated with residential and commercial land use, and
street connectivity, although effect sizes were very small [81]. Unfortunately, the focus on correlates of
cluster membership reduces the analysis to a consideration of between-group differences, which is
not especially informative geographically. Our study adds to the evidence base by its explicit focus
on walkability and its contribution to geographical variation in high body mass at the spatial scales
where health and urban planning decisions are made. We found effect sizes for walkability that
were meaningful at population-scales [10], and sizable reductions in unexplained spatial variation
comparable to other area-level spatial analyses [62].

Despite substantial reductions in unexplained variation due to spatially structured factors of
93.6% for overweight and 89.1% for obese, we observed little impact on spatial fractions except for
overweight model 5, which reduced from ≥88.2% (models 1–4) to 67.3%. This is not surprising
given the unstructured variance reduced by just 12.9% for overweight and 46.1% for obesity over the
range of models fitted; with most of this decrease occurring between models 1 and 2 when we first
adjusted for individual-level factors. Lunn et al. have noted that either the spatial (s) or unstructured
(u) variance component will typically dominate the other in practical implementations of the Besag,
York and Mollié model but will only be apparent once the posterior distributions of the components
are examined [141]. A key strength of the Besag, York and Mollié model is its robustness to spatial and
non spatial variation, and will produce unbiased parameter and variance estimates in the absence of
either [142]. The large residual spatial fractions from our analyses also suggests the likely existence of
additional geographically distributed factors related to overweight and obesity within in the Sydney
Statistical Division.

The geographic variation observed in our data and reported in the substantive literature
highlight the importance of appropriately controlling for spatial autocorrelation at analysis [39,42,61].
Spatial autocorrelation is problematic for standard regression methods that assume model residuals are
independently and identically distributed (IDD), and its violation may result in biased inference [143].
Clustering is most typically handled by multilevel models that conflate unexplained spatial and
non-spatial variation into a single random effect error term [42]. This approach addresses the issue
of spatial autocorrelation; however, the potential value of the spatial variation for informing health
planning is lost in the process. We have consistently identified variation in health risk-factors and
outcomes in the Sydney region using 45 and Up Study data that indicate geographic areas with excess
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risk attributable to unobserved and spatially structured factors [39,42]. For example, we have reported
variation in physical activity [42] and psychosocial distress [39] that indicates excess risk due to
unobserved and spatially structured factors in addition to that attributable to observed individual-level
factors, and postal area walkability and relative socioeconomic disadvantage. Pattenden and colleagues
contend that outcome variation in excess of socioeconomic factors may indicate opportunities to
address disparities in health status [61], while Fitzpatrick et al highlight its potential role in suggesting
causal pathways [144]. We believe our approach is helpful because it not only locates inequalities in
the geographic distribution of risk but also quantifies that attributable to known factors that may, or
may not, be amenable to intervention, and to unknown factors requiring further investigation.

We observed statistically significant associations between most individual-level covariates
and body mass outcomes in all fixed-effects models used to derive offset terms in spatial models.
Consistent with our previous work on physical activity [42] and psychosocial distress [39] in this
cohort, we observed strong positive associations between prevalence of high body mass and numbers
of chronic care conditions ever diagnosed and recently treated, and even stronger associations with
reduced functional capacity. These findings agree with previous reports on this cohort [103,120] and in
the broader literature [145–147]. High body mass is considered a “gateway” into non-communicable
diseases [148], and possibly multi-morbidity [149–152] and reduced physical functioning [145,153,154],
although reverse causality is plausible with multi-morbidity and reduced physical functioning leading
to lower levels of physical activity and poorer dietary choices [155]. We also observed an inverse
association between high body mass and lower levels of psychosocial distress after adjusting for
functional capacity. This is consistent with previous findings of increased risk of psychosocial distress
with greater functional limitations in this cohort [39,156,157], and a strong contemporaneous effect of
physical disability on depressive symptoms [158]. Depression and anxiety disorders are also known
causes of weight loss in community-dwelling older adults [159], and may be influential on our findings
as the Kessler Psychological Distress Scale [114] is specific for current anxiety and affective disorders
in Australian community populations at the cut-points used in our study [160].

A major strength of our study is the large sample size drawn from the 45 and Up Study [93].
This high-quality, population-based cohort comprises approximately 10% of the Sydney statistical
district aged 45 and over. While we make no claims to the external validity of our point-estimates
beyond our sample, it is well established in the epidemiological literature that relative measures of
effect are generalisable irrespective of representativeness and non response [161,162]. Methodological
investigations of the 45 and Up Study cohort support this likelihood. Mealing et al. [130] have reported
that odds ratios derived from the full cohort correspond to those from the population-representative
New South Wales Adult Population Health Survey [163], while we have reported high correlations
between postal area relative risks and disease maps estimated from unweighted and post-stratification
weighted data [42,131]. These observations support the generalisability of our risk estimators and
their geographical distribution to postal area populations within the Sydney Statistical Division
area. We also used the Sydney Walkability Index as our exposure metric, which is derived using
high-quality government agency spatial data [40]. The strengths of this index include its demonstrated
predictive validity for moderate-intensity walking at multiple spatial scales, a cohesive latent variable
structure, and comparability to other indexes (e.g., NQLS [38] and PLACE [19]) frequently used in
walkability research [40,42]. The spatial data used in its construction are routinely updated to support
NSW Government business, and are accessible via the NSW Open Data Policy [164]. This allows the
Sydney Walkability Index to be re-calculated annually to monitor changes in the spatial distribution of
walkability across the Sydney statistical district. There is also an ongoing effort to develop a national
walkability index using similar methods to our index that would benchmark and monitor changes
in walkability across Australia [28]. Finally, our study employed an explicitly spatial approach that
controlled for individual-level factors to investigate geographic variation in high body mass and its
association with environmental walkability at the postal area level. The substantial levels of clustering
in our data indicate the importance of accounting for spatial autocorrelation in analyses where it is

80



IJERPH 2019, 16, 664

expected or observed, and highlights the potentially informative nature of this variation for health and
urban planning that is ignored when spatial and non-spatial sources of variation are conflated [42].

Our study reported on associations between postal area walkability and high body mass
outcomes, which are not necessarily causal. An important limitation of our study is that we
were unable to control for potential bias due to participant self-selection into postal areas, which
raises the potential for reverse causation. Self-selection bias occurs when individuals choose to
live in neighbourhoods that support their physical activity and travel behaviour preferences [8,17].
Systematic reviews indicate that neighbourhood self-selection may account for up to 50% of the built
environment’s effect on physical activity [17]. Its contribution to built environment associations with
high body mass is less clear. Some studies have reported that self-selection fully accounts for these
associations [165,166], while others have reported more modest attenuation effects [167–169]. There is
also some evidence that it may selectively attenuate associations for continuous but not categorical
body mass outcomes [170,171]. The 45 and Up Study does not collect information on respondents’
preferences for the neighbourhoods in which they reside, and so we are unable to discount this as
contributing to some portion of the estimated effect of walkability in our study.

We used self-reported BMI to classify overweight and obesity, which is generally appropriate for
quantifying body size in the 45 and Up Study cohort but known to underestimate prevalence of obesity
using standard BMI classifications by 6% [98]. In the context of our study, this means both overweight
and obesity are likely to have been systematically misclassified. Monte Carlo simulation studies have
found that systematic misclassification of binary dependent variables on the order of 2–5% can bias
relative effects estimates by 12–25% in either direction [172,173]. This has the potential to weaken
the magnitude of our observed associations for both overweight and obesity, but would still result in
meaningful effect sizes at the population-level [8,10]. Another limitation of our analysis is that it was
conducted at a single geographic scale, and so our findings may differ if conducted at a finer or coarser
scale. This is the Modifiable Areal Unit Problem [174,175], which is germane to all analyses using areal
units or zones [175]. We were only provided with access to postal area identifiers by the data custodian,
and so were unable to assess the sensitivity of our results to different spatial scales. We have previously
examined associations between walkability and health-enhancing physical activity at different spatial
scales and found similar relations [40,42], which provides some reassurance on the robustness of our
findings to spatial scale. However, the influence of scale on matched exposure-response relations in
the walkability literature remains opens and warrants further investigation.

The Sydney Walkability Index [40] is comparable to other indexes used in the substantive
literature [19] and so is subject to the same limitation that walkability quartiles may be data-dependent
as they are derived using population-specific cut-points [176,177]. We therefore encourage planners,
policy makers and researchers to review the quartile cut-points used in constructing the Sydney
Walkability Index to evaluate their appropriateness and the applicability of our findings to their
geographic context. Further, modelling walkability as an index means we are unable to identify which
built environment components in the index contribute to the observed associations with prevalence
and geographic distribution of overweight and obesity, which would be useful for framing policy
interventions. This was partly a choice for consistency with the expressed interest in the literature about
the potential for “walkability indexes” to benchmark, inform and monitor development plans, but also
because the added complexity would have made our models intractable. Our analysis used a two stage
approach in which individual-level conditional probabilities of overweight and obesity were modelled
first and then used as offset terms to adjust spatial models. While this approach is not uncommon
in the epidemiological literature (see [39,42,122–124]), ideally we would have modelled individual
and area-level effects simultaneously in a single, parsimonious model. However, despite the relative
ease with which Besag, York and Mollié models can be fit in available software [75,178], they remain
computationally prohibitive to implement outside of high performance computing environments when
extended to multi-level problems comprising samples of the size used in our study [179]. Our units of
analysis comprised Australian postal areas, which correspond in spatial extent to the upper limit of
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buffers sizes used in individual-level research linking walkability to high body mass but may not be
representative of all spatial extents at which health and urban planning decisions occur. Finally, our
study precludes causal inference due to its cross-sectional design.

5. Conclusions

Walkability indexes have been identified as potentially useful tools for planning and monitoring
the built environment to improve health [27]. Our results provide support for their potential application
to body mass outcomes by demonstrating that: (1) rates of overweight and obesity are negatively
associated walkability at the postcode level for Sydney residents aged ≥45 years; and (2) that area-level
walkability makes a small but meaningful contribution to the geographic clustering of high body
mass in the Sydney metropolitan region. Our results also suggest the presence of other unobserved
and spatially structured factors contributing to this clustering. The Greater Sydney Region Plan aims to
create healthy, resilient and socially connected communities over the next 40 years by creating fine
scaled urban form, mixed land use and amenity within walkable urban centres [25]. The methods and
outcomes described here may assist in the geographical targeting of strategies and monitoring their
progress towards achieving its liveability objectives.
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Abstract: Children’s independent mobility is declining internationally. Parents are the gatekeepers of
children’s independent mobility. This mixed methods study investigates whether parent perceptions of
the neighbourhood environment align with objective measures of the neighbourhood built environment,
and how perceived and objective measures relate to parental licence for children’s independent mobility.
Parents participating in the Neighbourhood for Active Kids study (n = 940) answered an open-ended
question about what would make their neighbourhoods better for their child’s independent mobility,
and reported household and child demographics. Objective measures of the neighbourhood built
environment were generated using geographic information systems. Content analysis was used to
classify and group parent-reported changes required to improve their neigbourhood. Parent-reported
needs were then compared with objective neighbourhood built environment measures. Linear mixed
modelling examined associations between parental licence for independent mobility and (1) parent
neighbourhood perceptions; and (2) objectively assessed neighbourhood built environment features.
Parents identified the need for safer traffic environments. No significant differences in parent reported
needs were found by objectively assessed characteristics. Differences in odds of reporting needs were
observed for a range of socio-demographic characteristics. Parental licence for independent mobility
was only associated with a need for safer places to cycle (positive) and objectively assessed cycling
infrastructure (negative) in adjusted models. Overall, the study findings indicate the importance of
safer traffic environments for children’s independent mobility.
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1. Introduction

Physical activity is fundamental to optimal growth, development, and health in children. It is
recommended that children and youth aged 5–17 years should participate in at least 60 minutes of
moderate-to-vigorous intensity physical activity (MVPA) daily to gain important benefits for their
musculoskeletal, cardiovascular, neuromuscular, metabolic, and mental health and development [1].
Yet physical activity levels are low globally [2], including in New Zealand, where a third of children
and youth are insufficiently active for health [3].

1.1. Children’s Independent Mobility

Children’s independent mobility can provide important opportunities for children’s physical
activity accumulation. Independent mobility was first defined in the early 1990s as having the freedom
to travel to destinations or engage in outdoor play without adult supervision [4]. Since that time,
numerous definitions, associated metrics, and methods (e.g., parent vs. child reports) have been
employed [5–7]. For the most part, literature has focused on parental licence for independent mobility,
capturing a range of ‘licences’ to be independent outside the home environment. To a lesser extent,
actualized independent mobility has also been explored, with a dominant focus on active travel (e.g.,
walking, scootering, or cycling) to school or neighbourhood destinations without adult accompaniment.
Irrespective of the metric used, a growing evidence base has consistently demonstrated links between
independent mobility and active travel to school [8], objectively-assessed physical activity [9–12], and
less sedentary behaviour [12].

Independent mobility also plays an unparalleled role in contributing to children’s development
of social, cognitive, and spatial processing skills and enhanced environmental awareness. Children
who travel and play freely in their neighbourhood socialise more frequently with their peers and
adults [13–15] and develop a sense of belonging to their community [16] which is important for
developing social skills and a sense of identity. Cognitive and psychological development is promoted
through spatial awareness and processing [17], learning about risk and its management [13], and
engagement with the natural and physical environment [13,14,18,19].

Despite its benefits, independent mobility has been declining globally over the past several
decades [4,20,21]. By way of example, in Australia, repeated cross-sectional studies indicate the
proportion of children travelling home from school independently halved from 68% in 1991 to 31% in
2012 [20]. Longitudinal data on independent mobility in the New Zealand context are not available.
Looking at active travel in general (irrespective of accompaniment) the average time children spent in
active travel modes decreased from 130 minutes per week to 72 minutes per week in the two decades
prior to 2011. Latest household travel statistics show 70% of travel time for children is spent as a car
passenger, and 10% is spent in active travel modes [20]. Less than half of New Zealand youth actively
travel to school [3]. Accordingly, there has been increasing interest in understanding factors related to
children’s active travel in general as well as their independent mobility.

1.2. Factors Associated with Children’s Independent Mobility

A socio-ecological perspective is helpful to understand the complexity of children’s independent
mobility [6,22]. In particular, the systems model proposed by Badland and colleagues [23] provides a
robust framework for understanding factors related to children’s independent mobility. The model
encompasses policy and societal norms, as well as factors at the individual and neighbourhood level,
which are described briefly below.

1.2.1. Child and Household Characteristics

Parental licence for their child’s independent mobility is strongly related to children’s actualised
independent mobility [24]. Parents are the ‘gatekeepers’ who determine the travel mode of their
children and the degree of freedom they have to independently move in the neighbourhood [6,25].
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Although children seek to influence their mobility licence [26], parents’ views are invariably stronger
than children’s in determining independent mobility [27–29].

Individual factors that are associated with children moving independently in their environment
include age and sex. Children who are older, especially after 12 years of age, are more likely to have
licence from their parents to engage in independent mobility [9,24,30–32]. Many studies indicate that
boys have higher rates of independent mobility compared to girls and tend to gain mobility licence
earlier than girls [9,32,33]. This difference could be due to the higher parental fear of danger from
strangers for girls [34,35].

More broadly, household and family factors such as car ownership, having older siblings [36],
competing family schedules and trip chaining [37], and neighbourhood self-selection (i.e., a preference
for residing in an environment that is characterized as being more or less walkable) [38–40] may also
play important roles in actualizing children’s independent mobility.

1.2.2. Parental Neighbourhood Perceptions

Parents’ perceptions of the neighbourhood environment are associated with whether or not they
grant their children independent mobility licence [41]. Parents who view their neighbourhood as
safe are more inclined to encourage their children to be physically active outdoors [42]. Perceived
safety of the neighbourhood environment may be an especially important indicator for parental licence
for independent mobility [30,43], particularly regarding traffic safety and “stranger danger” [35,44].
If parents perceive their neighbourhoods as unsafe they are less likely to allow their children to be
independent [45]. Conversely, a positive parental perception of safety from crime in the neighbourhood
is associated with greater mobility licence [30,32]. “Stranger danger” has been noted as a concern for
parents and has been linked to limited licence for independent mobility [9,34,35,46]. On the other
hand, social interactions with neighbours [47] and social cohesion and trust [31,32,48] could contribute
to creating a neighbourhood that ‘looks out for children’ and thus encourages independent mobility.

Safety from traffic is a key priority for parents [24,49]. Numerous studies have shown
that parental fear of traffic danger is associated with limiting children’s independent mobility
licence [21,32,35,36,45,50,51]. Wolfe and McDonald [32] concluded that parents who had a positive
view of traffic safety in their neighbourhood were more likely to grant their children licence for
independent mobility. Parents who lived on busy roads [51], who had concerns about high traffic
volumes [32], or who lived in less urbanised areas [35] had more traffic safety concerns and their
children had less independent mobility. On the other hand, safe road crossings were associated with
increased independent mobility of boys in a study of Australian children [51].

Moving beyond neighbourhood safety, a number of built environment features, as perceived by
parents, have been related to independent active travel and physical activity of children [28]. Specifically,
perceived accessibility to destinations, high land use mix, short distance to school, residential density,
and well-maintained walking and cycling infrastructure have all been positively associated with
children’s independent active travel.

1.2.3. Objective Measures of the Environment

The objectively-assessed built environment has also been significantly associated with children’s
independent mobility [51]. Sharmin and Kamruzzaman [52] argue that changes in children’s
independent mobility are related to the built environment context (e.g., distance to destination
and availability of facilities), urban structure (e.g., urban vs. suburban) or urban form alterations (e.g.,
intersection density, traffic safety infrastructure). However, to date the evidence remains sparse and
inconsistent, thus this section also includes some relevant literature on active travel and physical activity.

Street connectivity has been positively associated with active travel [53,54] and independent
mobility [55] in some studies. Conversely, there is also evidence that culs-de-sac (dead end streets)
are strongly associated with independent mobility [52]. To some extent, this may be a function of
the metric of independent mobility used. For example, where independent active travel is the focus,
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street connectivity would be expected to have a significant role in understanding independent mobility.
Conversely, where independent play is of interest, prevalence of neighbourhood culs-de-sac in which
to play may be of greater importance. Linked with street connectivity, accessibility to destinations
such as schools, parks, and other local settings has been positively associated with active travel
and independent mobility [45,54]. Villanueva and colleagues [51] concluded that, in addition to the
proximity of destinations, the aesthetics and appeal of destinations are also important features of the
built environment that facilitate independent mobility.

Studies in Portugal have shown that when comparing rural and urban areas, increased urbanisation
leads to decreased independent mobility of children [24,35]. On the other hand, a meta-analysis by
Sharmin and Kamruzzaman [52] concluded that urban–suburban residential location type, and a higher
proportion of commercial and residential land use are positively associated with children’s independent
mobility. To some extent these mismatches may be because these broad environmental measures
are not sufficiently fine-grained or population-specific to be relevant to parental decision-making
around their child’s independent mobility. The field is advancing, however, with examples being the
development of new child-specific measures for walkability [56] and destination accessibility [57].

There is also some uncertainty and inconsistency about how objective built environment measures
and parent perceptions of the built environment relate, especially in regard to traffic safety. Carver
and colleagues [27] identified that there is vagueness as to whether the neighbourhood traffic safety
perceptions of parents impact children’s physical activity more than objective road safety measures.
To date, this has not been clear. Marzi and colleagues [41] concluded in their systematic review
that parents’ perception of neighbourhood, including that of traffic safety, have a greater impact on
children’s independent mobility than related built environmental measures. In contrast, Uys and
colleagues’ study in South Africa concluded that the objective built environment was more strongly
associated with out-of-school physical activity of children [58].

1.3. Study Aim and Objectives

It is likely that both objective and perceived environmental factors are important in understanding
children’s independent mobility. Hence, how they relate to each other and with parental licence
for independent mobility needs to be better understood to guide and inform future research and
practice. The overall aim of this study was to provide new knowledge about factors associated
with parental licence for children’s independent mobility. Study objectives were: (1) to identify
key factors of importance from parent perspectives that would support children’s independent
neighbourhood active travel, (2) to contextualise parent perceptions in relation to objectively assessed
variables around the individual household address, and (3) to determine associations between parental
licence for independent mobility and objective neighbourhood built environment measures and
parent-reported needs.

2. Materials and Methods

2.1. Protocol and Study Context

Neighbourhoods for Active Kids was a cross-sectional study of children residing in Auckland,
New Zealand. Auckland is New Zealand’s largest city with a population of 1.4 million people, a third
of New Zealand’s total population [59]. The urban landscape of Auckland is comprised largely of
suburban neighbourhoods, however there is a move to more compact city housing due to pressures of
increasing population and lack of affordable housing [60].

The full study methods are described elsewhere [61]. In brief, addresses of all intermediate schools
(junior high school, years 7–8, approximate ages 10–13) in Auckland were geocoded and child-specific
measures of walkability [56] and destination accessibility [57] generated for each school. A matrix
of walkability, destination accessibility, and school decile (a measure of area-level socioeconomic
status [62]) was then used to select schools for invitation, with the aim of ensuring heterogeneity in these
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factors across the study neighbourhoods. Ensuring heterogeneity in geographic location (north, south,
east, west, and central Auckland) was also prioritised. For each intermediate school, a contributing
primary school (elementary school, years 1–6, approximate ages 5–11 years) was also invited to
participate in the study, resulting in a primary-intermediate school dyad in each neighbourhood.

Either Principal or Board of Trustees (governing body of school) consent for their school to
participate was required before initiating participant recruitment. Research team members visited each
school to explain the study protocols to teachers and students, and deliver child and parent information
sheets, child assent forms, and parent/caregiver consent forms for their child and themselves to
participate. Those interested in participating were asked to return the signed forms to the school within
two weeks (during which time children and their families were invited to ask the research team any
questions they had about the study). A signed assent form and signed parent/caregiver consent form
were required for a child to participate in the study.

Researchers visited schools during school time to undertake an online participatory mapping
survey to capture children’s neighbourhood use and perceptions, measure school routes and perceptions
of the school route, and capture measures of food purchasing and consumption of unhealthy foods.
Height, weight, and waist circumference were measured by trained researchers at this time and children
were provided with an accelerometer on a belt and instructions on how to wear the units for the next
seven days. Post collection of the accelerometers, a computer-aided telephone interview (CATI) was
conducted with parents/caregivers of participating children. The CATI collected sociodemographic
information about the child and household, parent neighbourhood perceptions, licence for their
child’s independent mobility, and reports of their child’s activity and nutrition behaviours. For each
school, a face-to-face (or telephone-based) semi-structured interview was conducted with the school
Principal or delegate to capture contextual information about supports for active travel to school
and related policies and initiatives. Objective measures of the built environment for physical activity
and nutrition were generated around the home neighbourhood environment, school neighbourhood
environment [63], school route [8,64], and home-school neighbourhood [65]. Measures specific to the
current study are described below.

Data were collected between February 2015 and December 2016. Ethical approval to conduct
the study was provided by the host institution ethics committees (AUTEC, 14/263, 3 September 2014;
MUHECN 3 September 2014; UAHPEC 9 September 2014).

2.2. Measures

2.2.1. Socio-Demographic Information

Parents reported on the biological sex (male, female) of their child and main ethnic group in the
CATI survey. Ethnicity variables were adapted to combine ‘Middle Eastern/Latin America/African’
(n = 17) ‘other’ (n = 4), and ‘not stated’ (n = 158) due to low frequencies. School level (primary,
intermediate) was recorded during the school-based data collection and used as a proxy for age.
Parents were asked how many working cars they had available to them in their household. Area-level
socio-economic status was determined using the NZDep2013, an index of deprivation comprising
Census-derived measures of income, housing tenure, employment, educational qualifications, family
structure, household crowding, access to transport, and communications at the meshblock level
(smallest Census-area unit) [66]. Deciles were aggregated into categories of low deprivation (decile
1–3), medium deprivation (decile 4–7), and high deprivation (decile 8–10).

2.2.2. Independent Mobility Licence

Licence for independent mobility was assessed using six items from the Policy Studies Institute
study of children’s independent mobility [21]. Parents were asked whether their child was allowed
to travel home from school alone, cross main roads on their own, cycle on main roads alone, go out
alone after dark, and go on local public transport on their own. Response options were: always, often,
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sometimes, and never. Parents were also asked whether their child was usually taken or allowed
to go alone to places other than school that were within walking distance. Response options were:
usually goes alone, varies, and usually taken. All six items were considered in principal components
analysis to generate a measure of independent mobility licence. Bartlett’s test of sphericity (p < 0.001),
and the Kaiser–Meyer–Olkin measure of sampling adequacy (0.697) were deemed acceptable. One
component was extracted which explained 32.5% of the variance. A higher score indicated higher
licence for independent mobility.

2.2.3. Parent-Reported Needs

Parents were asked “What would make your neighbourhood a better place for (Child Name) to
walk, bike or scooter by (Himself/Herself)?” Responses were open-ended and parents could mention
more than one factor, or choose not to respond.

2.2.4. Objectively-Assessed Neighbourhood Built Environment Features

Objective measures were calculated in ArcMap 10.5 (Environmental Systems Research Institute,
Redlands, CA, USA) using an 800 m pedestrian street network buffer around each child participant’s
residential address only. Within the pedestrian network, all motorways and state highway segments
were removed to best reflect the pedestrian environment. Unless otherwise specified, spatial data were
sourced from the Auckland Council, via the University of Auckland’s GeoData Hub database.

Ratio of High- to Low-Speed Roads

Traffic speed exposure was measured as the ratio of high speed (>60 km/hour) road length (HSRL)
to low speed (<60 km/hour) road lengths (LSRL) within the neighbourhood boundary [56]. The ratio
was calculated as HSRL/LSRL, with a higher ratio indicating a greater number of high-speed roads
relative to low-speed roads, and thus greater exposure to vehicular traffic.

Number of Signalised Crossings

Data on pedestrian crossings at controlled intersections (i.e., with a crossing light) were downloaded
from Auckland Transport’s Open GIS Data platform (https://data-atgis.opendata.arcgis.com/). A spatial
join between each neighbourhood buffer and the pedestrian crossing points was implemented, with
the sum count of points intersecting each buffer returned.

Ratio of Cycle Path Lengths to Road Lengths

Data for Auckland’s cycle lane network were drawn from Auckland Transport’s Open GIS
Data platform (https://data-atgis.opendata.arcgis.com/). Total cycle lane length (CLL; km) within the
neighbourhood buffer was divided by all road lengths (ARL; km), regardless of speed limits to generate
a ratio of CLL/ARL, where a higher ratio indicates more cycle lane availability relative to roads.

Pedestrian Network Connectivity (PedShed)

PedShed was measured as the ratio of reachable pedestrian network area (network buffer area;
NBA) to the maximum possible area (Euclidean buffer area; EBA) within a given distance of each
participant’s residence [56]. The NBA was derived using the pedestrian street network buffer, and the
EBA via a Euclidian buffering of the residence point. The pedestrian network connectivity variable
was calculated as NBA/EBA, with a higher ratio indicating that a greater proportion of the maximum
possible distance can be reached through the pedestrian network and, therefore, a more connected
pedestrian network.
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2.3. Data Analysis

2.3.1. Objective 1

Content analysis was performed on parent responses to the CATI question “What would make
your neighbourhood a better place for (Child Name) to walk, bike or scooter by (Himself/Herself)?”
The lead author undertook initial coding with 40% of responses to develop a coding framework for
key topics and subtopics (saturation was achieved). Deborah Raphael then independently coded
all responses using the framework. Finally, the lead author randomly cross-checked 20% of the full
coded dataset. Any disagreements were resolved, and decisions made from this process were used
to determine the final coding framework used to code the data. Descriptive statistics for whether or
not a subtopic was mentioned by parents were calculated. These were summed to calculate overall
frequency of key topics being reported by parents.

IBM SPSS Statistics 24 (IBM Corp, Armonk, NY, USA) was used for all descriptive and inferential
analyses. From the content analysis, four topics were identified (based on ranking first and secondly
on availability of related objective measures) and recalculated as binary outcomes (i.e., whether parent
had reported the topic or not).

2.3.2. Objective 2

Mixed effects logistic regression modelling was employed to examine whether there were
any significant differences in parent-reported needs by their corresponding objectively-assessed
neighbourhood features (outlined in Table 1). All models were adjusted for school level, sex of child,
child ethnicity, and deprivation, with neighbourhood included as a random effect. All ratio measures
were reclassified into binary variables using the median value to classify variables as low or high [56].
A p-value threshold of 0.05 was used to determine statistical significance.

Table 1. Parent reported need and corresponding objective measure of the neighbourhood
built environment.

Parent-Reported
Needs

Objectively-Assessed
Neighbourhood Features

Key Considerations Regarding Making Direct
Comparisons

Less, slower, and safer
traffic

Ratio of high to low speed
roads

Objective measure provides an estimate only of
traffic safety based on road hierarchy (and does not
account for actual driver behavior irrespective of
regulatory environment); parent-reported traffic
safety needs included a broad range of strategies to
reduce speeds and volume of traffic

More and safer
crossings

Number of signalised
crossings

Objective measure only takes signalled crossings into
account; parent-reported needs included comments
about non-signalled crossings

Safer and designated
cycle lanes

Ratio of cycle path lengths
to road lengths

Objective measure is limited to data available for the
cycle network; parent-reported needs included bike
paths and also the quality of places to cycle safely

More and better
walking paths PedShed

Objective measure provides an indication of the
relative prevalence of places to walk only;
parent-reported needs noted additional
considerations such as wider and better-maintained
footpaths

2.3.3. Objective 3

Differences in parental licence for independent mobility were tested for socio-demographic
variables using Mann–Whitney U Tests (for sex and school level) and Kruskal–Wallis H Test (for
ethnicity and deprivation). Non-parametric tests were used due to non-normal distribution of
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independent mobility licence. Mixed-effects linear models were used to examine relationships with
parental licence for their child’s independent mobility, including the corresponding perceived and
objective measures simultaneously in each model. Sex of child, school level, child ethnicity, and
deprivation were all included as fixed effects and neighbourhood was included as a random effect.
Interactions between objective and perceived measures were also tested. A p-value threshold of 0.05
was used to determine statistical significance.

3. Results

Overall, 19 schools across 9 neighbourhoods in Auckland participated in the study. In total,
940 parents participated in the study, providing information about their household, child, and
neighbourhood perceptions. Nine cases were eliminated from the analysis due to missing data,
yielding a final sample of 931 parents.

3.1. Objective 1: Parent-Reported Needs

Parents’ responses to the question “What would make your neighbourhood a better place for
(Child Name) to walk, bike or scooter by (Himself/Herself)?” fell broadly under nine key areas as
outlined in Table 2. A majority of parents (88.1%) thought there were physical and social environmental
aspects that could make their neighbourhood better for their children to be able to walk, cycle, and
scooter around. Three percent of parents made positive comments about their neighbourhoods such as:

“I feel that this area is very community focused and it feels quite safe and feels quite child
friendly.”

Over half of parents (50.3%) mentioned a need for a safer transport environment (less, slower, and
safer traffic; and having safe places to cross, cycle, and walk), with the greatest need being less, slower,
and safer traffic (19.9%). Specifically, parents consistently noted a need for the following:

Slower and safer drivers, for example: “If people keep to the speed limit it would make me
feel safer”

Less traffic: “The road traffic is busy and too hard for the kids to use.”

more traffic-calming infrastructure: “More speed bumps and more signs near the schools so
people can see them and slow down.”

Lower speed limits: “Lower speed limits or speed bumps around the area as the people tend
to speed down the road and there are a lot of kids in the area that play near the roads.”

Signage such as “kids around” to slow traffic and encourage safe driver behaviour: “More
caution signs on [X] Road where we live as the traffic whizzes through . . . More caution
signs in the hope that people will pay attention to these signs.”

Safer places to cross: “More pedestrian crossings on the roads as cars speed around the area”

Safer places to cycle: “I’d like to see a dedicated cycle lanes attached to the footpaths that
link up to the school.”

Safer places to walk: “Decent footpaths as we have no footpaths on our side of the road and
so this is a big deterrent. Also cycle ways would be great as in the bays here we have narrow
winding roads.”

The social environment of the neighbourhood was also significant for parents. Twelve percent of
parents reported that safety from others (in particular reduced sense of “stranger danger”, increased
community surveillance, reduced drug and gang related crimes, fewer roaming dogs and less bullying
from youth) would make their neighbourhood better. A more connected community and having
more people ‘out and about’ in their neighbourhood was considered important by 3.5% of the parents,
for example:
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“I guess if we all get together as a neighbourhood and get to know each other very well then
we could all look out for each other’s kids and we would get to trust each other.”

Table 2. Descriptive statistics for key topics derived from parent responses to the question “What would
make your neighbourhood a better place for (Child Name) to walk, bike or scooter by (Himself/Herself)?”
(n = 931).

Topic and Subtopics n a % a

Safety from traffic: Less, slower, and safer traffic 185 19.9

Less busy traffic 65 7.0
Slower speeds 56 6.0
Traffic calming infrastructure (e.g., humps) 38 4.1
Lowering speed limits 37 4.0
Reducing dangerous driving 34 3.7
Improving traffic safety in general 19 2.0
Signage to slow traffic (e.g., “kids around”, “slow down”) 6 0.6

Safety from traffic: More and safer crossings 125 13.4

More and safer pedestrian crossings 121 13.0
Lights at pedestrian crossings 4 0.4
Supervised crossings 1 0.1

Safety from traffic: Safer and designated cycle lanes 91 9.8

Cycle lanes—designated, away from road, on footpaths 66 7.1
Bike tracks and paths 26 2.8

Safety from traffic: More and better walking paths 67 7.2

Safety from others 112 12.0

Reduced “stranger danger” 50 5.4
Community surveillance 43 4.6
Reduced crime (drugs and gang activity) 19 2.0
Fewer roaming dogs 12 1.3
Reduced perceived danger from others especially youth 9 1.0
Less bullying 4 0.4

More and better destinations 37 4.0

More destinations in the neighbourhood 23 2.5
More and better facilities at the destinations 16 1.7

Better social environment 33 3.5

More connected community 25 2.7
More children/people out and about 9 1.0

Others 232 24.9

Better street lighting 56 6.0
Child too young 45 4.8
Nothing 38 4.1
Positive Comments 31 3.3
Less hilly 14 1.5
Safer neighbourhood 12 1.3
Other 10 1.1
More public transport and school buses 9 1.0
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Table 2. Cont.

Topic and Subtopics n a % a

Fewer cars parked on street 8 0.9
Better general infrastructure 8 0.9
More walking school buses (adult accompanying group of children to school) 7 0.8
Better upkeep of public spaces 6 0.6
Better visibility of the streets 4 0.4
Improved connectivity 3 0.3
Uncodeable 3 0.3

a Data are presented for the number and percentage of parents who noted these topics and subtopics. Note: n and %
of topics do not equate to the total of all the subtopics due to some parents mentioning more than one subtopic in
one topic.

3.2. Quantitative Modelling

3.2.1. Descriptive Characteristics

Sociodemographic characteristics of children were relatively evenly distributed with the exception
of ethnicity, where a majority were of New Zealand European/Pākehā/Other European ethnicity (42.3%)
(Table 3). Parental licence for independent mobility scores were positively skewed, ranging from 3.30
to 10.72 with a mean of 5.28 (SD = 1.67). Boys had significantly higher licence for independent mobility
than girls (p < 0.001). Similarly, older children had significantly higher licence for independent mobility
than their younger peers (p < 0.001). There was a significant difference in licence for independent
mobility between ethnic groups with Pacific children having lower independent mobility than other
groups (p = 0.001). Almost all parents (98.4%) reported having at least one working car available in
their household, with 78% reporting availability of two or more cars. Descriptive information for the
objectively assessed neighbourhood environmental features is provided in Table 4.

Table 3. Socio-demographic characteristics of children and their licence for independent mobility
(n = 931).

Socio-Demographic Variables n %
Licence for Independent Mobility

Mean (SD) p-Value

Sex <0.001 c

Male 469 50.4 5.65 (1.73)
Female 462 49.6 5.00 (1.67)

School level <0.001 c

Primary (years 5–6) 486 52.2 4.58 (1.32)
Intermediate (years 7–8) 445 47.8 6.04 (1.69)

Ethnicity 0.001 d

New Zealand
European/Pākehā/Other European 394 42.3 5.41 (1.61)

Māori 112 12.0 5.49 (1.67)
Pacific 125 13.4 4.94 (1.73)
Asian 120 12.9 5.04 (1.62)
MELAA a/Other/Not stated 180 19.3 5.25 (1.77)

Area-level deprivation b 0.106 d

Low Deprivation (decile 1–3) 357 38.3 5.36 (1.67)
Medium Deprivation (decile 4–7) 324 34.8 5.31 (1.65)
High Deprivation (decile 8–10) 250 26.9 5.13 (1.71)

a MELAA =Middle Eastern, Latin American, or African; b NZDep13 score calculated for each individual household
at the meshblock level; c p-value from Mann-Whitney U Test; d p-value from Kruskal-Wallis H Test.

101



IJERPH 2019, 16, 1361

Table 4. Descriptive information for objectively-assessed neighbourhood features (n = 931).

Objectively-Assessed Neighbourhood Features a Minimum Maximum Mean (SD)

Ratio of high to low speed roads 0.00 1.00 0.37 (0.11)
Number of signalised crossings 0.00 7.00 1.01 (1.40)
Ratio of cycle paths to road lengths 0.00 0.74 0.12 (0.13)
PedShed b 0.01 0.63 0.32 (0.11)
a Variable corresponding to parent-reported need; derived within the 800 m street network individual neighbourhood
buffer using Geographic Information Systems; b Ratio of reachable pedestrian network area to the maximum possible
area; a higher ratio indicates a more connected pedestrian network.

3.2.2. Objective 2: Differences in Objectively-Assessed Neighbourhood Features by
Parent-Reported Needs

Given the parental focus on transport-related topics (and the availability of corresponding objective
data), the following four variables were considered in further analyses related to objective measures
and parental licence for independent mobility: less, slower, and safer traffic; more and safer crossings;
safer and designated cycle lanes; and more and better walking paths.

Results from mixed effects logistic regression models testing for differences in odds of reporting a
need by objectively-assessed neighbourhood built environment and socio-demographic characteristics
are presented in Table 5. Taking socio-demographic factors and neighbourhood into account, no
statistically significant differences in parent reported needs were observed between those residing
in a more or less supportive neighbourhood (objectively assessed). Differences in odds of reporting
needs were observed for a range of socio-demographic characteristics. Parents of primary school-aged
children had significantly higher odds of reporting a need for less, slower, and safer traffic (OR 1.54,
p = 0.014), and significantly lower odds of reporting a need for safer and designated cycle lanes (OR
0.48, p = 0.003). Compared with those of New Zealand/other European ethnicity, parents of children of
Pacific ethnicity had significantly lower odds of reporting needing less, slower, and safer traffic; more
and safer crossings; and safer and designated cycle lanes (ORs 0.06 to 0.36, all p < 0.01). All ethnic
groups were significantly less likely to report a need for safer and designated cycle lanes compared with
the reference group (NZ European/pākehā/other European; ORs 0.06 to 0.51, all p < 0.05). Differences
in deprivation were only observed for reporting a need for more and better walking paths, with those
from medium or high deprivation areas significantly less likely to report this need compared with
those residing in areas of lower deprivation.
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3.2.3. Objective 3: Relationships between Parental Licence for Independent Mobility and Objective
Neighbourhood Features and Parent-Reported Needs

Results from linear mixed models of relationships between objectively-assessed neighbourhood
features and parent-reported needs and parental licence for independent mobility are presented in
Table 6. No significant interactions between objective neighbourhood environment variables and
parent reported needs were observed. In the fully adjusted models, both parent-reported need for
safe cycling infrastructure (positive) and objectively-assessed cycle infrastructure (negative) were
significantly related to parental licence for independent mobility. Children of parents who thought
more dedicated and safer cycle lanes in their neighbourhood would make it better for their children
to walk, bike, and scooter, had 0.56 higher parental independent mobility licence score on average,
compared to parents who did not mention safer places to cycle (p = 0.001). Parent licence for their
child’s independent mobility was an average of 0.46 lower for those residing in areas with a higher
ratio of cycle path to road length compared with those who lived in areas with a lower ratio of cycle
path to road length.

Table 6. Mutually adjusted association of parent reported needs and related objective neighbourhood
features with children’s licence for independent mobility (n = 931).

Neighbourhood Variables in
Model

Comparison Estimate (95% CI) a p-Value

Ratio of high to low speed roads b Higher vs. lower −0.05 (−0.26, 0.17) 0.682
Less, slower, and safer traffic c Parent reported vs. didn’t report need −0.03 (−0.2, 0.21) 0.811

Number of signalised crossings b Per additional crossing −0.04 (−0.15, 0.06) 0.421
More and safer crossings c Parent reported vs. didn’t report need 0.01 (−0.27, 0.29) 0.944

Ratio of cycle path to road lengths b Higher vs. lower −0.46 (−0.71, −0.20) 0.001
Safer and designated cycle lanes c Parent reported vs. didn’t report need 0.56 (0.24, 0.88) 0.001

PedShed b,d Higher vs. lower 0.20 (−0.01, 0.41) 0.058
More and better walking paths c Parent reported vs. didn’t report need −0.14 (−0.55, 0.27) 0.506

a Linear mixed models with random intercept for neighbourhood to account for neighbourhood clustering, including
the objectively-assessed neighbourhood feature and the related parent-reported need, and adjusted for sex of child,
school year level, ethnicity, and meshblock-level deprivation; b Objectively assessed variable corresponding to
parent-reported need; derived within the 800 m street network individual neighbourhood buffer using Geographic
Information Systems; c Parent-reported need; d Measure of walking path availability; area of network buffer/area of
radial buffer.

4. Discussion

The aim of this study was to understand factors related to parental licence for their child’s
independent mobility in a large sample of parents of children aged 8–13 years residing in Auckland,
New Zealand. A sequential approach was taken using mixed methods. Firstly, data derived from parent
interviews were used to determine factors that parents perceived would make their neighbourhood
better for their child to be independently mobile. Secondly, objective neighbourhood built environment
variables were generated and examined in relation to parent reported needs. Finally, associations
between parental licence for their child’s independent mobility were determined with key objective
and perceived neighbourhood variables. Key findings were that: (1) parents identified a need for safer
traffic environments for their child’s independent mobility; (2) no significant differences were observed
between objective neighbourhood built environment measures and parents’ reported neighbourhood
needs; and (3) parental licence for their child’s independent mobility was positively associated with
parent perceptions that dedicated and safer places to bike were needed in their neighbourhood and
negatively associated with residing in an area with a higher ratio of cycle path to road lengths. These
findings are discussed in detail below and contextualized within independent mobility literature,
supplemented by evidence for children’s active travel where relevant.
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4.1. Objective 1: Parents’ Perceptions on What Would Make Their Neighbourhood Better for
Independent Mobility

Content analysis of parents’ answers to the question “what would make their neighbourhoods
better for their child to walk, cycle and scooter in?” showed that a majority of the parents believed
aspects of their neighbourhood could be improved. A key finding was that parents identified a safer
traffic environment as a major need for their children’s independent mobility (50.3% of parents overall).
Particularly, less, slower, and safer traffic (19.9%); more pedestrian crossings (13.4%); more designated
cycle lanes (9.8%); and more and better walking paths (7.2%) were considered important aspects.

Traffic safety is consistently a parental concern and limiting factor for children’s independent
mobility [35,67,68] and active travel in general. The current study findings aligned closely with the
body of work in this field, for example in the early focus group research of Ahlport and colleagues [69],
parents identified high traffic volume, dangerous drivers, and busy intersections as specific barriers to
their child’s active travel.

For the most part, findings related to perceptions of transport infrastructure also aligned with
previous research. For example, parental concern for lack of pedestrian crossings was related to less
active travel in a study of Australian children [29] and presence of pedestrian crossings was associated
with more independent travel in a later study [49]. On the contrary, Evers and colleagues [70] found
that traffic lights, marked crossings, and bump-out crossings did not influence parents’ concern for
their children crossing the road. However, these results were based on whether the parent would let
an eight-year-old child cross the road unsupervised, and the age of the child may have been a bigger
influence on parental concerns than the crossing infrastructure. In the current study, almost 5% of
parents noted that age of their child was the key driver of their child’s independent mobility licence,
rather than the neighbourhood environment. There is likely an age and stage threshold below which
infrastructure and neighbourhood perceptions are irrelevant in determining whether a child is allowed
to be independently mobile.

Parents also highlighted the need for safe places to walk and cycle as key environmental
considerations. These findings add to a small evidence base about the importance of availability and
condition (e.g., uneven surfaces, obstacles, overgrown vegetation) of walking paths for children’s
independent mobility [70]. As well as providing a safe place to walk, the availability of walking paths
may be important as this can reduce the need to cross roads to reach a destination [69]. In an adult
sample, half of the respondents believed that lack of sidewalks in their neighbourhood was a problem
and was a barrier to them being physically active [71]. Parents also noted the condition of walking
paths, specifically that paths should be well maintained and wide enough for children to safely walk
and cycle away from the road.

Safe places to cycle were also identified by parents as key infrastructural features that would create
a supportive environment for children to be independently mobile. Specifically, parents mentioned
the need for cycle lanes that are dedicated and separated from the road. This preference aligns with
earlier research reporting on parental views on the importance of cycling infrastructure [28,72]. More
specifically, cycle lanes that are separated from road traffic are perceived vital to cycling safety by
parents. When considering relative importance of varying traffic infrastructure, one study reported
that parents’ perceived physical separation of child cyclists and the road was more important than a
lower speed limit [73].

Safety from others was also raised by 12% of parents, with a focus on concerns about “stranger
danger” (5.4% of parents) and a need for greater community surveillance (4.6%). To a lesser extent,
criminal and gang activity, roaming dogs, other “undesirables”, and bullying were also identified as
factors limiting children’s independent mobility. Concern about safety from strangers is an established
barrier to parents granting licence for independent mobility to their child [9,34,46] as is the fear of
crime [32]. Increased perceived social cohesion is associated with greater independent licence as it may
support the perception of a safer neighbourhood for children [31]. However, Foster and colleagues [34]
found no association between informal social control and decreased fear of strangers, indicating
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that the these perceptions are multifaced and may not be alleviated simply by a more supportive
neighbourhood community.

4.2. Objective 2: Perceived and Objective Aspects of the Neighbourhood Transport Environment

In fully adjusted models, no statistically significant differences were observed in parent reported
needs by different levels of the objective measures. In other words, no significant association was
found between the objectively-assessed neighbourhood features and reporting a need. This finding
was somewhat expected, considering that while the perceived and objective measures were theorized
to relate to each other, they were not assessing the same environmental dimensions exactly (as detailed
in Table 1). Additionally, a growing body of evidence has shown that adult perceptions do not
always align with objective measures of the neighbourhood environment [71,74,75]. Rothman and
colleagues [76] concluded that there are some differences between parents’ perception and objective
measures of traffic safety along school routes. However, some specific measures such as road crossings
were related to lower parental perceived traffic danger. McGinn and colleagues [71] also found no
agreement between perceived fast and heavy traffic and objectively measured speed and traffic volume.
It is likely that both approaches provide valuable insights, and the triangulation of multiple data
sources is optimal to gain a comprehensive understanding of environmental features of importance.
Indeed, past research examining objective and perceived measures of the neighbourhood environment
in relation to independent mobility has shown mixed results. Marzi and colleagues [41] concluded
from their systematic review that parental perceptions of traffic have a greater influence in determining
children’s independent mobility compared with objective measures of the physical environment.
Looking across the lifespan, perceptions were stronger indicators than objective measures for physical
activity in preschoolers [77], active travel to school in children [78], and adults walking in their
neighbourhood [79]. On the contrary, there is evidence that adults’ physical activity is supported by
urban design features regardless of their perception of the neighbourhood [80]. In adult populations,
both McGinn and colleagues [71] and Lee and Dean [81] concluded that it may be necessary that both
perceptions and objective measures of the neighbourhood environment are used to understand the
complexity of the relationship between the built environment, walkability, and physical activity.

After adjusting for all other factors, differences in parents’ perceived needs by socio-demographic
characteristics were observed, including child’s school level (less, slower, and safer traffic; cycling
infrastructure), ethnicity (all variables except walking infrastructure), and area level deprivation
(walking infrastructure only). These novel findings highlight the link between socio-demographic
factors and neighbourhood perceptions as well as aiding understanding relationships between
perceived and objective environments. Parents of younger children had 1.5 times the odds of reporting
a need for less, slower, and safer traffic compared with those of older children. This implies the age
of a child influences parent traffic safety perceptions, more so than the actual traffic environment.
Compared with older children, a higher traffic safety threshold may be required for younger children in
order for parents to perceive their environment as being safe. Conversely, parents of younger children
were half as likely to report a need for safer and designated cycling infrastructure. It is possible this is
due to lower levels of cycling in younger children compared with older children in this study (data not
reported here) and thus cycling infrastructure being less relevant for these parents. In a similar manner,
all ethnic groups were significantly less likely to report a need for safer and designated cycle lanes
compared with parents of children who identified as being of New Zealand European/Pākehā/Other
European ethnicity. National travel survey data suggest significantly higher rates in those of New
Zealand European ethnicity compared with other ethnic groups (and low rates of cycling overall) [82].
Parents of children of Pacific ethnicity also had significantly lower odds of reporting needing less,
slower, and safer traffic; more and safer crossings. It is unclear why these differences existed—further
work examining ethnic differences in neighbourhood perceptions would be worthwhile.

Differences in deprivation were only observed for reporting a need for more and better walking
paths, with those from higher deprivation areas significantly less likely to report this need compared
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with those residing in higher deprivation. It is possible this is a reflection of the New Zealand
context, where positive relationships have been found consistently between walkability elements (e.g.,
destination accessibility) and deprivation [83].

4.3. Objective 3: Factors Associated with Parent Licence for Independent Mobility

Independent mobility licence was significantly related to both parent-reported need for safer
cycling infrastructure and objectively-assessed cycle infrastructure. Children had a higher independent
mobility licence when their parents mentioned that their neighbourhood needed more dedicated and
safer cycle lanes, compared with children of parents who did not mention cycling infrastructure. This
finding aligns with earlier work by Timperio and colleagues [29] indicating it is possible that parents
are more aware of their traffic environment when they grant their children more independent mobility
licence. Specifically, if children cycle in their neighbourhood, parents may notice the lack of cycle
lanes available for their children, while in comparison parents who grant low mobility licence may
not identify the need for more cycling lanes. Neighbourhood self-selection [39] may play a role in
understanding parent perceptions. It is possible that parents who prefer neighbourhoods with safer
transport infrastructure have chosen to live in neighbourhoods that align with this preference, yet their
own personal preferences are still not being met sufficiently.

In terms of objectively measured cycling infrastructure, children with higher parental licence for
independent mobility lived in areas with lower cycle lane availability. This finding could be due to
parents allowing their children to be independently mobile, but more so for walking rather than cycling.
Indeed, Moran and colleagues [53] concluded that walking is a more common form of independent
mobility than cycling, and that different built environmental features are associated with each type of
active travel mode.

No other significant associations with independent mobility were found. Inconsistent findings
have been observed in earlier literature with regard to links between parental perceptions and children’s
independent mobility. Traffic safety perceptions of parents was positively associated with adolescent
active travel [84] and independent mobility in girls [72]. Conversely, Santos and colleagues [43]
found no association with traffic safety and independent mobility. Perceived poor availability of road
crossings has been associated with decreased independent mobility for boys [51] and decreased active
travel in children, generally [85,86]. In other studies, parent perceptions of available walking paths
was a predictor for independent mobility [43] and active travel [28].

A recent meta-analysis identified a number of built environment features related to children’s
independent mobility (operationalized as independent mobility time, independent mobility to
destinations, territorial range, or licence for independent mobility) [52]. Positive associations were
found for proportion of residential land, proportion of commercial land, residential location type, and
dead-end streets. Negative associations were observed for vehicular street width, road density, street
connectivity, proportion of major roads, land use mix, availability of recreational facilities, residential
density, and distance to destinations. Situating the current study findings with the extant literature, it
is clear that understanding determinants of children’s independent mobility is a complex challenge.
Factors exist across the socio-ecological spectrum [23], and the role of parenting practices, beliefs, and
perceptions in this context cannot be underestimated [87]. Nuances may also exist, whereby differences
in relationships might be expected by neighbourhood social and built environment contexts and
spatio-temporal factors may also play a role. For example, earlier work with Auckland children showed
that active travel was associated with destination accessibility on weekdays only, and differential
relationships between activity and built environment characteristics were also observed between
weekend days and weekdays [54].

5. Strengths and Limitations

This study was cross-sectional and conducted in one city in New Zealand only. Findings cannot be
generalized to other environments, and causality cannot be inferred. Parental licence for their child’s
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independent mobility was employed in the current study to align with the majority of literature in this
field. However, it is important to recognise this measure does not necessarily encompass all facets
of children’s independent mobility (e.g., time, range, destinations) and that children may also report
their independence differently from their parents. Had different measures of independent mobility
been used in the current study, it is possible alternative findings might have been identified. It is
also worth noting that broader family and household characteristics may play an important role in
children’s independent mobility, including having older siblings, household car ownership, competing
family schedules, and neighbourhood self-selection. The latter three variables were not measured in
this examination. The almost universal access to a working car in this study hindered any ability to
detect the effect of not having access to a car on children’s independent mobility. The pervasiveness of
the car is consistent with national data. New Zealand has one of the highest rates of car ownership
internationally and rates have continued to rise in recent years [88]. It is possible these broader factors
are more likely to be linked to children’s actualized independent mobility, rather than parental licence
for independent mobility, and further work in this area is needed. It is also possible that other parent
psychological factors and experiences may have contributed to understanding children’s independent
mobility and parent neighbourhood perceptions, however these were not examined in the current
investigation. For example, factors such as anxiety, values around child independence, incidences or
‘near misses’, and local narratives about past incidents related to child independent mobility could all
play a role in how a parent perceives their environment and thus impact the independence granted to
their child.

No agreed upon approach for determining neighbourhood buffers for children’s independent
mobility exists. Previous examinations in Neighbourhoods for Active Kids have used a range of
study-specific buffers to determine environments of importance including 800 m around schools only
for outdoor advertising [63], 800 m around home plus school (less any overlap) for children’s body
size [65], and school route only using 80 m on each side of the street centre line for active school
travel [64]. The “home only” buffer was determined for the current study to align with the study’s focus
on parent perceptions about their neighbourhood and their child’s independence in the neighbourhood.
Not all children lived within close proximity to school, so including a school buffer to characterize the
objective built environment and examine this in relation to parent perceptions would have reduced
sensitivity and specificity. Previous research with Auckland children supported a 1000 m buffer to
capture levels of MVPA [54]. Conversely, a Canadian study showed 500 m was optimal to measure
associations with girls’ MVPA, and 800 m was best for boys’ MVPA [89]. An 800 m buffer was chosen
in the current study as a pragmatic approach to capture sufficient environmental features that might
be ‘front of mind’ for parents when considering their neighbourhood and their child’s independent
mobility, and to allow comparability with previous research [51,54,89]. Future research would benefit
from the use of more individually-centred measures such as activity spaces [90].

6. Conclusions

Through the use of mixed methods with a large sample of parents, this study provides a
comprehensive examination of children’s independent mobility licence, parent neighbourhood
perceptions, and objectively assessed neighbourhood built environments. For the first time, objective
pedestrian crossing and cycle lane availability has been examined in relation to children’s independent
mobility, contributing to improving sensitivity and specificity in neighbourhood built environment
measures. Novel findings on relationships between socio-demographic characteristics and parent
neighbourhood perceptions can help interpret research exploring differences between perceived and
objectively-assessed neighbourhood features. Further research is needed to explore the complex
relationships between parent psychological characteristics, family and household context, perceived
and objective neighbourhood environments and children’s actualized independent mobility and licence
for independent mobility across a range of settings. Novel findings demonstrate the importance
of measuring both perceived and objective characteristics, and exploring why these do not always
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align. Overall, this novel study demonstrates the importance of providing safer traffic environments,
particularly safer places to cycle, for children’s independent mobility.
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Abstract: Researchers investigating relationships between the neighbourhood environment and health
first need to decide on the spatial extent of the neighbourhood they are interested in. This decision
is an important and ongoing methodological challenge since different methods of defining and
delineating neighbourhood boundaries can produce different results. This paper explores this issue
in the context of a New Zealand-based study of the relationship between the built environment and
multiple measures of physical activity. Geographic information systems were used to measure three
built environment attributes—dwelling density, street connectivity, and neighbourhood destination
accessibility—using seven different neighbourhood definitions (three administrative unit boundaries,
and 500, 800, 1000- and 1500-m road network buffers). The associations between the three built
environment measures and five measures of physical activity (mean accelerometer counts per
hour, percentage time in moderate–vigorous physical activity, self-reported walking for transport,
self-reported walking for recreation and self-reported walking for all purposes) were modelled for
each neighbourhood definition. The combination of the choice of neighbourhood definition, built
environment measure, and physical activity measure determined whether evidence of an association
was detected or not. Results demonstrated that, while there was no single ideal neighbourhood
definition, the built environment was most consistently associated with a range of physical activity
measures when the 800-m and 1000-m road network buffers were used. For the street connectivity and
destination accessibility measures, associations with physical activity were less likely to be detected
at smaller scales (less than 800 m). In line with some previous research, this study demonstrated that
the choice of neighbourhood definition can influence whether or not an association between the built
environment and adults’ physical activity is detected or not. This study additionally highlighted
the importance of the choice of built environment attribute and physical activity measures. While
we identified the 800-m and 1000-m road network buffers as the neighbourhood definitions most
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consistently associated with a range of physical activity measures, it is important that researchers
carefully consider the most appropriate type of neighbourhood definition and scale for the particular
aim and participants, especially at smaller scales.

Keywords: neighbourhood; scale; built environment; physical activity; walking

1. Introduction

Many studies have investigated associations between the neighbourhood-built environment
attributes and the physical activity of residents, with evidence accumulating on the health benefits of
living in higher density neighbourhoods with well-connected street networks and pedestrian access
to a range of amenities [1–3]. Within this area of research, an important methodological challenge
is how to define a “neighbourhood” [4–6]. A neighbourhood refers to the geographical area within
which environmental attributes are investigated in relation to physical activity. It is hypothesised
that residents are only able to walk within such geographical areas of their homes. The challenge of
defining a neighbourhood is also shared by the wider neighbourhood research field and has been
regularly highlighted over the past decade [4,5,7–9]. Currently, researchers have been using a variety
of neighbourhood definitions and there is little consensus as to the most appropriate geographic
scales [10,11]. This is a problem because using different neighbourhood definitions can change the
results [5,10–15] and the lack of standardisation makes it difficult to compare and combine evidence
across studies [10]. Furthermore, identifying the most appropriate geographical scales at which built
environments may influence health behaviours is an important step in translating the evidence into
urban design and public health practice [16]. For example, evidence that the proximity of public open
spaces is associated with better health behaviours and outcomes is useful but not sufficient for those
that (re)design the built environment or write environmental policy. Urban design policy makers and
practitioners also need to know how far away the public open spaces need to be located from people’s
homes to maximise their amenity value and health outcomes. In other words, a better understanding
of the distances and geographical scales at which the built environment influences health could inform
more effective urban design and policy interventions [10,16,17].

Neighbourhood is commonly conceptualised as the home neighbourhood and operationalised
using geographic information systems (GIS). The dimensions of a neighbourhood are determined
by the type of boundary applied and its size or geographical scale. There are three main types of
neighbourhood definitions used in built environments and public health research: administrative
units, circular buffers, and road network buffers. Administrative units (e.g., census tracts, postal
codes) allow researchers to link their data with secondary data sources. However, they are subject
to the modifiable areal unit problem (MAUP) where results can vary depending on the division of
the study area, a zonation or aggregation effect [18], and the size of the units used, a scale effect [19].
Circular (or Euclidean) buffers are circles of a defined radius centred on an address, whereas road
network buffers are calculated by drawing an area around an address that is accessible by travelling
a defined distance along roads. Circular buffers are simpler to calculate, but road network buffers
are conceptually more appealing because they better represent where people may travel, particularly
in areas with features such as rivers, lakes, or a poorly connected road network [20]. Both circular
and road network buffers address the zonation effect of the MAUP but are still subject to scale effects.
A further issue is that appropriate geographical scales are likely to vary for different population groups,
different built environment measures, and different outcomes [4,5]. In practice, built environment and
physical activity researchers use a variety of geographical scales ranging from 100–8050 m [4].

The impact of neighbourhood definition on research results has been frequently demonstrated
in the wider literature, and more recently in several studies focused on the built environment and
physical activity [10,12,15,21]. While researchers have struggled to identify optimal neighbourhood

115



IJERPH 2019, 16, 1501

definitions, some of the existing built environment and physical activity research suggests that larger
buffers might best explain objectively measured moderate-to-vigorous physical activity in children [21],
and self-reported walking for transport in adults [10]. Existing research has tended to focus on single
measures of physical activity, yet it is possible that the choice of neighbourhood definition may differ
for different aspects of physical activity. Furthermore, appropriate neighbourhood definitions are
likely to vary for different aspects of the built environment and in different contexts. Therefore, it is
important to investigate this issue across a range of exposure measures, outcome measures (e.g.,
walking for transport, walking for recreation moderate–vigorous physical activity, overall physical
activity), population groups, and locations.

Given these considerations, the main purpose of this paper is to test the hypothesis that
neighbourhood definitions of different types and geographical scales will determine whether or
not evidence of an association between the built environment and physical activity is identified in
statistical models. While this question has been explored in existing studies, to our knowledge no
study has examined this issue in the context of associations between the built environment and
objectively measured physical activity in adults, nor has any research yet examined how the choice
of neighbourhood definition differentially impacts associations between different physical activity
measures (e.g., self-report versus objective, recreational versus transport walking). Therefore, we also
test the hypothesis that detection of an association will vary with different neighbourhood definitions,
built environment measures, and physical activity measures.

2. Materials and Methods

2.1. Study Background

This study is based on data collected within the Understanding the Relationship Between Physical
Activity and Neighbourhood (URBAN) study [22]. The URBAN is part of the International Physical
Activity and Environment Network (IPEN) Adult study, an observational, cross-sectional study in 12
countries [23]. The present study uses data from New Zealand and uses IPEN protocols for exposure and
outcome measures [24,25]. Ethical approval was granted by the Auckland University of Technology and
Massey University ethics committees (AUTEC: 07/126, MUHECN: 07/045). All participants provided
written informed consent.

The URBAN study recruited 2033 adults aged 20–65 years from 24 high- and 24 low-walkability
neighbourhoods in four New Zealand cities: Waitakere, North Shore, Wellington and Christchurch
(12 neighbourhoods in each city). Compared to the other eleven IPEN countries, the neighbourhoods
in these four New Zealand cities tended to be less walkable with lower street connectivity (i.e., more
cul-de-sacs), lower residential density, and lower land-use mix [25]. Walkability scores were calculated
for each census meshblock using GIS and included measures of residential dwelling density, street
connectivity, land-use mix, and retail floor area ratio [22]. The meshblock is the smallest spatial
statistical unit in New Zealand, containing on average 110 people in urban areas and varying in size.
Meshblocks with walkability scores in the highest tertile were defined as highly walkable, while
meshblocks with walkability scores in the lowest tertile were defined as having low walkability.
Meshblocks with average walkability scores were deliberately excluded to maximise variability as
prescribed by IPEN protocols. The URBAN study neighbourhoods comprised five-plus contiguous
meshblocks with consistently high- or low-walkability scores. All eligible neighbourhoods within
each city were identified. Where there were more neighbourhoods than required, the URBAN study
research team purposefully selected neighbourhoods based on local knowledge.

The 48 neighbourhoods were mainly suburban (n = 36) and dominated by residential land use
with large areas of open space. Ten neighbourhoods were located within or adjacent to an activity
centre with a mix of land uses—including retail, open space, institutional, and light industrial—but
still dominated by residential land use. Two neighbourhoods were located on the outskirts of the
Wellington central business district (CBD). These neighbourhoods were dominated by a mix of retail,
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commercial, institutional, and light industrial, with residual areas of residential and open space land
use. Table 1 presents summary statistics describing the neighbourhood demographics. The NZ
deprivation score is a value between 1 and 10, with 10 indicating that an area is more deprived [26].
The CBD neighbourhoods were more deprived and had a larger number of people and dwellings than
suburban and activity centre-based neighbourhoods.

Table 1. Summary of neighbourhood demographics.

Neighbourhood Type
Average Usual

Resident Population
2006 (Range)

Average Number of
Occupied Dwellings

2006 (Range)

Average NZ
Deprivation

Score (Range)

Suburban neighbourhoods
(n = 36) 773.4 (435–1218) 282.1 (153–414) 3.8 (1–10)

Neighbourhoods near activity centres
(n = 10) 811.5 (495–1251) 306.9 (192–561) 4.8 (1–10)

central business district (CBD) neighbourhoods
(n = 2) 898.5 (771–1026) 405 (357–453) 7.9 (6–10)

For this study, 44 participants were excluded due to accelerometer exclusion criteria (see below)
and the inability to locate residential addresses, leaving a total of 1989 participants. The methodology
relevant to the present paper is described below. Detailed methods and participant demographics for
the broader study are described elsewhere [22,27].

2.2. Physical Activity Measures

Objective physical activity was measured using Actical accelerometers (Mini-Mitter, Sunriver,
OR, USA), which participants wore on their hips for seven consecutive days during waking hours.
Accelerometers sense frequency and intensity of movement [28] and can distinguish between less
intense physical activity such as walking and more intense physical activity such as riding a bicycle
or running.

The accelerometers were set to record every 30 seconds. The raw output from the accelerometer is
a unitless measure called a count [29], with higher counts indicating more intense physical activity.
Periods of greater than 59 minutes of consecutive zero counts (indicating likely non-wear time) or
where the accelerometer was worn for less than 60 minutes were excluded from analysis. Days with
less than 10-hours-per-day wear time were also excluded.

Self-report physical activity data were collected using the International Physical Activity
Questionnaire—Long Form (IPAQ-LF; [30]). Three self-reported measures of physical activity measures
were created based on this questionnaire: self-reported walking for transport, self-reported walking
for recreation, and total self-reported minutes walking for all purposes.

2.3. Neighbourhood Definitions

Overall, seven different neighbourhood definitions were created for each participant at a range of
geographical scales. Three of the seven areas were based on the administrative units: the meshblock,
the census area unit, which is comprised of meshblocks in urban areas and contains between 3000—5000
people [31], and the URBAN study neighbourhoods (see Table 1 for relative neighbourhood sizes).
The four remaining neighbourhood definitions were road network buffers centred on participants’
geocoded residential addresses and calculated at four geographical scales commonly used in built
environment and health research [4]: 500 m, 800 m, 1000 m and 1500 m. The road network buffers
were created using the Service Area function in ArcGIS version 9.3 (ESRI, Redmond, WA, USA) [32].
The road network was supplied by territorial authorities and excluded pedestrian-only paths due to
a lack of data. Roads that are inaccessible to pedestrians (i.e., motorways and motorway on and off
ramps) were removed prior to analysis. The relative sizes of the neighbourhoods are illustrated in
Figure 1, which shows the different neighbourhood definitions for an exampleparticipant.
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Figure 1. An example of neighbourhood boundaries for a participant. Road data shown in this figure
were sourced from Land Information New Zealand (Creative Commons Attribution 3.0 New Zealand)
and the neighbourhood boundary data were created as part of this study.

2.4. Built Environment Attributes

Three built environment attributes—dwelling density, street connectivity, and destination
accessibility—were calculated for each participant within each of the seven neighbourhood definitions.
These three attributes were chosen because they have been frequently found to be associated with
physical activity within many studies across different contexts [33–35], and they were also shown to be
associated with physical activity within the same dataset [27].

Dwelling density was calculated by dividing the number of occupied private dwellings by the
residential land area, which was obtained from zoning datasets provided by territorial authorities.
Dwelling numbers were sourced from the 2006 New Zealand census at the meshblock level. Since
meshblock boundaries align with all administrative neighbourhoods, the number of private occupied
dwellings is easily calculated for this type of neighbourhood definition. However, meshblock
boundaries do not align with road network buffer boundaries. Therefore, the number of private
occupied dwellings within each road network buffer was estimated by calculating a weighted average
based on the land area of contributing meshblocks. Street connectivity was calculated by dividing
the number of intersections (three or more ways) within the neighbourhood by the area in square
kilometres. The calculation of dwelling density and street connectivity measures followed IPEN GIS
protocols [24].

Destination accessibility was assessed using the neighbourhood destination accessibility index
(NDAI; [27,36]). The NDAI is a measure of access to 31 neighbourhood destinations in eight domains
(education, transport, recreation, social and cultural, food retail, financial, health, and other retail).
The destination data used to calculate the NDAI were obtained from a range of sources including
government (New Zealand Ministry of Education, New Zealand Ministry of the Environment
and Land, New Zealand Ministry of Health, Territorial authorities, Liquor Licensing Authority),
private spatial data suppliers (Terra Link International, GeoSmart) and an online business directory
(www.zenbu.co.nz).

Most NDAI domains were calculated by assigning a score based on the presence of destinations
within a neighbourhood. However, the transport and recreation domain scores were based on the
density of destinations. The final NDAI score was calculated by summing the weighted domain scores,
producing a value between 0 and 31, with a higher score representing better walking access to services
and amenities. Since the NDAI was based on the presence/absence of destinations, it will necessarily
increase with increased neighbourhood size.
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2.5. Demographics, Neighbourhood Preference and Neighbourhood Socioeconomic Deprivation

Information on participants’ age, gender, ethnicity, marital status, household income, educational
qualifications, occupation, household car access, and preferences for living in a more or less walkable
neighbourhood were collected in face-to-face computer-assisted personal interviews (CAPI).

Individuals may choose to live in neighbourhoods that support physical activity, introducing
the possibility that individual neighbourhood preference may confound associations between
neighbourhood environments and physical activity [27]. Therefore, neighbourhood preference was
measured using items developed by Levine et al. [37]. Participants were provided with illustrations
and verbal descriptions of two types of neighbourhoods—a lower-density suburban neighbourhood
with common destinations accessible by car and a higher-density urban neighbourhood with most
destinations accessible by walking or public transport. Participants indicated which of the two
neighbourhood types they would prefer to live in—assuming similar housing costs, school quality and
a mix of people in both neighbourhoods—using a five-point scale (strongly prefer walkable, moderately
prefer walkable, neutral, moderately prefer less walkable, strongly prefer less walkable) [37].

Neighbourhood socio-economic deprivation was measured using the New Zealand Deprivation
Index 2006 provided at the meshblock level [26].

2.6. Statistical Analysis

The associations between the built environment and physical activity measures were modelled
using linear multi-level mixed-effect models to take into account the clustering of individuals within
neighbourhoods (defined as the URBAN study neighbourhood) and cities. The multi-level mixed-effect
model was chosen to assess the effect of neighbourhood characteristics on individual physical activity
level. The appropriateness of the multilevel structure was tested by applying the likelihood ratio
(LR) test to compare an empty model with and without adjustment for clustering (URBAN study
neighbourhood nested in cities). The model’s fit was significantly improved (p< 0.001) with the inclusion
of the neighbourhood level variables, so the multilevel structure was maintained. The association
between built environment exposures and physical activity were assessed through three models and
progressively adjusted for confounders. All outcome variables were log transformed to have a normal
distribution and aid comparison across models. The regression coefficients when exponentiated are
the ratio or relative change in the outcome measure for each unit change in the exposure variable.
Therefore, regression coefficients were exponentiated and reported as a relative change in the results.

The association between each of the three built environment measures and each of the five
physical activity measures was modelled separately for each of the seven neighbourhood definitions.
Each association was assessed by adjusting for individual-level factors (sex, age, ethnicity, income,
marital status, education, employment and car access), neighbourhood socioeconomic deprivation and
neighbourhood preference. All models reported in this paper were fully adjusted for these covariates.
Adjusted intraclass correlation coefficients (ICCs) were calculated for null models (constant term in
the fixed part) for each outcome. The goodness-of-fit of each model was estimated by calculating the
marginal R2 (proportion of variance explained by fixed factors alone) and conditional R2 (proportion
of variance explained by both fixed and random effects) [38]. Statistical analyses were conducted in
R [39] using the “lme4” package to fit the linear mixed models and the “MuMIn” package to calculate
goodness-of-fit [40,41].

3. Results

Descriptive statistics for the outcome measures are presented in Table 2. To put the mean
accelerometer counts per hour measure into context: a participant who is washing dishes for an hour
might record counts in the order of 600 (~10 counts per minute), while a participant who is continuously
playing basketball for an hour might record counts in the order of 282,000 (~4700 per minute) [42].
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Table 2. Descriptive statistics for the physical activity outcome measures assessed over a 7-day period.

Physical Activity
Outcome

Low Walkability High Walkability Adjusted Intraclass
Correlation Coefficient
(ICC) for Null ModelMean Median SD Mean Median SD

Self-reported walking for
transport (total minutes) 80.0 40 125.2 109.4 50 154.7 0.136

Self-reported walking for
recreation (total minutes) 82.5 30 125.0 83.8 30 128.6 0.011

Self-reported overall
walking (total minutes) 161.8 100 191.6 192.4 120 220.5 0.120

Mean accelerometer
counts per hour 8701.1 8040.0 4215.0 9426.6 8586.7 4692.6 0.048

% time spend in
moderate-vigorous

physical activity (MVPA)
12.3 11 6.6 12.5 11 6.9 0.080

Descriptive statistics for the size of the seven neighbourhood definitions are shown in Table 3.
The meshblock is the smallest neighbourhood, with a median area almost one quarter the size of that
of the next smallest area (500-m road network buffer). The URBAN study neighbourhood is closest in
size to the 500-m road network buffer, and the census area unit falls between the 1000-m and 1500-m
road network buffers.

Table 3. Neighbourhood boundary size descriptive statistics.

Boundary TYPE Neighbourhood Boundary N Median
(km2)

Range
(km2)

IQR a

(km2)

Administrative unit Meshblock 272 0.05 1.43 0.05
Contiguous administrative units URBAN neighbourhood 48 0.30 1.03 0.20

Administrative unit Census area unit 67 1.83 8.96 1.37
Road network buffer 500-m road network buffer 1989 0.28 1.03 0.13
Road network buffer 800-m road network buffer 1989 0.64 0.98 0.31
Road network buffer 1000-m road network buffer 1989 1.00 1.63 0.51
Road network buffer 1500-m road network buffer 1989 2.26 3.41 0.95

a Interquartile range (IQR), b Understanding the Relationship between physical Activity and Neighbourhood
(URBAN) study.

Table 4 displays the descriptive statistics for the built environment measures for each neighbourhood
definition. The median street connectivity and dwelling density measures decreased consistently with
increasing neighbourhood size. In contrast, NDAI measures consistently increased with increasing
neighbourhood size. This is expected because the NDAI measure is calculated solely on the presence
and number of destinations, meaning that an increase in neighbourhood size will always result in
either no change or an increase in the NDAI score.

The results of the fully adjusted models presented in Table 5 indicate that whether or not an
association between the built environment and physical activity was detected depends on the choice
of neighbourhood definition, built environment measure and physical activity measure. Coefficients
for all models are provided in Supplementary Tables S1–S5. For all models, the URBAN study
neighbourhood and city were modelled as random effects and all other explanatory variables were
modelled as fixed effects. The results are reported as the percentage change in the physical activity
measure unit per unit increase in the built environment measure (Table 5). Bold text indicates results
where there was some evidence (confidence intervals did not cross zero) to support an association
between the built environment and physical activity. As expected in built environment research, the
effect sizes were small as individual outcomes are more strongly associated with individual predictors.
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There was no single neighbourhood definition that resulted in statistical evidence of an association
between all built environments and physical activity measures. The meshblock, 500-m and 800-m
road network buffers consistently resulted in evidence of an association between dwelling density
and all five physical activity measures. For street connectivity, the URBAN neighbourhood, census
area unit, and 1000-m road network buffer produced consistent evidence of an association with
physical activity. In contrast, there was no single neighbourhood definition that resulted in consistent
evidence of an association between NDAI and all five physical activity measures. The neighbourhood
definitions where NDAI was most consistently associated with physical activity were the census area
unit, 800-m road network buffer and 1000-m road network buffer. Overall, associations between the
built environment and physical activity measures were most consistently detected when the 800-m
and 1000-m road network buffers/were used.

When comparing models with the same built environment and physical activity measure, the
marginal and conditional R2 values were similar. This indicates that the choice of neighbourhood
delineation did not meaningfully change the amount of variance explained by the models.

4. Discussion

The main aim of this paper was to test the hypothesis that neighbourhood definitions of different
types and geographical scales will determine whether or not evidence of an association between the
built environment and physical activity is captured in statistical models. Extending existing research,
this paper also makes a new contribution by examining whether or not the choice of the physical
activity outcome measure also determines whether or not an association is detected. Looking first
at the individual models, in general, the magnitude of the effects appears meaningful. For a one
dwelling per hectare (dph) increase in dwelling density, the estimates ranged from a 0.63% to 1.18%
increase in overall physical activity. As a whole, the size of these effects are meaningful when you
consider that the median dwelling density of the neighbourhoods in this study (~10 dph) falls within
the “low-density suburban” category (8–12 dph) and to reach the next highest density category would
require an increase in the order of 5 dph [43]. An increase of this magnitude would be associated
with an increase in overall physical activity in the order of 5%. Although the effect sizes for street
connectivity were smaller (0.27% to 0.48%), they also represent a meaningful increase in physical
activity given that this is associated with increasing street connectivity by one intersection per square
kilometre. For NDAI, the effect sizes (0.60% to 0.88%) relate to a one unit increase in NDAI score,
which means adding one more different type of destination within the neighbourhood. For example,
adding a convenience store to a neighbourhood where there are currently no convenience stores.

Results from this study supported the main hypothesis: that the choice of neighbourhood
definition can determine whether evidence can be found or not. For all three built environment
attributes there was evidence of an association for at least one of the seven neighbourhood definitions,
yet for both street connectivity and NDAI some neighbourhood definitions had no evidence of an
association between the built environment and physical activity. Our results also demonstrated that the
choice of built environment and physical activity measures also determined whether or not evidence of
an association was found. A neighbourhood delineation that is appropriate for one built environment
measure may not be appropriate for all built environment measures. Similarly, different delineations
may be more appropriate for different physical activity outcome measures. Therefore, it is important to
carefully choose neighbourhood definitions and to report results at a range of geographical scales [4].
Similar to previous research, we were unable to clearly identify a single optimal neighbourhood
definition for use in the built environment and physical activity research. However, our study showed
that associations between the built environment and physical activity were most consistently detected
when the 800-m and 1000-m road network buffers were used.

The lack of evidence of association at the smaller geographical scales makes sense when we
consider the different types of measure. Given the neighbourhoods included in the study, we would
expect dwellings to be the most common feature and for dwellings to be present at all scales. Therefore,
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it is not surprising that associations between dwelling density and physical activity were found at the
smallest scales. In contrast, the NDAI measure is based on the presence of destinations, which are far
less common than dwellings, especially in the study neighbourhoods which were largely suburban.

There may be other explanations for the lack of identified associations at the smallest geographical
scales. There is a greater effect of positional accuracy (geocoding and spatial data precision and error)
at smaller scales [44]. Furthermore, it is possible that smaller scale neighbourhoods are more relevant
to population groups not considered in this study (e.g., non-drivers compared to drivers or children
compared to adults). For example, in a study of geographic area and scale on the relationship between
food environment and behaviour, Thornton and colleagues [11] found no evidence of an association
between the food environment at the smallest geographic area (400-m road network buffer) for the full
sample, although it reached significance when only households without cars were assessed; a finding
that is consistent with travel survey data that shows that people in non-car households are more likely
to use active transport modes than households with access to a car [45–47].

In general, our findings are consistent with those of similar studies investigating the impact
of different neighbourhood boundaries on the built environment and physical activity. Clark and
Scott [44] who, in a study of the MAUP on the relationship between the built environment and active
travel, concluded that while the choice of neighbourhood definition influences coefficient magnitudes
and significance, the patterns were inconsistent for different built environment measures. Our findings
that the smaller scales were less likely to detect evidence of an association are similar to studies that
suggest that larger buffer sizes might be more appropriate when investigating adults walking for
transport [10] and children’s moderate-to-vigorous physical activity [21].

As mentioned earlier, it has been recommended that researchers report GIS-based built
environment measures at a range of scales [4], and our results support this. Not only would
this assist with greater consistency and comparison across studies, but it would also help identify
optimal built environment thresholds to support health behaviour for a range of built environment
measures, population groups and health behaviours and outcomes [16]. However, reporting results at
a range of scales may be difficult from a practical perspective. Calculating GIS-based measures of the
built environment requires technical staff, specialist software, and sufficient computing power. This
can make the calculation of built environment measures at a range of geographical scales prohibitively
difficult and expensive. Possible solutions to this problem include sharing GIS resources and knowledge
(e.g., sharing scripts and GIS-based models that automatically calculate built environment measures,
developing manuals) [48], and the provision of open source tools to calculate built environment
measures [49].

Reporting results at a range of geographical scales does not preclude first determining what scales
and ranges are appropriate. An important first step is to consider available theoretical and conceptual
models that could assist with decisions about what scales are likely to be most relevant [50]. Other
data—such as time-use data [51], travel survey data [52,53], GPS data [54,55], public participation
GIS [56] and studies on perceived neighbourhood sizes [57,58]—can also be used to inform the choice
of scale by providing information on distances people travel and places they spend time.

Limitations

One of the strengths of this study was the use of an objective measure of physical activity, thus
avoiding some of the issues with self-report measures such as poor respondent memory, recall bias
and under-estimation of incidental activities [59]. However, this study had several limitations. First,
a limitation of this outcome measure is that the built environment was assessed for the residential
neighbourhood, yet the physical activity data were collected everywhere participants went, not
only in their residential neighbourhood (non-context specific). Focusing only on the residential
neighbourhood is a common issue in the built environment and health research as neighbourhoods
are typically defined around the home address. A related issue is that the geographic context in
which the built environment influences physical activity behaviours is unknown. This is the uncertain
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geographic context problem [60], and it means that neighbourhood definitions such as administrative
units and road network buffers may not align with the true context whereby the built environment
influences physical activity. In response, there have been calls to include the built environments of
non-residential neighbourhoods, such as work and school neighbourhoods [61,62], to move from
place-based research to person-based research [11,63], and to move to individualised measures of the
built environment [11,60].

A limitation that is more important to the conclusions of the study is that the maximum scale
did not go beyond 1500 m. It is possible that there is an even larger scale at which the effect of the
built environment on physical activity changes. In other words, while our results suggest that buffers
ranging from 800–1500 m are likely to be appropriate, it is possible that scales beyond 1500 m are
also appropriate. However, as the scale increases, the reduced heterogeneity may lead to difficulty
detecting effects [4,11].

There were methodological limitations related to the incomplete representation of where people
can travel and imprecise representation of destinations. When creating road network buffers, a lack
of pedestrian network data meant that our study used road network data to represent where people
can travel. However, this is an incomplete representation of potential travel paths because it excludes
non-road networks that people commonly travel along (e.g., pedestrian-only paths, cycle trails).
Therefore, the neighbourhood definitions based on road network buffers are likely only subsets of
the experienced neighbourhoods. Research has demonstrated that including pedestrian networks
can increase the size of the neighbourhood [64,65] and so we would expect that our road network
buffers are underestimations of the size of the neighbourhood accessible within a certain distance.
Although the importance of including pedestrian paths when defining neighbourhoods has been
identified [64,65], the lack of pedestrian network data makes this challenging in practice. While we
were not able to include non-road networks in our study, it is likely that pedestrian network data will
become increasingly available with the continual development of freely available OpenStreetMap
(OSM) data, and also the development of new methods to approximate footpath locations [66] or
extract footpaths from remotely sensed imagery [67,68].

Finally, our study was limited by the imprecise representation of destination data. The location
of each destination was represented by a single point, whereas in reality, destinations cover areas of
varying sizes and in the case of a large park, several access points are likely. This means that compared
to administrative units, road network buffers are less likely to accurately capture destinations when
they are represented as points.

Future research could address some of these limitations by consider individual factors (e.g.,
non-car households, bicycle ownership) that might be important in determining the scale at which the
built environment influences health outcomes and behaviours. Other methods of measuring the built
environment should also be considered. For example, kernel density measures are an underutilized
technique in built environment and health research that account for the proximity of built environment
features to one another [69]. Yet, in a recent food environment study they showed stronger associations
with food behaviours than measures calculated using circular or road network buffers [11].

5. Conclusions

In summary, this study demonstrated that the choice of neighbourhood definition can influence
whether or not an association between built environment attributes and adults’ physical activity is
detected. Furthermore, the association with physical activity was robust enough to be detected at a
range of scales for all built environment measures. Although like previous researchers, this study
was unable to identify a single optimal neighbourhood definition, we did note that associations were
less likely to be found when measured using smaller neighbourhoods. The 800-m and 1000-m road
network buffers were the neighbourhood definitions where associations between the built environment
and physical activity were most consistently detected.
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It is important that researchers carefully consider the most appropriate type of neighbourhood
boundary and geographical scale. To assist in this decision, more evidence on appropriate
neighbourhood types and scales is needed not only in different environments, but also with different
population groups, built environment measures, outcome measures, scales and neighbourhood
definitions. Given the difficulties in trying to identify a single optimal neighbourhood definition and
the policy need for evidence to be provided with an associated scale, we suggest that future work of
this nature might aim to identify a range of appropriate neighbourhood definitions. Furthermore,
future work should compare a greater range of scales than studied here, especially larger scales.

Supplementary Materials: The following are available online at http://www.mdpi.com/1660-4601/16/9/1501/s1,
Table S1: Results from the fully adjusted models where the outcome is accelerometer counts. All models are
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education, employment, car access, neighbourhood socioeconomic deprivation, and neighbourhood preference;
Table S3: Results from the fully adjusted models where the outcome is self reported walking for transport (time in
minutes). All models are fully adjusted for sex, age, ethnicity, income, marital status, education, employment, car
access, neighbourhood socioeconomic deprivation, and neighbourhood preference; Table S4: Results from the
fully adjusted models where the outcome is self reported walking for recreation (time in minutes). All models are
fully adjusted for sex, age, ethnicity, income, marital status, education, employment, car access, neighbourhood
socioeconomic deprivation, and neighbourhood preference; Table S5: Results from the fully adjusted models
where the outcome is self reported overall walking (time in minutes). All models are fully adjusted for sex, age,
ethnicity, income, marital status, education, employment, car access, neighbourhood socioeconomic deprivation,
and neighbourhood preference.
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Abstract: This study explores connectivity for soft mobility in the winter season. Working with
residents from the sub-arctic city of Luleå, Sweden, the research examines how the interaction between
the built environment and winter season affects people’s use of the outdoor environment. The research
questions for this study are (1) How do residents perceive the effects of winter on an areas spatial
structure and pattern of streets and pathways? and (2) What enablers and barriers impact resident
soft mobility choices and use of the public realm in winter? Methods used were mental mapping and
photo elicitation exercises. These were used to gain a better understanding of people’s perception of
soft mobility in winter. The results were analysed to identify how soft mobility is influenced by the
winter season. The discussion highlights that at the neighbourhood scale, residents perceive that the
winter alters an areas spatial structure and pattern of streets and pathways. It was also seen to reduce
ease of understanding of the public realm and townscape. In conclusion, it is argued that new and
re-tooled town planning strategies, such as extending blue/ green infrastructure planning to include
white space could help better enable all year outdoor activity in winter cities.

Keywords: soft mobility; walkable environment; physical activity; health outcomes; active living

1. Introduction

All over the world, the form of the built environment plays a key role in enabling urban outdoor
activities such as soft mobility. The public realm can make it more attractive for people to be mobile
outdoors and to participate in public life or it can put people off venturing outside.

For the purpose of this study, soft mobility is defined as human-powered, non-motorized ways of
getting around, that have a relatively little impact on the environment, while connectivity in the built
environment is defined as the degree to which a place and its parts are connected to each other [1].
Together connectivity for soft mobility, which collectively can be defined as how the built environment
influences soft mobility choices in the form of walking and cycling, has been linked to a range of town
planning agendas. It was been linked to reducing building and transport pollution [2,3] and more
efficient use of land [4]. It has been associated with discussions around energy efficient modes of
transport and reduced car usage [5]. It has been linked to the human wellbeing agenda by helping
facilitate physical activity [6,7]. Today, creating active built environments that enable regular, all year
outdoor soft mobility responds to the United Nation’s Sustainable Development Goals and the World
Health Organization’s Global action plan on physical activity 2018–2030 (2018).

While there are many arguments for why connectivity for soft mobility is an essential part of
the urban design of settlements, there is currently little knowledge of how it is affected by seasonal
climate variation. As such, the aim of this study is to explore how the interaction between the built
environment and winter season create barriers and enablers to connectivity for soft mobility.

IJERPH 2019, 16, 1820; doi:10.3390/ijerph16101820 www.mdpi.com/journal/ijerph130
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The main research questions were (1) how do residents perceive the effects of winter on an areas
spatial structure and pattern of streets and pathways? and (2) what enablers and barriers impact
resident soft mobility choices and use of the public realm in winter?

1.1. Climate-Sensitive Urban Design

Settlements are usually discussed as being in a state of constant evolution or change rather
than being static or, finished [8]. Equally, for those involved in the design and planning of the built
environment, such changes are most commonly associated with physical, social, cultural or economic
conditions, rarely are the changes created by seasonal climate investigated.

For urban design connectivity for soft mobility is a common focus, whether it is described as
walking and cycling, connectivity, permeability, integration or just merely, ease of movement [9–13].
For most designers and planners, soft mobility is a critical dimension of urban design that has been
subject to numerous publications [14]. For a detailed review, see Stephen Marshall’s book, Streets &
Patterns [15]. However, within these studies the implications of seasonal climate on connectivity for
soft mobility is less well understood. This is important today because settlements that experience
significant seasonal climate variation are challenged with enabling all year outdoor soft mobility as
part of a range of town planning and health policy agendas.

For such settlements, seasonal climate variation can significantly complicate the design of urban
form and public realm. Here it is often seen that the interaction between the built environment and
seasonal climate variation can physically affect the public realm and the levels of connectivity for soft
mobility an area can afford.

1.2. Winter City Urban Design

Winter settlements are usually places that experience high degrees of seasonal climate variation,
temperatures commonly below zero, precipitation that is mainly snow, and limited hours of sunshine
and daylight [16]. In such settlements, winter conditions and covers of snow and ice are a regular part
of the built environment and can be in place for between 4–6 months of the year.

Research into the design of winter cities has been ongoing since around the middle of the twentieth
century and reached a peak in the 1980s and 1990s [17]. Notable advocates of climate-sensitive urban
design for winter settlements were the Swedish-English architect Ralph Erskine and the Canadian
planner Norman Pressman. Erskine’s 1959 ‘A Grammar for High Latitudes’ [18] provides an early
example of climate-sensitive design guidelines for winter communities. Here, Erskine highlights the
importance of considering the cold, heat, snow, frost, light, wind, vegetation and the microclimate in
the design process [18].

Pressman published numerous books and articles on winter cities between 1986 and 2004. While
his works looked at a range of different ways of making winter cities more liveable, his work settled
and focused on three climate-sensitive design principles for winter cities. Here his microclimatic design
ideas focused on maximising solar access, minimising the negative effects of wind and managing
snowfall and gathering [19–22].

The work of Erskine, Pressman and others including the Winter Cities institute (wintercities.com)
is influential in improving our understanding of winter city urban design and a detailed state of the
art of this work can be found in Updating Winter: The Importance of Climate-Sensitive Urban Design for
Winter Settlements, Arctic Yearbook, 2018 [17]. However, while these works cover many dimensions of
winter urbanism, they do not address how people perceive connectivity for soft mobility in winter.

2. Materials and Methods

The study focused on a single case study neighborhood where it investigates resident’s perceptions
of the urban structure and barriers and enablers to soft mobility in streets and spaces in the winter
season. A sequential mixed methods design was used [23] combining two qualitative participatory
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methods; mental mapping and photo-elicitation method. This design was chosen as the combination
of the two methods provides a deeper understanding of the topic.

As both methods enables residents to record and reflect their neighborhood, the results from each
method can be brought together for a more detailed analysis about how the interaction between the
built environment and winter season creates barriers and enablers to connectivity for soft mobility.
The results from the mental mapping focuses on the urban scale. Here, the findings will provide
an insight into how residents perceive the urban structure of their neighbourhood environment
and surroundings in winter conditions, in comparison to summer conditions. The results from the
photo-elicitation exercise will deepen these results and explore how the public realm (the streets and
spaces) of the neighbourhood are altered by the winter season.

2.1. Case Study

The city of Luleå, Sweden is located at 66.5622◦ N (latitude) just below the Arctic Circle (Figure 1).
It is identified in the Köppen–Geiger Climate Classification system as sub-arctic. In the summer
temperatures can reach +30 degrees and the sun does not set for significant periods. During the winter,
temperatures can reach −30 with minimal daylight hours. The sea freezes annually for 6–7 months.
The selected neighbourhood for the research was Mjölkudden, Luleå. Mjölkudden is a mixed-use
neighbourhood and has a residential population of 3491. The average age is 46 years and there is an
almost equal male to female ratio [24]. The area contains a variety of functions including a healthcare
centre, pharmacy, dentist, church, supermarket and leisure facilities. Housing accommodation is both
single and multi-family houses.

Figure 1. Location map for Luleå, Sweden.

2.2. Data Collection

The study focused on gathering in-depth data from a group of residents from the case study
neighbourhood. Study participants were recruited from staff at the university and the residential home
care services unit. An invitation letter containing information about the content and date of workshops
and inclusion criteria for the study was provided by email. Criteria for inclusion was being a resident
in Mjölkudden and regularly moving by foot or bicycle in the area in wintertime. The ambition was to
include a variety of persons with different capacities and ages, to reflect the demographics of residents
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in the location. In total, 15 residents of the case study neighborhood signed up to take part in the study
and of these nine were male and six were female. The range of participants was in active adult age
from early twenties to late fifties.

Two sequential workshop sessions led by the first author were conducted in a meeting room at
the university. The first meeting focused on introducing the research purpose and the methodology
to the participants and the preparation of mental maps. The second meeting focused on the photo
elicitation method and semi-structured group discussions. This sequence was repeated twice to offer
suitable dates and form groups of 5–9 residents to support creative reflection and dialogue.

The study was performed in accordance with the ethical principles of the Helsinki Declaration,
and informed consent was obtained from each participant.

2.2.1. Mental Mapping

In the first workshop, each participant was asked to prepare a number of mental maps of the
neighbourhood. To ensure that all participants had a clear understanding of what mental maps were
and their use in understanding urban form, Kevin Lynch’s methods for urban analysis and example
mental maps were discussed at the start of the meeting [25,26]. Each participant was asked to draw
one winter and one summer mental map for each of the following questions:

• Draw a quick sketch map of Mjölkudden showing the most interesting and important features,
and giving a stranger enough knowledge to move about without too much difficulty and avoid
major barriers.

• Make a similar sketch of the route and events along a typical trip (using soft mobility) from
Mjölkudden to the City Centre.

After this meeting, the main author analysed all of the maps to identify recurring features and
patterns. Once, these features and patterns were identified, this information was synthesised into
two plan based images of the neighbourhood and surroundings. One map was drawn for the winter
neighbourhood and one for summer. All maps were drawn to the same scale and use Lynch’s standard
notation of Path, Edge, Node, District, and Landmarks [25,26].

2.2.2. Photo-Elicitation

At the end of the first meeting, the photo-elicitation method was introduced. For this second
workshop, participants were asked to photograph physical aspects of the neighbourhood that they
perceived as facilitators or barriers to connectivity for soft mobility in winter. Participants were given
two weeks to take these pictures and at the end of this period, they were asked to email their ten most
relevant pictures to the principal author. Here participants were left to self-select their preferred images.

At the start of the second meeting, each participant received a full set of A4 prints of his or her
photographs. Participants were then asked to write a brief description of the image on the back of each
photograph and then rank them in order from most significant barrier to greatest enabler.

This prioritisation was used to encourage participants to identify issues of the most significant
importance. Once everyone had ordered their pictures, he or she were asked to lay them out of
tables in sequence. The facilitator then led an open discussion around each participant’s ordered
set of photographs. The dialogue intended to allow for a free exchange of opinions and facilitate
critical reflection. Each participant explained their reasoning behind taking each photograph and the
message each image was trying to convey. The dialogue was audiotaped and later analysed by the
main author in order to identify principal content in terms of emerging issues, recurring themes, and
representative quotations.
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3. Results

3.1. Mental Mapping—Urban Scale

The two plan-based images for winter and summer respectively, both highlighted the local center,
which houses retail and community facilities, as a node and the church as a landmark. Equally, winter
and summer maps illustrated a number of distinct residential areas or districts. Maps also showed
the main strategic connections to the city centre and the university area but often lacked the smaller
routes that can be found in the neighbourhood. Where the winter and summer maps differed was in
the description of the outdoor environment and the landscape. Summer illustration show the green
and blue spaces of the neighborhood as separate identified areas, while the winter map shows these
areas to merge into one and form one overall white space of snow and ice. Winter illustration also
highlighted a range of soft mobility options on the frozen sea. While, the ‘ice-road’, which is a formal
winter route connecting the city’s northern and southern harbours via a route along the peninsula,
featured prominently, individual participant maps also showed that areas outside the formal route
were also used for soft mobility. Here the maps highlighted that in general, the ice parts of this ‘white
space’ enabled soft mobility, whether set out as a formal route or not (Figure 2).

Figure 2. Plan based images compiled from participant mental maps show how the neighbourhood’s
connectivity options for soft mobility change in the winter (left) and summer (right).

3.2. Photo-Elicitation—Public Realm

Participant photographs of the neighbourhood deepened the results from the mental mapping and
showed how the winter season changed the local network of streets and pathways. Here discussions
focused on terrain conditions and how the public realm and townscape changed in the winter
season. Participants highlighted that build-ups of snow and ice reduced the usable area of the public
realm, altered the local network of pathways in the winter season and changed the townscape of the
neighbourhood. At a structural level, participants stated that build-ups changed the neighbourhood’s
network of pathways and townscape. They highlighted that in the winter, ‘walkways disappear and
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then you need to cycle on the roads’. They also stated that ‘summer traffic management solutions
coupled with snow piling blocked many pathways’ in winter. This was seen to have two impacts for
connectivity for soft mobility in the winter season. The first being that the number of routes available
for soft mobility was less in winter than summer. The second being that in winter, remaining routes
were more likely to be on bigger vehicular routes. Both were seen as detractors for walking and cycling
(Figure 3).

Figure 3. A participant’s photograph shows how walkways can ‘disappear’ in the winter season.

Similarly, the winter season were seen to change the townscape of the neighbourhood and the
neighbourhoods visual appearance. Here it was suggested that the look of the neighbourhood ‘changes
every week and it always looks different depending on the snow’. While this was not discussed as a
barrier to soft mobility, it was seen to create safety issues for pedestrians and cyclists as it often reduced
route visibility and masked vehicle noise (Figure 4).

Figure 4. A participant’s photograph shows how walkways can ‘disappear’ in the winter season.

The photo elicitation exercise also highlighted that the winter season made it more difficult for
people to identify the different elements that make up the public realm. Here the winter season was
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described as having a ‘whiteout effect that made it difficult to understand the area’. For example,
participants stated that it was hard to understand where the pedestrian and cycleway were or the
extents of the roadway. Participants saw this whiteout effect as a detractor for soft mobility as it made
it unclear which modes of transport had priority. On top of this participants highlighted, that for soft
mobility, relatively wide pavements in summer became narrower in the winter season. Together the
whiteout effect and the reduction in the usable area of the public realm were seen as a significant barriers
to soft mobility and potential sources of conflict between different modes of transport (Figure 5).

Figure 5. A participant’s photograph illustrates how the snow can ‘white-out’ the street and its features.

It was also discussed that, ‘if it was very cold, the conditions are OK to go with the bike, the
problem is around zero temperatures’. Within reason, coldness was not seen as a barrier to soft mobility.
However, many saw that main barriers to soft mobility occurred when temperatures were around
zero degrees Celsius. Around this temperature, mixed conditions of snow, ice, slush and water were
likely to build on the ground. Participants described this ‘as the worst’ and this was seen by all to
be unpleasant and a significant barrier to soft mobility. Comparatively, participants highlighted few
enablers to soft mobility in winter. The removal of snow and the grading of streets and pavements
were seen as the major enabler to soft mobility. For cycling, the provision of high-quality cycle storage
areas was also highlighted as a significant enabler.

4. Discussion

The study aimed to explore how the interaction between the built environment and winter season
creates barriers and enablers to connectivity for soft mobility.

The mental mapping exercise showed that broadly speaking people’s image of the ‘neighbourhood’,
regards nodes, landmarks and districts was similar in the winter and summer season. However, they
also showed that peoples image of the outdoor environment was very different depending on the
season. Here the neighbourhood maps showed that the summer and autumn blue and green areas of
the neighbourhood became white with the winter season. In winter maps, the frozen sea was seen
to support a range of soft mobility choices including walking, cycling, skiing and skating. Mapping
also showed that both prepared and unprepared ice can both connect communities and facilitate soft
mobility. These outcomes suggest to enable all year outdoor activity, and the health benefits this can
bring, such communities need to plan for soft mobility when the outdoor environment is both in its
blue and green form and when it becomes white due to the winter season [17,27].
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The manner in which participants illustrated the ice-road was significant (Figure 6). In drawings,
the route was shown in more detail than other routes and was often annotated. This suggested that
the route established a strong image in people’s mind and gave a good indication that the route was
perceived as an important part of the winter image of the city. However, participant maps clearly
showed that the ‘ice-road’ starting some distance away from the shore. This suggested that participants
did not perceive the ‘ice-road’ as being connected into the neighourhood’s land-based networks of
streets and pathways. Here, to enable outdoor soft mobility in winter, planners should consider how
ephemeral winter routes connect in to the settlements permanent networks of streets and routes.

Figure 6. Photograph of Luleå’s ice road looking back toward the City’s southern harbour.

Results from the photo-elicitation highlighted that the interaction between the built environment
and winter season created a range of affects to soft mobility. The photographs highlighted that different
terrain conditions, such as ice and slush were seen as barriers to soft mobility [28,29]. Importantly, the
discussions also established that the winter season was seen to be significant enough to alter the urban
structure of the neighbourhood, its public realm and the townscape, and create safety issues [30,31]
(Figure 7). Interesting, however, the negative impact by ice and snow on outdoor activity that is
commonly reported [32], is challenged by the participants’ positive view of the ice road. Which
implies that icy and snowy terrain conditions can have different qualities (depending on design and
maintenance) [27]. The results also showed that physical barriers to soft mobility were compounded
by the ‘white-out’ effect created by the interaction between the built environment and winter season.
Here the terrain covers of ice, snow, or slush and the grading of the public realm was seen to reduce
the public realm surface to one large undefined area.
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Figure 7. An illustration of how the image of the same area in summer (left) and winter (right) can
change due to weather conditions (copyright: David Chapman).

4.1. Limitations of the Study

To obtain the required results of the study we used a mixed method design with qualitative
participatory methods. An advantage with this approach is that it provided a deeper understanding
about how residents in the case study location perceive barriers and enablers to soft mobility in winter.
The inclusion of a variety of participants suggests that they represent the voices of residents in this
location. Also the case study location can be seen as representing a common neighborhood area in a
northern Nordic location. However, there are number of factors that may have influenced residents’
willingness to participate in this study, which imply that they may differ in some regard from other
residents. For example, those perceiving a higher commitment and outdoor activity might have been
more inclined to participate. However, increased knowledge of the residents’ mental models as basis
for individuals’ decision making for soft mobility in winter is important, as it reflects the daily use
of the network of streets and walkways for mobility. Hereby the results also sheds lights on what is
successful or lacking in the planning and maintenance in a common neighborhood area in northern
cities in this point of time. The knowledge based on residents perceptions and synthesised by the main
author, can form the basis for following workshops with city planner and policy makers. It can also
guide the design of an implementation study where the neighborhood is a testbed for experiments.

4.2. Practical Implications and Suggestions for Further Research

As the results highlight that people perceive the neighbourhood’s structure and appearance to be
changed by the winter season, those involved in enabling connectivity for soft mobility should seek
to understand these changes and design and plan for winter urban movement strategies. For soft
mobility, such places, like their summer equivalents, should focus on creating a desired winter urban
structure of connected streets and spaces, with an understandable townscape coupled with a high
quality and useable winter public realm. Planners and designers should also focus on reducing
ambiguity in the public realm that is created by the winter ‘white-out’ effect and seek design solutions
that reduce confusion about the user priorities in an area. This could be achieved by strategies of
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elevating movement information above ground level, using snow and ice to define different circulation
pathways or using projection and light to define space (Figure 8).

Figure 8. An illustration of seasonal winter cycle lanes that are being tested by Lulea University of
Technology in Kiruna, Sweden. Here winter cycle lanes are marked out using projected information on
to the snow and ice and separated from vehicular traffic by low snow walls (copyright: David Chapman).

For policy-makers and practitioners, the results show three main outcomes regarding the
interaction between the built environment and the winter season and the effect on connectivity
for soft mobility. These interactions are seen to reduce the spatial structure of an area and the network
of streets and pathways that are for soft mobility. It has also been seen to create ambiguity in the public
realm and alter a places townscape. All of which have been identified by participants as barriers to
soft mobility.

5. Conclusions

This study has shown that the winter season creates barriers to outdoor soft mobility in the built
environment, which in turn limits the opportunities for the health benefits regular all year outdoor soft
mobility can bring. It can be concluded that in winter settlements, focusing solely on the weather and
climatic dimensions of the winter season is too limited an approach when designing and planning for
these places. Instead, it is important to focus on how the interaction between the winter season and
built environment alters the urban structure and public realm of the settlement. That is when blue and
green spaces of the outdoor environment are free of snow and ice and, when they have the white cover
of the winter season.

This could be done by bringing forward new types of planning strategies for winter settlements
and/or re-tooling existing planning methods. For example, blue-green planning strategies can be
extended to blue-green-white planning strategies. In winter cities, these strategies would address the
structure, function and design of green and blue public areas, spaces, streets and paths when they
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become white due to snow and ice. These plans would seek to achieve an attractive built environment
where transport by walking and biking is prioritised and inviting as an everyday activity throughout
the year. These plans would focus equally on winter and summer connections and pathways for
soft-mobility, formal vehicular infrastructure and public space maintenance and management. As the
winter season is dark they would address the structure, function and design of lighting. At a technical
level, these plans would address snow removal and storage [27]. The re-tooling of such strategies for
both summer and winter would enable designers and planner to better envisage and design for how
the public realm operates in both situations. Both, in turn, would help public policy enable higher
levels of outdoor soft mobility in the winter season and help bring the individual health benefits that
come from outdoor activity.
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Abstract: Research has sufficiently documented the built environment correlates of walking. However,
evidence is limited in investigating the comparative associations of micro- (streetscape features)
and macro-level (street network design and land-use) environmental measures with pedestrian
movement. This study explores the relative association of street-level design-local qualities of street
environment-, street network configuration –spatial structure of the urban grid- and land-use patterns
with the distribution of pedestrian flows in peripheral neighbourhoods. Street design attributes
and ground-floor land-uses are obtained through field surveys while street network configuration
is evaluated through space syntax measures. The statistical models indicate that the overall spatial
configuration of street network proves to be a stronger correlate of walking than local street-level
attributes while only average sidewalk width appears to be a significant correlate of walking among
the streetscape measures. However, the most significant and consistent correlate of the distribution of
flows is the number of recreational uses at the segment-level. This study contributes to the literature
by offering insights into the comparative roles of urban design qualities of the street environment and
street network layout on pedestrian movement. The findings also offer evidence-based strategies
to inform specific urban design and urban master planning decisions (i.e., the provision of more
generous sidewalks on streets with relatively higher directional accessibility) in creating lively,
walkable environments.

Keywords: street network configuration; peripheral neighbourhoods; pedestrian flow; streetscape
features; Istanbul

1. Introduction

Physical activity is an important lifestyle component of improving long-term health [1]. Walking
is the most common form of adult physical activity [1,2]. Earlier studies point to the positive
effects of walking on various government priorities including but not limited to, air quality and
pollution [3], physical activity, obesity [4], mental health [5] and congestion [6]. Research indicates
that walking reduces anxiety, depression, anger and time pressure [7] tension and confusion [8] and
increases creativity [9]. Moreover, studies also argue that walking and cycling reduces health and
parking costs [10]. Hence, developing walkable environments is key in promoting sustainable urban
neighbourhoods [11,12].

Researchers and practitioners alike agree on the importance of the built environment in facilitating
or restraining walking. Hence, it is important to understand the built environment correlates of
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walking to provide an empirical basis for planning and urban design actions aimed at creating walkable
environments. A growing body of research relates pedestrian-friendly neighbourhood design to
measured walking behaviour [13,14]. The underlying idea is that environmental supports for physical
activity will enable people to walk more and thereby be more active. Yet few neighbourhood studies
actually include the micro-scale (i.e., the presence and continuity of sidewalks) and the macro-scale
(i.e., spatial structure of urban networks) environmental features in the same model. Hence, the present
research is designed to (a) identify the extent to which micro-scale (street-level urban design qualities)
and macro-scale (street network configuration and land-use) environmental correlates are associated
with pedestrian movement and (b) consider the implications of the findings for urban design and
planning-policies aimed to design active built environments.

1.1. Built Environment Correlates of Walking

The past decade has witnessed a growing attention to the physical environmental correlates [15–18]
of walking behaviour. Previous reviews on children, adolescents and adults have reported consistent
relationships between physical environmental characteristics and physical activity, in particular
walking [19–21]. Studies that examined associations between attributes of the built environment and
walking have focused on the macro-scale (land-use patterns and street network design) and micro-scale
(street design) environmental characteristics.

1.2. Macro-Scale Environmental Correlates

1.2.1. Land-Use Characteristics

The systematic reviews on studies investigating the empirical analysis of macro-scale
environmental correlates of walking have demonstrated consistent positive relations between walking
and land-use mix (proximity of homes and destinations such as shops) [22–24]. These reviews and
more concluded that mixed land-use, which is due to the decreased distance between or intermingling
among different types of land uses, such as residential and commercial uses, is associated with more
walking. It is argued that mixing offices, shops, restaurants, residences and other activities influences
the decision to walk by making it more convenient to walk to various destinations [25,26] while having
destinations within walking distance from origins (homes, stations, schools, etc.) increases the odds of
walking [27,28]. This finding is also related to compactness (or density) of land-uses. In areas with
higher density of land-uses, destinations can be closer together, which is thought to shape pedestrian
activity by bringing numerous activities closer together, thus increasing their accessibility from trip
origins [13,29]. It is suggested that people are willing to use slower modes of travel, such as walking,
for shorter distances, especially if many trips can be chained [30,31]. Although the literature has
demonstrated a strong positive relationship between non-residential uses and walking in general, the
conclusions regarding the impacts of recreational uses on pedestrian movement is ambiguous. While
some studies could not identify public open space (e.g., parks) as a significant correlate of walking for
leisure or transport [32,33], others demonstrated that open space was positively related to walking for
transport but not walking for recreation [34].

1.2.2. Street Network Design

Researchers in transportation and planning have also reported consistent relationships between
street network design and walking behaviour [22,35]. The extent to which different parts of a
neighbourhood are linked to one another determines the level of street connectivity. Here street
connectivity refers to how connectivity is measured in general, not limiting to how it is correlated with
pedestrian movement. Street connectivity refers to the degree to which pedestrian movement can flow
with ease and it provides multiple choices between any two locations [36]. It can be measured with
percent of gridded streets in a buffer of a person’s home [37,38], distance between intersections [39,40],
directness of routes [41,42], the area-weighted average perimeter [43] or “network density” [44].
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Some researchers have used walkable catchments or “pedsheds” to measure the accessible streets
along the network [45–47]. After discussing the shortcomings of existing measures of permeability,
which relate to the capacity to move and the potential to interact in an urban environment, Pafka
and Dovey [48] introduced “area-weighted average perimeter” and “interface catchments” as more
effective measures of permeability that can measure both walkable access and what one gets access
to. The commonly used block length measure denotes the average street segment length within an
area and that several variants of block size have been used including block perimeter, block area and
block density [49–51]. Criticism of several popular connectivity measures, such as intersection density
(number of intersections per given area) and block length (street segment length), have revealed
significant flaws in these measures [43,52,53]. Stangl and Guinn [54] argue that intersection density
measures fail to account for street pattern and its actual permeability and that movement may be
completely obstructed in areas with good intersection density scores. Route directness, which is the
ratio of the shortest distance between two points on a network to the straight-line distance between
these points, has also been applied, though less frequently, to measure the ease of movement to a
destination (i.e., school) [41,47,55]. To make this measure more applicable to area-wide connectivity
assessment, Stangl and Guinn [54] and Stangl [56] adapted a modified route directness measure, which
can directly assess permeability.

In order to encourage non-motorized travel, continuous non-motorized rights of way must be
provided that allow pedestrians to reach various destinations within a city [57]. Continuous street
pattern not only reduces trip length, but it also offers greater choice of travel routes and modes. Higher
street connectivity related to increased walking is defined as increased number of intersections with
fewer dead-end streets [58], more streets [59], high node-link ratio [60] and smaller block length [61].
Street patterns with gridded street networks, which tend to have relatively higher street connectivity
and street network density, are associated with increased walking and biking [62]. The 1 km Euclidean
buffer was determined as the easy-walking distance [63] and used by studies in order to capture
pedestrian activity in neighbourhoods [64,65]. Higher intersection density and link-node ratio within
1 km Euclidean buffers of homes were found to be [66] related to increased frequency of walking.
Similarly, studies measuring connectivity at the neighbourhood level, found a positive relationship
with total walking [67,68].

Even though research investigating the influences of land-use and street connectivity on walking
has proliferated in recent years, no conclusions emerge on the relationships between street network
design and travel. Part of the reason is due to collinearity between land-use mix and street network
design. Fairly compact neighbourhoods, particularly in US and Australian cities, generally have more
varied land-uses, on average shorter block lengths with more grid-like street patterns. Thus, the effect
of street network design on overall travel remains unclear. Another reason is that the above-described
measures describe the average connectivity properties of street networks. However, they fall short in
describing the spatial and structural pattern of street networks that define urban areas.

The significance of the spatial structure of street networks in explaining walking behaviour has
been apparent in recent studies [69–71]. Spatial structure may be defined as the collection of streets
and street segments through certain alignments and hierarchies. The significance of spatial structure
as a crucial correlate of walking has been highlighted within space syntax theory. Space syntax is a set
of techniques that is used to better understand the interaction between societies and the spaces [72].
The main idea in space syntax is that not the buildings but the spaces between buildings –not solids
but voids– are important as these are the spaces where people interact [73]. At the urban scale, it is a
tool to describe and quantitatively measure the spatial configuration of public spaces, that is, street
systems. Evidence from studies applying space syntax methodology suggests that streets that are
accessible from their surroundings with fewer direction changes (evaluated through the connectivity
measure of Integration) tend to attract higher densities of pedestrian flows [74,75]. Drawing on the
work of space syntax, some researchers have applied metric reach, which measures the amount of
street length accessible within a specific walking distance from the centre of each street segment in
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an urban network [76], to show that the configuration of individual street elements within an area
is significantly associated with walking [47,77]. Moreover, recent studies have also shown that the
structure of an urban street network, as defined by the connectivity hierarchy measured by direction
changes (through a recent connectivity measure of directional reach), has an important impact on
pedestrian travel [77,78].

1.3. Micro-Scale Environmental Correlates

Studies investigating the environmental correlates of walking have sufficiently documented
associations between micro-scale environmental attributes (pedestrian-friendly street design) and
pedestrian activity. In fact, some researchers argue that in spite of the plethora of studies on
macro-level urban form characteristics, studies focusing on micro-level attributes are limited [79,80].
In related literature, street-level walkability indicators that affect pedestrian experience include
pedestrian-oriented design features, such as pedestrian crossings (e.g., pedestrian crossing coverage
rate, signal coverage rate and crossing facility design index), sidewalks (e.g., sidewalk coverage rate,
sidewalk width, length) as well as curb to curb roadways (e.g., number of traffic lanes). Indeed,
surveys of the literature found sufficient evidence to conclude that the continuity and width of
sidewalks [21,81,82], the presence and ease of street crossings [83], aesthetic qualities (the attractiveness
of the environment, presence of tree-lined streets) [84] and signalization [39,85–88], as well as the
presence of aesthetic or safety features, such as cleanliness, interesting sights and architecture [34,89,90],
encourage walking among adults and children. For example, by conducting a Delphi study with
experts, Pikora et al. [39] identified five factors among a list of potentially important environmental
factors: safety, aesthetics, destination, functionality and subjective assessments. This study underlined
the impact of micro-scale criteria, such as crossings, path continuity (for safety), presence of trees,
parks, maintenance and cleanliness (for aesthetics) and attractiveness and difficulty of the environment
(for subjective assessments), on walking. Wilcox and others [91] defined nine environmental factors in
their study related to physical activity in the US. They mentioned the importance of the presence of
sidewalks, effect of heavy traffic, hills, presence of streetlights, having an enjoyable scenery, crime rates,
observing others exercising and accessibility of walking trails to analyse environmental characteristics.
In their audit comparison chart, Lee and Talen [92] stated four key factors: land-uses, sidewalks,
vehicle-pedestrian interactions and safety and appeal. In this study, researchers listed the quality
of sidewalks (aesthetics), natural barriers (ditch or creeks), unique markers, enclosure as criteria,
different from other research. Bentley et al. [93] showed that increasing proportion of segments with
a walking/cycling path-design and proportion of streets with one or more crossings were associated
with more time spent on walking. However, in their study, which included crossing aids and trees
as part of the street-level attributes to calculate an Environmental Factor Score, Pikora et al. [94] did
not find any significant relationship between these factors and walking behaviour. In some studies
using mixed-methods, participants reported access to sidewalks as key characteristics that support
their walking [95,96], while lack of pedestrian crossings were reported to be a barrier [97]. Effect of
sidewalks, safety, lighting, recreational facilities was discussed by others researchers as well [98,99].
In accordance with the results demonstrated in literature, urban planning and transport policies employ
several strategies, such as providing pedestrian crossing devices, to improve the safety of pedestrians
and thus, to encourage walking [100–102].

Although there is much evidence documenting the relationship between the built environment
and walking, their usefulness is limited for urban designers and planners working at the local,
neighbourhood level. One of the underlying reasons is that most of the indicators applied in the
literature account for relatively coarse-resolution data, such as census tract levels, which do not
lend to any useful findings for local comparative analysis. Second, to help policy makers and
planners/designers in the assessment of urban areas, these analyses need to be localised but related
studies generally focus on a comparison between cities rather than within cities. Third, the indicators
used in such studies fail to evaluate spatial structure of urban form. For example, although most studies
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aim to evaluate the built environment on the basis of land-use patterns and street-level attributes, they
tend to omit qualities regarding the spatial configuration of street networks. Lastly, while there is
substantial work on the relationship between urban form (land-use and street design) and walking,
both the transportation and physical activity literatures largely ignore the micro-scale environmental
correlates deemed so important by urban designers. More importantly, only few studies contain
objective measures of streetscape design quality [103,104].

To address the above-mentioned limitations of current studies, we examined the relative
associations of macro-scale (land-use patterns and street network configuration) and micro-scale
(local qualities of street environment) built environment correlates of walking with the observed
distribution of pedestrian flows in four peripheral neighbourhoods in İstanbul. In doing so, we were
able to develop well-specified statistical models that allow researchers to accurately evaluate the
individual effects of each variable. Additionally, the quantitative data applied in this study is based on
a smaller unit of assessment (street segment). Hence, this study gauges the significance of fine-grained
design features that are fundamental for urban designers. Finally, in order to localise the findings in
a meaningful way, this study focuses on an intra-urban (within city) comparison. Thus, the present
research relates one walking-friendly neighbourhood environmental indicator –quantitative evidence
of pedestrian movement– to objective macro- and micro-scale measures of the built environment.
Based on this quantitative comparison some practical design guidelines are suggested towards more
pedestrian-friendly peripheral districts.

2. Design of the Study/Method

2.1. Case Context

Case studies of this paper are chosen from İstanbul’s peripheral areas, which function as
sub-centres for their surroundings. These neighbourhoods—Küçükçekmece, Avcılar, Büyükçekmece
and Beylikdüzü—are located in districts which have grown towards the periphery after the 1980s,
parallel to E-5 highway, and have dominated the macro-form of the city (Figure 1). The selected
areas are directly related to E-5 highway, which served as pedestrian access for the integration of the
increased populations agglomerated within peripheral neighbourhoods with the sub-centres. These
neighbourhoods are also directly related to the existing Bus Rapid Transit (BRT) line and its stations
along the E-5 highway. This transit network, which was integrated into the mass rapid transit system
of the city in 2007, has generated significant transit links that help integrate the peripheral populations
with the study areas. Each area varies in the spatial configuration of its surrounding urban fabric,
differing in the layout of street networks, morphological characteristics and land-use compositions,
while all of them have similar characteristics (socio-economic and demographic structure).

Avcılar consists of an urban fabric that is made up of low-rise (3-4 storeys) buildings built on the
perimeter of the block. The buildings are vertically mixed-use (non-residential uses located on the
ground floor, residences on the upper floors). The uniform urban grid is clear with regular urban
blocks, with average size of 90 by 100 m. It includes a fine-grained land-use pattern, with small shops,
cafes and so forth, spread evenly within the neighbourhood.

While Beylikdüzü has similar average number of retail activities on the ground-floor as Avcılar,
the first encompasses coarse-grained active ground floor uses (i.e. large shopping malls). The urban
fabric in Beylikdüzü comprises a mixed street layout pattern: partial grid-iron layout with relatively
larger blocks (150 by 200 m) as well as a partial curvilinear pattern. Individual high-rise blocks are
located sparsely within the urban blocks.

Küçükçekmece neighbourhood is characterized by a dominating curvilinear street network pattern,
which partially turns into cul-de-sacs, with varied block sizes and lot patterns. The average block size
is 100 by 200 m. As opposed to Beylikdüzü, the blocks in Küçükçekmece are relatively densified with
buildings of relatively smaller plots (30 × 50 m). The urban fabric has relatively higher commercial
street fronts.
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Büyükçekmece neighbourhood is a predominantly residential neighbourhood at the ground-floor
level. The urban fabric is characterized by partially a deformed urban grid-iron and partially a
curvilinear street network pattern with varied block sizes and lot patterns. The average block size
within the grid-iron part is 150 × 200 m whereas it is 100 × 100 m within the curvilinear system.

 
Figure 1. The location of case study areas within the city map.

2.2. Methodology

2.2.1. Pedestrian Observations

Pedestrian counts were collected on street segments within four neighbourhoods in İstanbul.
The case context borders were designated as 800 m buffers surrounding the public square within each
neighbourhood. 800 m distance was selected as the threshold since guidelines often use one-half mile
(800 m) as a key distance in network planning [105,106]. Due to resource limitations, approximately
30 street segments were observed per area. These segments were selected to include a variety of
connectivity levels, measured through Integration. Integration is a structural connectivity measure
which calculates how close each segment is to all the others within a radius. Proportionate stratified
random sampling was applied to select the segments. Street segments located within the study areas
were grouped as low (bottom tercile), medium (middle tercile) and high (top tercile). Terciles are
identified based on the Integration values for each street segment. Similar numbers of segments (~30)
from each category was randomly selected to measure pedestrian flows. Pedestrian observations were
conducted for 10-min intervals on two different weekdays distributed over two different time periods
(morning and afternoon) per day. 10-min interval is used since this duration appears to be the length
of manual count which is most commonly applied in literature [107–109]. Pedestrian counts were
observed on weekdays only, since preliminary observations indicated no significant differences between
weekday and weekend pedestrian activity rates within the areas. Figure 2 illustrates graphically the
distribution of movement densities using circles of different diameters for the selected areas. Figure 3,
which provides statistical information on pedestrian densities, shows how strongly the four areas
differ. The median density of moving pedestrians per 100 m is 31.6, 23.9, 39.5 and 43.8 for Beylikdüzü,
Küçükçekmece, Büyükçekmece and Avcılar respectively, while the corresponding means are 71.8, 52.0,
68.8 and 215.1. In total 124 street segments were observed.

Ethics approval was granted by Human Ethics Commission, Özyeğin University (Ethics
ID 2015/01) and relevant permissions were granted by the İstanbul Metropolitan Municipality
(ID 30872936-02-622.1-1768-42338).
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Figure 2. Graphic representation of observed pedestrian densities in four areas.
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Figure 3. Statistical profile of observed pedestrian densities.
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2.2.2. Street Design and Land-Use

The same street segments selected for pedestrian observations were characterised through detailed
field surveys to document the street-level pedestrian environment. The pedestrian quality attributes to
document were selected from local qualities of street environment that are shown to affect pedestrian
movement behaviour via their impacts on people’s perception on safety and aesthetics [39,110–114].
These include average sidewalk width as well as the presence of pedestrian crossings, traffic lights and
trees. Where available, sidewalk width on both sides of the segment was measured and the average
width is included in the analysis. Similarly, the presence of trees for both sidewalks is considered
(i.e., coded “yes” if there were trees on either side of the audited segment). The selected segments
were also surveyed in terms of the number of ground-floor frontages opening directly onto the street,
relativized by street length. Land-use was categorised into residential, retail (including commercial
and offices) and recreational (i.e., public parks and open areas for recreation such as playgrounds) to
distinguish between the effects of each on the distribution of movement.

2.2.3. Street Network Configuration

To assess the street network configuration within the study areas, the entire street network of the
European part of İstanbul Metropolitan area was evaluated using a standard space syntax measure,
angular segment Integration and a more recent segment-based syntactic measure, Directional Reach.
Integration measures how accessible each space is from all the others within the radius using the
least angle measure of distance. Directional reach measures the total street length accessible within
a specific number of direction changes from the centre of each street segment in an urban network.
Directional reach was computed for 2 direction changes subject to a 20◦ angle threshold. Computing
directional reach for two direction changes provides an estimate of how well a street segment is
embedded in its surroundings from the point of view of directional distance. 20◦ was selected as the
threshold since it reveals continuities that correspond to named streets and also in the sense that it
helps identify stronger associations between street connectivity and non-residential land-uses, as well
as stronger associations between street connectivity and vehicular traffic [115]. Figure 4 illustrates the
street network configuration of each study area embedded within the surrounding 800 m radius buffer,
coded according to Directional reach (2-direction changes, 20o) and Integration (n). Integration radius
n, (n), is a global measure, which calculates the distance from each segment to all the others within the
system. Hence, it represents the integration pattern of a system at the largest scale.

Integration was calculated using Depthmap software [116,117], while Directional Reach was
calculated in Java. Figure 4 illustrates study area street networks using Integration and Directional
Reach. Streetmap 2014 obtained from the İstanbul Metropolitan Municipality was used to calculate
these different street connectivity measures. ArcGIS 10.2.2 (Geographic Information Systems) (ESRI,
2014, Redlands, CA, USA) was used to merge all these different data sets. Linear models were
developed in JMP (JMP®, Version 13. SAS Institute Inc., Cary, NC, USA, 1989–2019) to investigate the
relationships among street design, street network configuration, land-use and walking behaviour.
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Figure 4. Street network configuration within study sites, coded according to: top) Directional reach
(2-direction changes, 20◦) and bottom) Integration (r:n).

3. Analysis

Two types of analyses were conducted to investigate the relative association of streetscape design
–local qualities of street environment–, street network configuration –spatial structure of the urban grid–
and land-use patterns with the distribution of flows. First, descriptive statistics were estimated for
each area, summarising the averages of population/pedestrian densities, street network configuration,
street-level attributes and land-uses. This allowed for illustrating the similarities and differences
between the study areas as well as hinting to any existing general trend between the pedestrian densities
and other attributes (e.g., land-use compositions). Second, multivariate regression analyses were
conducted to examine the associations between street network configuration, streetscape design and
street-level land-use characteristics in explaining the distribution of pedestrian densities. Linear models
were developed both for all areas as considered as a single set and separately for individual areas.
Three sets of models were constructed in the linear models. The first set of models includes land-use
variables (land-use variables were entered into the regression first to allow for the evaluation of these
variables in context relative to other factors affecting pedestrian behaviour). In the second and third sets
of models, street network configuration and street-level design measures were entered respectively to
understand the comparative effect and significance levels of each measure in explaining the distribution
of pedestrian flows. Logarithmic transformation was applied to transform the distribution of flows
into a normal distribution. Models were checked for multivariate regression assumptions (normality,
constant variance and multi-collinearity) in JMP statistical software (SAS Institute, Cary, NC, USA).
All results indicate that the models do not violate multivariate regression assumptions.

4. Findings

4.1. Gross Differences Between the Four Areas

Table 1 presents a quantitative profile of the selected areas in terms of population and pedestrian
densities, configuration of street layouts, street-level pedestrian environments and land-uses at the
ground-floor level. This preliminary benchmarking demonstrates notable differences between areas.
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The population densities of the areas, calculated on the basis of the census blocks associated with the
street segments for which pedestrian counts were taken, range from 15 to 204 per hectare with Avcılar
and Beylikdüzü having similar densities. The average number of moving pedestrians per 100 m is
52.7, 44.5, 54.1 and 128.4 for Beylikdüzü, Küçükçekmece, Büyükçekmece and Avcılar respectively.
The four areas also differ significantly in their street configuration. Average 2-directional reach is
highest for Beylikdüzü and lowest for Küçükçekmece. While Küçükçekmece and Avcılar have the
highest average Integration, Beylikdüzü and Büyükçekmece have similar lower averages. In terms
of street-level pedestrian attributes, all areas have approximately similar average sidewalk width,
with Büyükçekmece and Küçükçekmece having the highest and lowest averages respectively. While
average number of streets with trees and crosswalks are consistently low for Küçükçekmece, this area
has the highest average presence of traffic lights. Küçükçekmece has the highest average number
of residential uses per 100m. Average number of recreational uses per 100m is similar for all areas,
except for Beylikdüzü, which has the highest average. Similarly, the average number of retail uses is
comparable across Beylikdüzü, Büyükçekmece and Avcılar, while Küçükçekmece has the highest retail
ground-floor activities.

Overall, the initial tabulation suggests a correspondence between the average volume of pedestrian
movement, street design and land development. However, since a sample of only four areas does
not allow further statistical inference, linear models are developed in the next section to examine the
associations further.

Table 1. Characteristics of selected areas summarised in terms of population and pedestrian densities,
street network configuration, street design and land-use.

Variable Beylizdüzü Küçükcekmece Büyükçekmece Avcılar All

Densities of residential Population and
pedestrians

population density per hectare 84.57 204.19 15.45 104.11 102.08
average number of pedestrians per 100 m 52.72 44.51 54.14 128.41 69.94

Segment-level street configuration
avg 2-Directional Reach (20o) 480.92 192.77 241.85 317.16 307.25
avg Integration (n) 0.79 0.95 0.71 0.96 0.85

Street-level pedestrian environment
avg.sidewalk width 165.12 109.62 196.3 167.06 160.2
tree presence [yes] 43% 7% 53% 59% 49%
crosswalk presence [yes] 20% 7% 13% 2% 12%
traffic light presence [yes] 7% 10% 4% 3% 6%

Street-level land-use
avg # residential use per 100 m 1.46 7.63 3.49 5.40 4.37
avg # recreational use per 100 m 0.62 0.36 0.37 0.36 0.44
avg # retail use per 100 m 0.90 2.91 1.16 1.20 1.36

4.2. Analysis of the Four Areas as a Single Set

Table 2 summarizes the results of regression models for three sets of models estimating the natural
logarithm of pedestrians relativized by 100 m for all areas considered as a single set. Ground-floor
land-use is found to explain more than 1/3 of the variation in the distribution of flows. The inclusion
of structural measures and streetscape attributes results in similar levels of increase in the predictive
power of the model (adj R2 change = 3–4%; p < 0.001) and the final urban form model can explain
around 50% of the variation in pedestrian densities. By looking at the standardised Beta (std β)
values, it can be argued that the number of recreational land-uses per 100 m is the most significant
predictor of movement densities. In fact, the impact level and significance of this variable is quite
consistent across the three sets of models. The effect levels of the number of retail activities per 100 m
and 2-directional reach are similar (std β = 0.25–26, 99% CI), both being positively and significantly
associated with the variation in pedestrian flows. In other words, increased retail uses opening onto a
street, which has relatively higher directional accessibility, draws pedestrians within the surrounding
network. Number of residential uses per 100 m is negatively associated (95% CI) with the pedestrian
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densities, which indicates that decreasing residential frontages and in turn increasing retail activities
on the ground-floor, would significantly increase pedestrian movement densities. This finding is in
conformity with recent research suggesting that pedestrian movement levels decrease with increased
residential density [68,118,119]. For street design measures, the only significant correlate of movement
density is the average sidewalk width. Surprisingly, no significant associations were found between
the presence of crosswalks, traffic lights and trees along the segments and distribution of flows. This
may be due to the fact that there is not enough variability among the selected areas in terms of this
safety and aesthetics attributes.

Table 2. Multivariate regression for three sets of models estimating the distribution of pedestrian flows
for all areas considered as a single set. “Land-use” shows the effects of solely land-use variables on
the distribution of flows. “Land-use+spatial structure” and “Urban Form” show the effects of adding
street network configuration and street-level design measures into the model respectively.

Variable
Land-Use Land-Use+Spatial Structure Urban Form

β t std β β t std β β t std β

Street-level Land use (ground-floor)
# residential-use per 100m −0.07 *** −3.53 −0.28 −0.06 ** −3.16 −0.24 −0.05 * −2.47 −0.20
# retail-use per 100m 0.12 *** 4.12 0.31 0.12 *** 4.13 0.31 0.10 ** 3.33 0.26
# recreational-use per 100m 0.57 *** 6.14 0.46 0.62 *** 6.82 0.50 0.67 *** 7.32 0.54
Street network configuration
Integration (n) −0.00 * −2.06 −0.15 −0.00 −1.05 −0.08
2-Directional Reach (20◦) 0.00 ** 3.15 0.23 0.00 *** 3.40 0.25
Street-level design
crosswalk presence [yes] -0.11 0.80 −0.06
traffic light presence [yes] -0.24 1.27 0.10
average sidewalk width 0.00 ** 2.96 0.23
presence of trees [yes] 0.07 0.86 0.06

Number of observations: 120
Adj R-squared 0.38 *** 0.42 *** 0.45 ***

*** p < 0.001; ** p < 0.01; * p < 0.05 (two-tailed tests).

4.3. Analysis of Individual Areas

In order to better understand the distribution of pedestrians in each neighbourhood, multivariate
regression models were estimated by considering individual areas separately. Tables 3–6 demonstrate
the results of regression models estimating the distribution of pedestrian densities for individual areas.

In line with the previous overall model, the results suggest that the primary factors in explaining
the distribution of pedestrian movement are the number of recreational land-uses at the street segment
scale along with the configurational measure 2-directional reach. Even though Integration (r:n) does not
appear as a significant variable, the inclusion of configurational measures, Integration and 2-directional
reach, adds a considerable increase (adj R2 change = 12–20%, p < 0.001) to the explanatory powers of
the models for each individual area, except for Küçükçekmece.

Table 3 presents the individual impacts of land-use, street configuration and streetscape attributes
on the distribution of movement in Avcılar. While street-level land-use explains 53% (99% CI) of the
variation in pedestrian movement, the inclusion of spatial structural measures adds a 12% increase
(p < 0.001) in the explanatory power of the model. Land-use and spatial structure variables together
explain 65% (99% CI) of the variation in pedestrian movement. However, the inclusion of streetscape
design measures does not add any significant improvement in the explanatory power of the overall
model. In fact, none of the streetscape design attributes entered as significant measures.

Similarly, in Beylikdüzü (Table 4), the inclusion of street network measures adds a significant
increase of 20% (p < 0.001) to the predictive power of the model, whereas, no significant increase in the
explanatory power of the model is observed when streetscape design variables are added to the model.
On the contrary, there was an inconsequential drop (2%, p < 0.01). Again, none of the street-level
design attributes were found to be significantly correlated with pedestrian movement.
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More interestingly, similar to the findings reported in section ‘Analysis of the four areas as a
single set’, the coefficient of 2-directional reach is statistically significant in all models, except for
Küçükçekmece. Put simply, street segments that give more direct access to more surrounding streets
draw greater volumes of pedestrians. In other words, pedestrians choose to walk on streets with
increased directional accessibility provided by the straightness of street alignment.

In Küçükçekmece, however, spatial variable 2-directional reach fails to correlate with pedestrian
movement, as shown in Table 5. Land-use variables, on the other hand, are the strongest correlates of
movement. Both the number of retail and recreational activities related with the street segment within
this area is positively and significantly associated with the distribution of flows. This finding shows
that the pedestrians in Küçükçekmece do not orient themselves according to the spatial structure of
the network but are directed towards local attractors, such as various restaurants and shops. Hence,
it appears that in Küçükçekmece land-use evolved in a manner that did not minimize travel distances
from surrounding areas, and, as a result, street network configuration appears not to be a significant
correlate of walking behaviour.

In Büyükçekmece (Table 6), which has an even pattern of land-use dominated by residences, there
is a moderate relationship between land-use and pedestrian movement (44%, p < 0.01). By including
spatial structural measures in the model, the explanatory role of land-use in predicting movement
density is significantly attenuated (adj R2 change = 17%; p < 0.001). Surprisingly, 2-directional reach is
negatively correlated with movement. This contradictory result could be due to the fact that there is
limited variability in the spectrum of this measure within the study area and that streets with increased
directional accessibility are located in the outskirts of the neighbourhood, where observation points
are few. Interestingly, when streetscape design variables are added, a modest increase of 9% (p < 0.001)
is observed in the predictive power of the model. Average sidewalk width is the only variable that
is significantly associated with the distribution of flows. In fact, in Büyükçekmece average sidewalk
width has the highest effect level among all the variables. The weak correlation of this variable with
movement in other areas might be due the fact that these neighbourhoods have more or less a uniform
standard of sidewalk width.

In conclusion, results reporting analyses for all areas considered as a single set are quite consistent
with those obtained from the analyses of areas separately. Two macro-scale environmental variables
–number of recreational uses at the street segment-level and 2-directional reach– are the most significant
correlates of movement. Consistent with theory, movement densities are strongly associated with the
number of recreational (i.e., parks) uses related to the individual segment. The above-results suggest
that the impact of recreational land-use on the distribution of flows is quite consistent across models.
The model developed considering all areas as a single set demonstrates the number of residential and
retail frontages as significant correlates of walking. However, in the analysis of individual areas, these
land-use measures are less consistently correlated with the distribution of flows. The consistent relation
of 2-directional reach with pedestrian movement across models indicates that the manner in which
streets are aligned and the direction changes needed to navigate the network also affect movement.
This is consistent with findings reported in recent studies [77]. In Küçükçekmece, the network plays a
secondary role in explaining the distribution of pedestrians.

The evidence relating micro-scale environmental variables to walking is rather limited. While
average sidewalk width is positively and significantly associated with pedestrian flows in the overall
model (when all areas are analysed as a single set), a different picture emerges when areas are analysed
separately. The significance of this variable is prevalent only in Büyükçekmece, which has a wider
range of average sidewalk widths. On the other hand, no other consistent associations are found for
the rest of the street design variables.
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Table 3. Multivariate regression for three sets of models estimating the distribution of pedestrian
flows in Avcılar. “Land-use” shows the effects of solely land-use variables on the distribution of
flows. “Land-use+spatial structure” and “Urban Form” show the effects of adding street network
configuration and street-level design measures into the model respectively.

Variable
Land-Use Land-Use+Spatial Structure Urban Form

β t std β β t std β β t std β

Street-level Land use (ground-floor)
# residential-use per 100m −0.23 *** −3.85 −0.54 −0.17 ** −2.79 −0.40 −0.15 * −2.16 −0.35
# retail-use per 100m 0.24 * 2.39 0.33 −0.14 −0.94 −0.19 −0.15 −0.94 −0.20
# recreational-use per 100m 0.30 1.29 0.19 0.46 * 2.04 0.29 0.58 * 2.16 0.37
Street network configuration
Integration (n) 0.00 0.39 0.06 0.00 0.14 0.02
2-directional reach (20o) 0.00 ** 2.93 0.58 0.00 ** 3.04 0.63
Street-level design
traffic light presence [yes] −0.23 0.43 0.06
average sidewalk width 0.00 1.22 0.17
presence of trees [yes] 0.11 0.52 0.08

Number of observations: 30
Adj R-squared 0.53 *** 0.65 *** 0.63 ***

*** p < 0.001; ** p < 0.01; * p < 0.05 (two-tailed tests).

Table 4. Multivariate regression for three sets of models estimating the distribution of pedestrian
flows in Beylizdüzü. “Land-use” shows the effects of solely land-use variables on the distribution
of flows. “Land-use+spatial structure” and “Urban Form” show the effects of adding street network
configuration and street-level design measures into the model respectively.

Variable
Land-Use Land-Use+Spatial Structure Urban Form

β t std β β t std β β t std β

Street-level Land use (ground-floor)
# residential-use per 100m −0.14 −1.27 −0.19 −0.05 −0.50 −0.07 0.08 0.52 0.10
# retail-use per 100m 0.08 1.18 0.18 0.09 1.43 0.19 0.07 1.07 0.16
# recreational-use per 100m 0.54 *** 3.75 0.58 0.57 *** 4.14 0.61 0.51 ** 3.21 0.55
Street network configuration
Integration (n) 0.00 0.68 0.12 0.00 1.02 0.24
2-directional reach (20o) 0.00 ** 2.68 0.41 0.00 * 2.21 0.38
Street-level design
crosswalk presence [yes] 0.17 0.82 0.15
traffic light presence [yes] −0.34 −1.07 −0.17
average sidewalk width −0.00 −0.60 −0.12
presence of trees [yes] 0.05 0.31 0.05

Number of observations: 31
Adj R-squared 0.35 ** 0.55 *** 0.53 **

*** p < 0.001; ** p < 0.01 (two-tailed tests).

Table 5. Multivariate regression for three sets of models estimating the distribution of pedestrian flows
in Küçükçekmece. “Land-use” shows the effects of solely land-use variables on the distribution of
flows. “Land-use+spatial structure” and “Urban Form” show the effects of adding street network
configuration and street-level design measures into the model respectively.

Variable
Land-Use Land-Use+Spatial Structure Urban Form

β t std β β t std β β t std β

Street-level Land use (ground-floor)
# residential-use per 100m −0.01 −0.66 −0.08 −0.03 −1.38 −0.21 −0.01 −0.49 −0.08
# retail-use per 100m 0.09 *** 3.91 0.43 0.12 *** 3.79 0.57 0.13 ** 3.61 0.64
# recreational-use per 100m 0.91 *** 7.24 0.78 0.86 *** 6.36 0.74 0.92 *** 6.28 0.78
Street network configuration
Integration (n) 0.00 −1.11 −0.17 −0.00 −1.09 −0.17
2-directional reach (20o) -0.00 −0.40 −0.05 −0.00 −0.17 −0.03
Street-level design
crosswalk presence [yes] −0.37 −1.31 −0.18
traffic light presence [yes] 0.36 1.76 0.24
average sidewalk width −0.00 −0.46 −0.07
presence of trees [yes] −0.10 −0.76 −0.09

Number of observations: 29
Adj R-squared 0.71 *** 0.71 *** 0.71 ***

*** p < 0.001; ** p < 0.01 (two-tailed tests).
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Table 6. Multivariate regression for three sets of models estimating the distribution of pedestrian flows
in Büyükçekmece. “Land-use” shows the effects of solely land-use variables on the distribution of
flows. “Land-use+spatial structure” and “Urban Form” show the effects of adding street network
configuration and street-level design measures into the model respectively.

Variable
Land-Use Land-Use+Spatial Structure Urban Form

β t std β β β t std β t β

Street-level Land use (ground-floor)
# residential-use per 100m −0.14 ** −2.81 −0.40 −0.13 ** −3.02 −0.37 −0.14 ** −3.58 −0.39
# retail-use per 100m 0.20 ** 2.88 0.40 0.23 ** 3.48 0.45 0.15 1.97 0.29
# recreational-use per 100m 0.35 * 2.15 0.31 0.23 1.66 0.21 0.26 * 2.05 0.23
Street network configuration
Integration (n) 0.01 ** 2.76 0.36 0.01 1.56 0.20
2-directional reach (20o) −0.00 ** −2.93 −0.38 −0.00B * −2.10 −0.26
Street-level design
crosswalk presence [yes] 0.21 1.07 0.14
traffic light presence [yes] – – –
average sidewalk width 0.00 * 2.38 0.33
presence of trees [yes] −0.05 −0.42 0.04

Number of observations: 31
Adj R-squared 0.44 ** 0.61 *** 0.70 ***

*** p < 0.001; ** p < 0.01; * p < 0.05 (two-tailed tests).

5. Discussion

In this research, linear models were developed to determine the extent to which streetscape design
–local qualities of street environment–, street network configuration –spatial structure of the urban
grid– and land-use patterns are associated with the distribution of walking within four peripheral
neighbourhoods in İstanbul. Overall, the analyses presented suggest that local conditions within
peripheral neighbourhoods are significantly related to walking behaviour.

The results of this study emphasize the importance of including measures of street connectivity in
physical activity and walkability studies. The results indicate that street connectivity is significantly
associated with the distribution of pedestrian density over an area. This suggests that even after
controlling for land-use and street-level design attributes, street layout plays a significant role in the way
movement densities of pedestrians are distributed in the city. Street connectivity is measured through
two syntactic measures, Integration and directional reach, which can capture the structural qualities
of the street network. In all models, the standardized coefficient (stdβ) for directional reach, which
measures the extent of streets captured within fewer direction changes, is positive and statistically
significant (at a 95–99% level of confidence). This finding underscores the significance of the spatial
structure of street networks, specifically the alignment of streets and the directional distance hierarchy
engendered by the street network. This supports earlier findings arguing that street segments that
give more direct access to more surrounding streets (accessible with fewer direction changes from the
surroundings) tend to attract higher pedestrian flows [70,120].

In terms of local qualities of street environment, findings of this study are consistent with
earlier findings arguing that sidewalk design provisions seem to be strong predictors of walking
behaviour [121]. The models developed indicate that average sidewalk width is significantly and
positively associated with movement densities over and above other urban design features. While
street-level pedestrian indicators, such as the presence of crosswalks/traffic lights and tree-lined streets,
are found to be significantly associated with walking [122], our data showed no significant relationships
between these factors and pedestrian movement.

The present study confirms past research findings that land-use is often associated with pedestrian
movement. The regression models developed suggest that increased number of retail frontages is
significantly associated with increased pedestrian volumes. This finding extends those of previous
studies reporting that ease of pedestrian access to relatively higher nearby destinations is related
particularly to walking [24]. Hence, it can be concluded that streets with increased retail fronts,
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such as cafes, banks, shops and other services, are usually more stimulating to the passer-by,
attracting pedestrians from the immediate surroundings as well as further away areas. Particularly in
peripheral areas characterised by pedestrian-oriented retail development on ground-floors (such as
Küçükçekmece), retail use out-performs the effects of street network configuration. It is important to
note that Küçükçekmece neighbourhood, which dates back to the end of the 19th century, evolved over
time (as opposed to the other study sites, which were fully or partially planned). This is partly apparent
in its street network layout, which is dominated by a curvilinear street network pattern that partially
turns into cul-de-sacs. Therefore, it appears that in Küçükçekmece land-use evolved along the streets
with relatively lower connectivity levels (in a manner that did not minimize travel distances from
surrounding areas), and, as a result, street network configuration is no longer a significant correlate of
walking behaviour in this area (i.e. notwithstanding the adverse location of shops, people still have to
access these). Although this finding is opposed to the arguments of Space Syntax theory, it is indicative
of the fact that history does not always follow regular rules.

The negative coefficients of the number of residences on the street segment indicate that
movement levels decrease with higher residential frontages. The findings are somewhat in contrast
to those indicating positive significant correlations between residential land-uses and walking
behaviour [123,124]. This contrast among studies might be due in part to scale of measurement
(e.g., most studies investigating the physical activity correlates of built environment measure residential
activities in terms of densities or as a component of mixed land-use entropy index) or to the specific
nature of İstanbul (e.g., in contrast to studies reporting on the US, where single zoning is dominant,
in İstanbul the prevailing pattern consists of non-residential land-uses such as shops, cafes and banks
located on the ground-floors of residences). In fact, recent studies conducted in different parts of
İstanbul have reported similar results [113]. Thus, it can be suggested that in peripheral neighbourhoods
walking behaviour can be enhanced by increasing retail activities and reducing residential uses on the
ground-floors, thus increasing local attractors within the area.

In addition, stronger relationships are observed between the number of recreational land-uses
and movement, suggesting public open space (e.g., playground, public parks) as a significant correlate
of walking. In fact, the consistent positive effects of this indicator across the models (both all areas
considered as a single set and four areas considered individually) contributes to past research, which
presented ambiguous findings with regard to the associations of recreational land-uses and walking
behaviour. Having greater number of recreational activities within peripheral districts might lead to
increased densities of pedestrian movement, leading to greater levels of physical activity.

5.1. Study Limitations

Our conclusions are tempered by several study limitations. First, the explanatory power of the
linear model considering all areas as a single set (Table 2) displays a moderate degree of correlation,
which indicates that there might be other factors (e.g., pedestrian perceptions regarding safety)
influencing the distribution of pedestrian densities within the peripheral districts. However, it should
be noted that the coefficients of correlations for all models considering individual areas separately
(Tables 3–6) show high correlations, ranging from 53% to 71%. Second, land-use is measured based
on the number of frontages at the segment-level. Other studies have shown land-use density at the
segment scale to be a significant correlate of movement as well [77]. Thus, future research needs to
consider land-use at different measurement scales. However, recent research has also shown number
of frontages on ground-floors to be more significantly correlated with pedestrian movement than
land-use densities at the segment scale [113]. Third, the sample is based on four areas with similar
peripheral characteristics in a single city. Hence, these results need to be tested in other peripheral
areas of various metropolitan areas to see whether these results are generalizable to other peripheral
urban conditions. Fourth, the study areas lacked heterogeneity across some of the measures used, such
as the sidewalk widths. This might be one of the reasons why no significant relationships are identified
between street-scale attributes and walking. More research conducted within more heterogeneous
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urban environments is needed to shed more light into this association. Furthermore, pedestrian
observations were conducted for a limited duration (10-min intervals on two different weekdays
on mornings and afternoons) on a limited number of segments (~30 per area), which might have
tempered the results. Since the use of advanced data collection technologies, such as video cameras and
position sensors, is not yet prevalent in Turkey, a limited amount of data could be captured manually.
Further research that includes pedestrian counts taken at varying times, various durations and along
an increased number of segments through automated systems might more clearly detect relationships
with walking. In addition, because the analysis is cross-sectional, the relationships observed do not
necessarily indicate causality. Future work is needed to develop an understanding of how micro-
and macro-scale street-level attributes are interrelated and how they are associated with walking
relative to other environmental (e.g., aesthetics and comfort such as tree-aligned streets) and social
features (e.g., future research should include both perceived and objective measures, particularly for
characteristics such as safety [23,125–127]. Finally, there is an inherent limitation to this research and
similar studies: they do not consider whether people enjoy walking or not. For example, through
observation and surveys Mehta [128] found that some attributes of the street environment, such as the
presence of other people, multiple activities and street width, added to the sensory pleasure of the
street. The activity of walking is definitely important for public health professionals, yet the pleasure
of walking is also important for city planners and urban designers. Thus, future research, such as
Mehta’s [129] and Darker et al.’s [130], should also take into account the perceptions of pedestrians in
different neighbourhoods.

Research in these areas is fairly limited; hence, this study contributes to the literature by
investigating the comparative roles of macro-scale (land-use and street design) and micro-scale
(pedestrian-friendly street design) environmental correlates of walking. The results of the present
study also demonstrate the significance of a more recent walkability indicator, directional reach, which
can provide alternative means to quantify street design and capture a subtler relationship between
movement patterns and urban systems.

5.2. Practical Implications

Important implications arise from the findings on the significance of street network design,
average sidewalk width and ground-floor frontages in explaining the distribution of walking within
peripheral areas. These findings also add support to calls for policy initiatives to create more-walkable
neighbourhoods at the periphery [23,131]. One practical implication of these findings would be the
provision of more generous sidewalks on spatially more prominent streets (i.e. streets with higher
directional accessibility provided by the straightness of street alignments) in the light of the association
between measures of the built environment and movement densities. The consistent association of
land-use patterns with the distribution of movement shown in this study is critical for urban designers
since it points to the fact that the strategic design of the ground-floor at the road segment scale is
essential in designing for urban vitality and enhanced physical activity. Findings from this study also
suggest that public health, urban design and planning strategies and intervention programmes to
promote walking need to consider the contribution of street-level (both micro- and macro-scale) built
environment factors to facilitate physical activity among communities.

6. Conclusions

City planning and healthy policy agendas to promote physical activity or walking need
to emphasize the crucial role of micro- and macro-level environmental attributes that facilitate
opportunities for people to be more active. In this respect, findings from this study suggest that
peripheral neighbourhoods containing more direct and linear streets with extensive sidewalks, greater
amounts of open green spaces for recreation and increased numbers of retail frontages, are likely to be
supportive of walkable neighbourhoods. Since the results show the relative contribution of each of
these environmental characteristics to walking, the results can lead to evidence-based policies and
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programs aimed at increasing walking and hence physical activity. For example, urban designers
presume that pedestrian-oriented street-level features are important for active street life but they
have little empirical evidence to back their claim. Hence, the results of this study underlie the
argument that the layout of suburbs and traditional urban neighbourhoods is insufficient to encourage
walking over automobile use and that a number of factors, including the location of retail stores and
pedestrian-oriented commercial buildings, are required [132,133].
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Abstract: Previous studies have investigated the potential role of neighborhood walkability in
reducing sedentary behavior. However, the majority of this research has been conducted in adults
and Western developed countries. The purpose of the present study was to examine associations of
neighborhood environmental attributes with sedentary time among older adults in Nigeria. Data from
353 randomly-selected community-dwelling older adults (60 years and above) in Maiduguri, Nigeria
were analyzed. Perceived attributes of neighborhood environments and self-reported sedentary time
were assessed using Nigerian-validated and reliable measures. Outcomes were weekly minutes of
total sedentary time, minutes of sitting on a typical weekday, and minutes of sitting on a typical
weekend day. In multivariate regression analyses, higher walkability index, proximity to destinations,
access to services, traffic safety, and safety from crime were associated with less total sedentary time
and sedentary time on both a weekday and a weekend day. Moderation analysis showed that only in
men was higher walking infrastructure and safety found to be associated with less sedentary time,
and higher street connectivity was associated with more sedentary time. The findings suggest that
improving neighborhood walkability may be a mechanism for reducing sedentary time among older
adults in Nigeria.

Keywords: walkable neighborhood; sitting; elderly; built environment; non-communicable
diseases; Africa

1. Introduction

The global population of older adults (aged 60 years and above) has increased substantially in
recent years and is expected to double by 2050 when it is projected to reach about 2 billion [1]. The
number of older adults is expected to grow fastest in Africa, where it is projected to increase more than
threefold, from 69 to 226 million between the years 2017 and 2050 [2]. Due to weak health care systems
in sub-Saharan Africa [3], the cost and burden of age-related non-communicable diseases (NCDs) is
expected to be unsustainable in the region if urgent actions are not taken. Reducing population levels
of physical inactivity and sedentary behavior is one of the recommended strategies for stemming
the growing epidemics of NCDs worldwide [4]. Yet, there is little research to drive evidence-based
intervention in most of the developing African countries [5].

Sedentary time (too much sitting), which is distinct from physical inactivity (too little physical
activity) [6], is highly prevalent among older adults [7–9] and is a strong risk factor for many NCDs and
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all-cause mortality [6,10,11]. Among older adults, high levels of sedentary time have been associated
with frailty, disablement, social isolation [12], and less successful aging [13]. Yet, very few studies of
sedentary time as a distinct health behavior, distinct from physical inactivity, have been conducted
among older adults in Africa [14,15]. The few available African studies suggest that sedentary behavior
is highly prevalent and may be associated with low socioeconomic status and adverse clinical conditions
in African older adults [14,15]. Because older adults may concurrently be at risk of high sedentary time
and physical inactivity, developing effective population-wide strategies to improve both behaviors
is a public health priority for African countries. However, to develop effective strategies for such
interventions, it is important to first identify modifiable factors that can be targeted for reducing the
prevalence of high sedentary time among older adults in Africa.

Built environment and related policy approaches are promising interventions that have been
advocated internationally for improving behavioral risk factors, including physical inactivity and
excessive sedentary time [4]. The theoretical framework for understanding such interventions is
ecological models of health behaviors [16]. These models have also provided the conceptual basis
for guiding studies on the neighborhood environmental correlates and determinants of sedentary
behavior in older adults [17]. Generally, the presence of favorable built environment attributes like
high residential density, well-connected streets, a mixture of land uses, and pedestrian facilities that
support active transportation have been used to describe the ‘walkability’ of a neighborhood [18–21].
However, most of the studies regarding how neighborhood built environmental characteristics may
contribute to sedentary behavior have been conducted among adults than older adults [21–23]. Yet,
evidence from the studies of adults have been mostly inconsistent [24–26].

The few studies of associations of neighborhood built environments with sedentary behavior
of older adults have also produced some mixed results [21–23]. For example, perceived safety and
presence of street lightning were associated with lower levels of TV viewing among Belgian [22]
and Hong Kong older adults [23], but no direct association was found between neighborhood social
environment and overall sedentary time of older adults in Belgium [21]. Only among residents of
highly-walkable neighborhoods were higher social environmental factors related to less TV viewing
and overall sedentary time among Belgian older adults [21]. Since adults and older adults may interact
differently with their neighborhood environments [18,27], more studies of older adults are needed
to identify the environmental correlates of sedentary time that can be targeted for effective health
promotion strategies addressing less sedentary time in this age group.

The few available studies of older adults on environmental correlates of sedentary behavior
were conducted in Western developed countries, and findings may not directly apply to African
countries. Many cities in Africa have different environmental features (e.g., presence of slums and
very densely packed small housing patterns and absence of walkways and pedestrian crossings),
transportation systems (e.g., use of tricycles and motor bikes as modes of public transportation)
and urban developmental patterns (e.g., organic and unplanned urbanization) compared to those
in Western countries [28]. Thus, there is need for more context-specific research in African settings.
A recent African study demonstrated the relevance of neighborhood built environment attributes,
like availability of roads and walking paths, to sedentary time among people with mental illness in
Uganda [29]. Understanding the role of neighborhood built environments on sedentary time among
the apparently healthy population is particularly relevant in African countries because chronic disease
rates are rising in the region [3,4]. Africa-specific studies can provide more targeted evidence for
environmental and urban design policy initiatives aimed at promoting less sitting time and more
active living in the African region. Until now, no study has focused on neighborhood environmental
correlates of sedentary time of older adults in Africa. Therefore, the primary aim of the present study
was to examine associations of perceived neighborhood environmental attributes with self-reported
sedentary time among older adults in Nigeria. Because patterns of sedentary time can be different
between men and women [30], we also investigated the interaction effect of sex on the association
between neighborhood environment variables and sedentary time. Based on positive associations
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found between neighborhood environmental attributes and physical activity of older adults in our
previous analysis [31], we hypothesized that positive perceptions of the neighborhood environments
would be negatively associated with sedentary time among older adults in Nigeria.

2. Materials and Methods

2.1. Sampling and Procedure

This study represents secondary analyses of cross-sectional data from the Maiduguri study of
neighborhood environmental correlates of older adults’ physical activity conducted in 2012 [31].
Maiduguri is the capital city of the state of Borno in North-Eastern Nigeria. The city consists of the
inner city and Government Reserve Areas (GRA) or new layout areas that have a diversity of housing
types, land use mix, and access and street connectivity. Similar to typical African cities [28], localities
(e.g., neighborhoods) in the inner city of Maiduguri have a high concentration of multiple family
and densely packed houses, non-residential land uses (small retail stores, shops, local markets, and
many places of worship) and streets with short block length with many alternative unofficial routes
to destinations (street connectivity). Neighborhoods in the GRA/new layout areas of Maiduguri are
characterized by predominantly single-family homes, few non-residential land-uses, and streets with
longer block-length with fewer alternative unofficial routes to destinations [28].

Data were collected among community-dwelling older adults (60 years and older) who were
recruited from 2 high-SES/low walkable and 3 low-SES/high walkable neighborhoods in five localities
(e.g., neighborhoods) that were randomly selected from 15 available localities in Maiduguri. A locality
(e.g., neighborhood) in Maiduguri is an administrative unit that is made up of clusters of enumeration
areas with a minimum of 45 households, and determined for this study as all the areas that the
participants can walk to from home between 20 and 30 min. Power calculation conducted using
Cohen’s formula determined that 385 participants (77 from each of the five localities) were needed to
detect a moderate to large effect size with more than 80% power [32]. A detailed description of the
methodology including the setting, neighborhood selection procedure, participant recruitment and
measures can be found elsewhere [31].

Four hundred and twenty-seven older adults (163 in high-SES/low walkable and 264 in
low-SES/high walkable neighborhoods) were invited in person to participate in the study. In total,
353 older adults in all neighborhoods provided complete surveys and were included in the analyses
(353/427, 83% response rate). Participants who were unwilling (n = 51), did not provide complete
survey information (n = 9), or had a disability (n = 14) were excluded from the study. The participants
gave written informed consent and completed the survey through interview by trained interviewers
in their homes. The study protocol was approved by the Human Research Ethics Committee of the
University of Maiduguri Teaching Hospital in Nigeria.

2.2. Measures

2.2.1. Neighborhood Environment Attributes

Perception of neighborhood environment attributes was assessed using the 54-item Neighborhood
Environment Walkability Scale-Abbreviated (NEWS-A) whose items have been adapted for use in
Africa [28]. NEWS-A assessed perceived neighborhood environmental attributes related to walking and
physical activity of older adults [33,34]. It gauged perceived neighborhood environmental attributes
in eight domains: (1) residential density; (2) land-use mix—diversity (proximity to non-residential
destinations); (3) land-use mix—access (ease of access to services and places); (4) street/road connectivity;
(5) infrastructure and safety for walking; (6) aesthetics; (7) traffic safety; and (8) safety from crime.
With the exception of residential density and land use mix-diversity domains, all items were rated by
using Likert-type response options ranging from 1 (strongly disagree) to 4 (strongly agree). Residential
density subscale was a weighted sum of six items that reflected common housing patterns in Africa

167



IJERPH 2019, 16, 1879

ranging from predominantly few-residential buildings/dwellings (lowest density) to densely packed
multiple-family dwellings/houses (highest density). Land use mix-diversity/proximity was assessed by
the reported time it takes to walk from one’s home to 26 various types of destinations, with responses
ranging from 1- to 5-min walking distance (coded as 5) to >30-min walking distance (coded as 1). All
NEWS-A domains were computed as the mean of responses to items in the domain, with responses
coded (or reverse-coded) such that higher values indicated higher walkability of the neighborhood.
In addition, a total NEWS-A score (called ‘Walkability Index’) was constructed by computing the
mean of the standardized scores of the eight NEWS-A domains. The domains and individual items
of the NEWS-A demonstrated “good” (Intraclass Correlation Coefficient (ICC) range = 0.60–0.74) to
“excellent” (ICCs > 0.75%) test-retest reliability [28] and acceptable construct validity among adults
(18–85 years) in seven African countries, including Nigeria [35].

2.2.2. Sedentary Time

Self-reported sedentary time was assessed using the adapted Nigerian version of the International
Physical Activity Questionnaire (Hausa-IPAQ; long form (LF), assessing past 7 days) [36]. The sedentary
domain of the Hausa-IPAQ LF assessed the duration (minutes/day) of time spent sitting while at
home, work, and during leisure time on a typical weekday and a weekend day. The minutes of sitting
on weekday, weekend day, and total sitting minutes in a week were the three outcomes examined
in the present study. Total sitting minutes/week was computed as: weekday sitting minutes × 5
weekdays +weekend day sitting minutes × 2 weekend days [37]. Test-retest reliability (ICC = 0.62, 95%
CI = 0.42–0.75) and construct validity (rho = 0.16; compared to biological variable) of the sedentary
domain of the Hausa-IPAQ LF among Nigerian adults (including older people) were acceptable [36].

2.2.3. Covariates

Participants self-reported their sociodemographics including age, sex, marital status
(married/living with a partner versus not married or not living with a partner i.e., widowed/widower),
education attainment (‘greater than secondary school’, ‘at least secondary school’, ‘at least primary
school’, and ‘never attended school), and employment status (‘formal employment i.e., government/
office work’, ‘self-employed i.e., traders, business men/women, farmers’, and ‘retired’ or ‘unemployed’).
Self-reported information on time spent (minutes/week) in total moderate-to-vigorous physical activity
(MVPA) by the participants was measured with the Hausa IPAQ-LF and included as a covariate.

2.3. Statistical Analyses

Descriptive statistics (e.g., means, standard deviations, medians, interquartile ranges, frequencies,
and percentages), stratified by sex, were computed as appropriate for the sociodemographic
characteristics, sedentary time outcomes, and neighborhood environmental attributes. Multivariable
linear regression analyses were used to examine the direct associations between neighborhood
environmental attributes (eight scales; independent variables) and each of the sedentary time outcomes
(weekday sitting time, weekend day sitting time, and total weekly sitting time; dependent variables), as
well as the moderating effects of sex (women versus men). All covariates including neighborhood strata
(high-SES/low walkable and low-SES/high walkable) were entered in the first block of the regression
models. The environmental variables were added as a second block. The cross-product terms of
sedentary time (separately for weekday, weekend day, and total weekly sitting) × each environmental
variable was entered as a third block to examine the potential moderating effects of sedentary time.
Since pattern of neighborhood environment features has been found to be more strongly related
to health behaviors than individual items [24,38], additional models were run, separately, for each
outcome and the overall ‘Walkability index’. Multicollinearity was not a concern because only one
neighborhood environment variable was included per model plus the covariates and the interaction
term. Statistical significance was set at p = 0.05 for interpreting main effect and at p < 0.10 for
interpreting the moderating effects [39]. When there was a significant interaction effect, separate
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sex-specific models were run to interpret the direction of the moderating effects. All analyses were
conducted using SPSS version 18 (Armonk, NY, USA).

3. Results

3.1. Sample Characteristics

Table 1 shows the sociodemographic characteristics of the sample, as well as the descriptive
statistics of the neighborhood environment variables and sedentary time outcomes. A total of 353
Nigerian older adults (39.9% women) with a mean age (± standard deviation) of 68.9 ± 9.1 years were
included in the analysis. More than two-thirds of the final sample were married or living with a
partner (71.4%), and more than half had never attended school (51.6%) and were unemployed (55.8%).
Significantly more women than men were unemployed (72.4% vs. 44.8%), had less than secondary
school education (69.5% vs. 57.5%) and were not married or living with a partner (41.1% vs. 20.3%).
The perception of neighborhood environment attributes was not significantly different between women
and men (all p > 0.05). As a group, the mean overall walkability index, proximity to destinations
and traffic safety was −0.01 ± 3.21 (range = −7.19 to 13.86), 3.02 ± 0.47 (range = 2.04 to 4.69), and
2.32 ± 0.53 (range = 1.00 to 4.00), respectively. The participants spent an average of 1960.7 min/week
(median of 31 h/week) in sedentary time. The average sedentary time on a typical weekday was
284.8 ± 125.4 min/day with a median of 5 h/day (IQR = 3–6 h/day). On a weekend day, participants
reported daily sitting time of 268.2 ± 118.6 min/day (median = 4 h/day; IQR = 3– 6 h/day). Men
marginally accumulated about 1 h median sedentary time more than the women on a typical weekday
(p = 0.05).

Table 1. Participants’ sociodemographic characteristics and descriptive information of neighborhood
environmental attributes and sedentary time (n = 353).

Variables Total Sample
Men

(n = 212)
Women
(n = 141)

p *

socio-demographics

Age (years) a 68.9 ± 9.1 69.0 ± 9.4 68.8 ± 8.6 NS

Marital status (n, %)
Married 252 (71.4) 169 (79.7) 83 (58.9) <0.01

Not married 101 (28.6) 43 (20.3) 58 (41.1)

Education (n, %)
> Secondary school 88 (24.9) 64 (30.2) 24 (17.0) <0.05
Secondary school 45 (12.7) 26 (12.3) 19 (13.5)

Primary school 38 (10.8) 23 (10.8) 15 (10.6)
Never attended school 182(51.6) 99 (46.7) 83 (58.9)

Employment (n, %) <0.01
Formal (office work) 47 (13.3) 36 (17.0) 11 (7.8)

Self-employed 109 (30.9) 81 (38.2) 28 (19.9)
Unemployed 197 (55.8) 95 (44.8) 102 (72.4)

Neighborhood type (n, %) NS
Low-SES/high walkable 181 (51.3) 115 (54.2) 66 (46.8)
High-SES/low walkable 172 (48.7) 97 (45.8) 75 (53.2)

Environmental attributes a

Overall walkability index −0.01 ± 3.21 0.03 ± 3.25 -0.08 ± 3.15 NS
Residential density 235.66 ± 84.79 232.37 ± 80.87 240.59 ± 90.43 NS

Proximity to destinations 3.02 ± 0.47 2.99±0.46 3.08 ± 0.48 NS
Access to services and places 1.19 ± 0.47 1.16±0.41 1.23 ± 0.54 NS

Street connectivity 2.94 ± 0.52 2.97±0.50 2.88 ± 0.55 NS
Walking infrastructure and safety 3.03 ± 0.43 3.04±0.40 3.01 ± 0.43 NS

Aesthetics 2.51 ± 0.59 2.55 ± 0.56 2.46 ± 0.62 NS
Traffic safety 2.32 ± 0.53 2.34 ± 0.52 2.29 ± 0.55 NS

Safety from crime 2.85 ± 1.02 2.89 ± 1.05 2.79 ± 0.99 NS
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Table 1. Cont.

Variables Total Sample
Men

(n = 212)
Women
(n = 141)

p *

Sedentary time outcomes b

Weekday (min/day) 300 (180–360) 300 (240–360) 240 (180–360) 0.05
Weekend (min/day) 240 (180–360) 240 (180–360) 240 (180–360) NS

Total weekly (min/week) 1860 (1380–2520) 1980 (1560–540) 1680 (1260–2520) NS

* = Based on independent t-tests statistics for continuous variables and chi-square statistics for categorical variables;
a = values for age and environmental attributes are mean ± standard deviation; b = values for sedentary time
outcomes are median and inter quartile range (25th and 75th percentile values); SES = socioeconomic status;
NS = not significant.

3.2. Associations of Neighborhood Environmental Attributes with Total Weekly Sedentary Time

The overall walkability index and four of eight neighborhood environment attributes were
significantly related to lower weekly minutes in total sedentary time (Table 2). The estimated difference
in total sedentary time between those with minimum (−7.19) and maximum (13.86) values on the
overall walkability index was 1140 min/week (19 h/week) of sedentary time. A one unit increase
in the overall walkability index was associated with about 71 min/week decrease in total sedentary
time (B = −70.573; 95% CI = −109.204, −31.947). Each unit increase in proximity to destinations
(B = −695.745; 95% CI = −980.781, −410.705) and access to services (B = −480.703; 95% CI = −802.161,
−159.245) was associated with about an 11 h/week and 8 h/week, respectively, decrease in total sedentary
time. Traffic safety (B = −597.377; 95% CI = −865.533, −329.221) and safety from crime (B = −303.065;
95% CI = −489.786, −116.344) were related to lower sedentary time for about 10 h/week and 5 h/week,
respectively. The estimated difference in total sedentary time between those with minimum (2.04)
and highest (4.69) values on proximity to destinations was 1260 min/week of sedentary time. While
the estimated difference in total sedentary time between those with minimum (1.0) and maximum
(4.0) values on access to services was 1075.8 min/week of sedentary time, it was 340.8 min/week of
sedentary time for traffic safety and 272 min/week for safety from crime. The associations between
total sedentary time and proximity to destinations and traffic safety was stronger in men than women.
In contrast, higher street connectivity (B = 305.128, 95% CI = 14.622, 595.634) was associated with
higher levels of sedentary time in men only (Table 2).

Table 2. Associations between perceived neighborhood environmental attributes and total sedentary
time (min/week).

Environmental Attributes B 95% CI p-Value

Main effects

Residential density −1.791 −3.730, 0.147 0.070
Proximity to destinations −695.745 −980.781, −410.705 <0.001 **

Access to services and places −480.703 −802.161, −159.245 0.004 *
Street connectivity −45.740 −299.299, 207.819 0.722

Walking infrastructure and safety −223.886 −513.865, 66.092 0.129
Aesthetics −78.829 −333.024, 175.366 0.541

Traffic safety −597.377 −865.533, −329.221 <0.001 **
Safety from crime −303.065 −489.786, −116.344 0.002 *

Overall walkability index −70.575 −109.204, −31.947 <0.001 **
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Table 2. Cont.

Environmental Attributes B 95% CI p-Value

Interaction effects of sex

Residential density
Women-specific - - -

Men-specific - - -
Proximity to destinations 62.841 −11.493, 137.175 0.097

Women-specific −578.101 −1042.425, 113.777 0.015 *
Men-specific −644.242 −1008.793, −279.692 0.001 *

Access to services and places
Women-specific - - -

Men-specific - - -
Street connectivity 100.352 18.272, 182.433 0.017 *

Women-specific −51.756 −369.023, 265.511 0.746
Men-specific 305.128 14.622, 595.634 0.040 *

Walking infrastructure and safety
Women-specific - - -

Men-specific - - -
Aesthetics

Women-specific - - -
Men-specific - - -
Traffic safety 118.674 22.975, 214,374 0.015 *

Women-specific −376.580 −678.416, −74.744 0.015 *
Men-Specific −521.107 −832.816, −209.398 0.001 *

Safety from crime
Women-Specific - - -

Men-specific - - -
Overall walkability index

Women-Specific - - -
Men-specific - - -

B = regression coefficient; 95% CI = 95% confidence intervals; - = not applicable because no significant moderating
effect of sex was found. For environmental attributes with significant sex moderating effects, sex-specific associations
(men- and women-specific) are reported. All regression coefficients are adjusted for participants’ age, sex, marital
status, education, employment, neighborhood types, and moderate-to-vigorous physical activity. ** = p-value
significant at <0.001; * = p-value significant at <0.05.

3.3. Associations of Neighborhood Environmental Attributes with Sedentary Time on Weekday and Weekend

Multivariable results for sedentary time outcomes on weekday and weekend can be retrieved from
supplementary materials (Table S1). The estimated difference in sedentary time on a weekday and a
weekend between those with minimum (−7.19) and maximum (13.86) values on the overall walkability
index was 180 min/day and 120 min/day of sedentary time, respectively. Higher walkability index,
proximity to destinations, traffic safety, and safety from crime were associated with less sedentary time
on both a weekday and a weekend day among the older adults. The associations were stronger on a
weekday than the weekend. Access to services and places was associated with less sedentary time only
on a weekday (B =−85.679, 95% CI =−134.507, −36.851). Each additional unit on the overall walkability
index was associated with about 11 min/day decrease in sedentary time on a weekday (B = −10.981,
95% CI = −16.897, −5.065) but with about 8 min/day decrease in sedentary time on a weekend day
(B = −7.836, 95% CI = −13.540, −2.135). Proximity to destinations was associated with about 2 h/day
decrease in sedentary time on a weekday (B = −116.558, 95% CI = −159.697, −74.421) and with less
than 1 h/day of sedentary time on a weekend day (B = −56.478, 95% CI = −99.889, 13.070). Traffic
safety was associated with about 1.5 h/day decrease in sedentary time on a weekday (B = −89.813, 95%
CI = −131.063, −48.571) but with 74 min/day decrease in sedentary time on a weekend day. Safety
from crime was associated with about 25 min/day more decrease in sedentary time on a weekday
(B = −50.339, 95% CI = −78.826, −21.853) than on a weekend day (B = −25.684, 95% CI = −53.398,
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2.029). On a weekday, higher walking infrastructure and safety was found to be associated with less
sedentary time (B = −39.178, 95% CI = −77.598, −0.758) in men only, while higher street connectivity
was found to be unexpectedly associated with higher sedentary time (B = 46.555, 95% CI = 2.575,
90.536) in men only.

4. Discussion

To our knowledge, this was the first study to examine the associations of neighborhood
environments with older adults’ sedentary behavior in Africa. Compared to the few previous studies
of older adults conducted in high-income countries [21–23], we found more consistent associations
of neighborhood environmental attributes with sedentary time among older Nigerian adults. The
overall walkability index and five of eight independent neighborhood environment attributes were
significantly associated with less weekly total sedentary time, and weekday and weekend day sedentary
time in our sample.

Higher overall walkability was associated with about 71 min/week less total sedentary time and
by 11 min/day and 8 min/day during a weekday and a weekend day, respectively. No moderation effect
of sex was found for the association between the walkability index and sedentary time, suggesting
that overall walkability of the neighborhood could be important for reducing sedentary time in older
Nigerian men and women. This finding confirmed a previous multi-country study documenting the
international importance of an overall pattern of activity-supportive neighborhood environment design
for lower sedentary time among adults [24]. However, compared to the overall walkability index, we
found much stronger effect sizes for the inverse associations of sedentary time with some individual
neighborhood environmental attributes. This is explainable because the overall walkability index was
constructed by combining the mean of the standardized scores (z-scores) of all the environmental
variables, while the association of each environmental domain with sedentary time was based on the
unstandardized mean score of individual environmental attributes. Thus, the index and individual
scores were on different scales. However, the difference in total sedentary time between the older adults
with the lowest and highest scores on the overall walkability index was about 19 h/week, suggesting
that substantial sedentary behavior change could be possible for Nigerian older adults if the overall
walkability of the environment is improved.

Interestingly, two destination-related attributes (proximity to destinations and ease of access
to places and services) that reflect mixed land use, which is a key component of the construct of
neighborhood walkability internationally [18–21], were consistently related to less sedentary time in
the present study. Previous studies of older adults did not find direct associations of diversity and
proximity of destinations with sedentary behavior of older adults in Belgium [22] and Hong Kong [23].
Thus, our finding extended evidence about the potential of land use mix for controlling excessive
sedentary time among older adults in the African context. It is behaviorally plausible that older adults
who perceive destinations to be closer to home and easy access to places and services engage in more
neighborhood-based active living that could account for reduced sitting time. It is not clear why such
results would be stronger among the African sample, but it may be related to less access to motor
vehicles leading to more walking trips to nearby destinations.

Traffic safety and safety from crime were related to less sedentary time, suggesting that improved
safety conditions are important for reducing sedentary time among older adults in Nigeria. Perceived
crime safety has consistently emerged as a negative correlate of physical activity in the Nigerian
population [40–42], so it is interesting that lack of safety from crime is also an important concern that
has the potential to increase sedentary time among older adults in Nigeria. Similarly, neighborhood
safety has been related to less sitting time among Belgian older adults [22] and older adults in Hong
Kong [23]. Possibly, a neighborhood that is safe from crime and traffic creates a more conducive
environment that facilitate engagement in greater levels of outdoor physical activity and lower levels
of sedentary time among older adults. Moreover, a neighborhood that is unsafe from crime and traffic
may lead older adults to sit more at home to avoid being a victim of crime or road injury.
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Better walking infrastructure and safety was associated with lower levels of sedentary time
on a weekday among men only. This is interesting because men in the present study were more
sedentary than women during the weekday. Perhaps, older Nigerian men are more conscious of
walking infrastructure as an avenue for engaging in more recreational and transportation walking and
reducing sedentary time during the weekday. Somewhat related, pedestrian safety was found to be
associated with lower daily minutes and frequency of motorized transport among older adults in Hong
Kong [23]. This finding together with ours, support the importance of improvements in pedestrian
infrastructure and safety as a means of decreasing sedentary time in older adults.

Street connectivity, which is also a major component of neighborhood walkability, was
unexpectedly related to higher sedentary time among older men in our study. This finding was the
only evidence of an unfavorable association in the present study, and it was contrary to a recent study
which reported higher street connectivity to be related to less sedentary time among adults in 10
countries [24]. It has been espoused in our previous studies that the concept of street connectivity (e.g.,
many four-way intersections, cross-junctions, and distance between official routes/roads) may connote
different meaning to African residents compared with residents of the developed countries [35,40].
Another analysis using same data found higher street connectivity to be related to lower walking
for transport [31], which also is inconsistent with international evidence supporting the importance
of higher street connectivity to increased physical activity for transportation [18–20]. Perhaps, a
qualitative study is needed to further explore the meaning of street connectivity in the African context.

Strengths and Limitations

An important strength was the utilization of valid and internationally recognized questionnaires
to measure sitting time and neighborhood environments that allowed for comparison with previous
studies. However, the study also had some limitations. The cross-sectional design means that
causal relationships cannot be determined. The use of self-report measures of sedentary time and
neighborhood environment may increase the chance of measurement bias, recall problems, and
inaccurate estimates of the outcomes. The use of GIS could have provided a more objective assessment
of the walkability index of the neighborhood environment. However, perceptions of environmental
attributes may also have greater influence on physical activity behaviors than objective environmental
characteristics, even if they may not correspond to reality [43]. Thus, it is equally important as
objective assessment, to examine perceived aspects of the neighborhood environment in research of
built environmental correlates of health behaviors. Only overall sitting time was assessed in the present
study, but specific sedentary behaviors like TV viewing and motorized transport may be more strongly
related to neighborhood environmental attributes. Future studies should use objective measures and/or
more detailed contextually-specific measures of sedentary behavior (e.g., TV watching, listening to
radio, or chatting with friends and families while sitting) to identify whether environmental attributes
are more related to some sedentary behaviors than others among Nigerian older adults. However, our
findings are similar to those of previous studies in Belgium [21,22] and Hong Kong [23], supporting
the assertion that some aspects of neighborhood walkability encouraging less sitting time in older
adults in these countries may be similar for Nigeria.

5. Conclusions

The overall perceived walkability index and five of eight individual perceived neighborhood
environment attributes were related to less sedentary time in Nigerian older adults, and there were
few instances of sex-specific results. Some of the effect sizes were large; up to 10 h per week less
sitting. The findings of potential protective effects of neighborhood environment design on sedentary
behavior in this sample of Nigerian older adults were more consistent than previous studies conducted
in high-income countries. An important implication of the study is that the same neighborhood
environment attributes shown to be associated with more physical activity [31] had an apparent
additional benefit of being related to lower sedentary time. The present study uniquely contributes to
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the literature by providing scarce evidence on the relationships of neighborhood environments with
older adults’ sedentary time from an understudied region of the world.

Supplementary Materials: The following are available online at http://www.mdpi.com/1660-4601/16/11/1879/s1,
Table S1: title. Associations between perceived neighborhood environment attributes with sedentary time
(min/day) on a weekday and a weekend day

Author Contributions: Conceptualization, A.L.O., A.Y.O., and J.F.S.; Data curation, A.L.O. and S.M.K.; Formal
analysis, A.L.O.; Investigation, A.L.O., S.M.K., and A.Y.O.; Methodology, A.L.O., S.M.K., A.A.R., A.Y.O.,
B.A.O., and J.F.S.; Project administration, A.L.O., S.M.K., A.A.R., A.Y.O., B.A.O., and J.F.S.; Supervision, A.L.O.;
Writing—original draft, A.L.O.; Writing—review and editing, S.M.K., A.A.R., A.Y.O., B.A.O., and J.F.S.. All authors
(A.L.O., S.M.K., A.A.R., A.Y.O., B.A.O., and J.F.S.) revised the manuscript for important intellectual content, and
all authors read and approved the final version.

Funding: This research received no external funding.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. World Health Organization. Ageing and Health. Geneva: World Health Organization; 2019. Available
online: https://www.who.int/news-room/fact-sheets/detail/ageing-and-health (accessed on 27 May 2019).

2. United Nations, Department of Economic and Social Affairs, Population Division. World Population Ageing
2017 Highlights. Available online: https://www.un.org/en/development/desa/population/publications/pdf/
ageing/WPA2017_Highlights.pdf (accessed on 27 May 2019).

3. Chikafu, H.; Chimbari, M.J. Cardiovascular disease healthcare utilization in Sub-Saharan Africa: A scoping
review. Int. J. Environ. Res. Public Health 2019, 16, 419. [CrossRef]

4. World Health Organization. Global Action Plan for the Prevention and Control of Noncommunicable Diseases,
2013–2020; World Health Organization: Geneva, Switzerland, 2013; pp. 21–27.

5. Sallis, J.F.; Bull, F.C.; Guthold, R.; Heath, G.W.; Inoue, S.; Kelly, P.; Oyeyemi, A.L.; Perez, L.G.; Richards, J.;
Hallal, P.C. Progress in physical activity over the Olympic quadrennium. Lancet 2016, 388, 1325–1336.
[CrossRef]

6. Owen, N.; Healy, G.N.; Matthews, C.E.; Dunstan, D.W. Too much sitting: The population health science of
sedentary behavior. Exerc. Sport Sci. Rev. 2010, 38, 105–113. [CrossRef] [PubMed]

7. Shiroma, E.J.; Freedson, P.S.; Trost, S.G.; Lee, I.M. Patterns of accelerometer-assessed sedentary behavior in
older women. JAMA 2013, 310, 2562–2563. [CrossRef]

8. Bellettiere, J.; Carlson, J.A.; Rosenberg, D.; Singhania, A.; Natarajan, L.; Berardi, V.; LaCroix, A.Z.; Sears, D.D.;
Moran, K.; Crist, K.; et al. Gender and age differences in hourly and daily patterns of sedentary time in older
adults living in retirement communities. PLoS ONE 2015, 10, e0136161. [CrossRef]

9. Arnardottir, N.Y.; Koster, A.; Van Domelen, D.R.; Brychta, R.J.; Caserotti, P.; Eiriksdottir, G.; Syerrisdottir, J.E.;
Lanner, L.J.; Gudnason, V.; Johnnsson, E.; et al. Objective measurements of daily physical activity patterns
and sedentary behaviour in older adults: Age, Gene = Environment Susceptibility − Reykjavik Study.
Age Ageing 2013, 42, 222–229. [CrossRef]

10. Ekelund, U.; Steene-Johannessen, J.; Brown, W.J.; Fagerland, M.W.; Owen, N.; Powell, K.E.; Bauman, A.;
Lee, I.M. Does physical activity attenuate, or even eliminate, the detrimental association of sitting time with
mortality? A harmonised meta-analysis of data from more than 1 million men and women. Lancet 2016, 388,
1302–1310. [CrossRef]

11. Vallance, J.K.; Gardiner, P.A.; Lynch, B.M.; D’Silva, A.; Boyle, T.; Taylor, L.M.; Johnson, S.T.; Buman, M.P.;
Owen., N. Evaluating the evidence on sitting, smoking, and health: Is sitting really the new smoking? Am. J.
Public Health 2018. [CrossRef]

12. De Rezende, L.F.M.; Rey-López, J.P.; Matsudo, V.K.R.; Do Carmo Luiz, O. Sedentary behavior and health
outcomes among older adults: A systematic review. BMC Public Health 2014, 14, 333. [CrossRef] [PubMed]

13. Dogra, S.; Stathokostas, L. Sedentary behavior and physical activity are independent predictors of successful
aging in middle-aged and older adults. J. Aging Res. 2012, 2012, 190654. [CrossRef]

14. Koyanagi, A.; Stubbs, B.; Vancampfort, D. Correlates of sedentary behavior in the general population:
A cross-sectional study using nationally representative data from six low- and middle-income countries.
PLoS ONE 2018, 13, e0202222. [CrossRef] [PubMed]

174



IJERPH 2019, 16, 1879

15. Peltzer, K.; Phaswana-Mafuya, N.; Pengpid, S. Prevalence and correlates of sedentary behaviour among a
national sample of 15-98 years old individuals in South Africa. Afr. J. Phys. Act. Health Sci. 2018, 24, 286–298.

16. Sallis, J.F.; Owen, N. Ecological models of health behavior. In Health Behavior: Theory, Research and Practice, 5th
ed.; Glanz, K., Rimer, B., Viswanath, V., Eds.; Jossey-Bass/Pfeiffer: San Francisco, CA, USA, 2015; pp. 43–64.

17. Chastin, S.F.M.; Buck, C.; Freiberger, E.; Murphy, M.; Brug, J.; Cardon, G.; O’Donoghue, G.; Pigeot, I.;
Oppert, J.M. Systematic literature review of determinants of sedentary behaviour in older adults: A
DEDIPAC study. Int. J. Behav. Nutr. Phys. Act. 2015, 12, 127. [CrossRef]

18. Cerin, E.; Nathan, A.; Van Cauwenberg, J.; Barnett, D.W.; Barnett, A. The neighbourhood physical environment
and active travel in older adults: A systematic review and meta-analysis. Int. J. Behav. Nutr. Phys. Act. 2017,
14, 15. [CrossRef] [PubMed]

19. Van Cauwenberg, J.; De Bourdeaudhuij, I.; De Meester, F.; Van Dyck, D.; Salmon, J.; Clarys, P.; Deforche, B.
Relationship between the physical environment and physical activity in older adults: A systematic review.
Health Place 2011, 17, 458–469. [CrossRef]

20. Van Holle, V.; Van Cauwenberg, J.; Van Dyck, D.; Deforche, B.; Van de Weghe, N.; De Bourdeaudhuij, I.
Relationship between neighborhood walkability and older adults’ physical activity: Results from the Belgian
Environmental Physical Activity Study in Seniors (BEPAS Seniors). Int. J. Behav. Nutr Phys. Act. 2014, 11, 110.
[CrossRef]

21. Van Holle, V.; Van Cauwenberg, J.; De Bourdeaudhuij, I.; Deforche, B.; Van de Weghe, N.; Van Dyck, D.
Interactions between neighborhood social environment and walkability to explain Belgian older adults’
physical activity and sedentary time. Int J. Environ. Res. Public Health 2016, 13, 569. [CrossRef] [PubMed]

22. Van Cauwenberg, J.; De Donder, L.; Clarys, P.; De Bourdeaudhuij, I.; Owen, N.; Dury, S.; De Witte, N.;
Buffel, T.; Verte, D.; Deforche, B. Relationships of individual, social, and physical environmental factors with
older adults’ television viewing time. J. Aging Phys. Act. 2014, 22, 508–517. [CrossRef]

23. Barnett, A.; Cerin, E.; Ching, C.S.; Johnston, J.M.; Lee, R.S. Neighbourhood environment, sitting time and
motorised transport in older adults: A cross-sectional study in Hong Kong. BMJ Open 2015, 5, e007557.
[CrossRef]

24. Owen, N.; Sugiyama, T.; Koohsari, M.J.; De Bourdeaudhuij, I.; Hadgraft, N.; Oyeyemi, A.L.;
Aguinaga-Ontoso, I.; Mitáš, J.; Troelsen, J.; Davey, R.; et al. Associations of neighborhood environmental
attributes with adults’ objectively-assessed sedentary time: IPEN adults multi-country study. Prev. Med.
2018, 115, 126–133. [CrossRef]

25. Foster, S.; Pereira, G.; Christian, H.; Knuiman, M.; Bull, F.; Giles-Corti, B. Neighborhood correlates of sitting
time for Australian adults in new suburbs: Results from ReSide. Environ. Behav. 2015, 47, 902–922. [CrossRef]

26. Koohsari, M.J.; Sugiyama, T.; Sahlqvist, S.; Mavoa, S.; Hadgraft, N.; Owen, N. Neighborhood environmental
attributes and adults’ sedentary behaviors: Review and research agenda. Prev. Med. 2015, 77, 141–149.
[CrossRef] [PubMed]

27. Clarke, P.; Nieuwenhuijsen, E.R. Environments for healthy ageing a critical review. Maturitas 2009, 64, 14–19.
[CrossRef]

28. Oyeyemi, A.L.; Kasoma, S.S.; Onywera, V.O.; Assah, F.; Adedoyin, R.A.; Conway, T.L.; Moss, S.J.; Ocansey, R.;
Kolbe-Alexander, T.L.; Akinroye, K.K.; et al. NEWS for Africa: Adaptation and reliability of a built
environment questionnaire for physical activity in seven African countries. Int. J. Behav. Nutr. Phys. Act.
2016, 13, 33. [CrossRef]

29. Vancampfort, D.; Stubbs, B.; Sallis, J.F.; Nabanoba, J.; Basangwa, D.; Oyeyemi, A.L.; Kasoma, S.S.; De Hert, M.;
Myin-Germeys, I.; Mugisha, J. Associations of the built environment with physical activity and sedentary
time in Ugandan outpatients with mental health problems. J. Phys. Act. Health 2019. [CrossRef]

30. Shibata, A.; Oka, K.; Ishii, K.; Miyawaki, R.; Inoue, S.; Sugiyama, T.; Owen, N. Objectively-assessed patterns
and reported domains of sedentary behavior among Japanese older adults. J. Epidemiol. 2018. [CrossRef]

31. Oyeyemi, A.L.; Kolo, S.M.; Oyeyemi, A.Y.; Omotara, B.A. Neighborhood environmental factors are related
to health-enhancing physical activity and walking among community dwelling older adults in Nigeria.
Physiother. Theory Pract. 2019, 35, 288–297. [CrossRef]

32. Cohen, J.A. Statistical Power Analysis for the Behavioural Sciences, 2nd ed.; Lawrence Erlbaum Associates:
Hillsdale, NJ, USA, 1988.

175



IJERPH 2019, 16, 1879

33. Cerin, E.; Sit, C.H.P.; Cheung, M.; Ho, S.; Lee, L.J.; Chan, W. Reliable and valid NEWS for Chinese seniors:
Measuring perceived neighborhood attributes related to walking. Int. J. Behav. Nutr. Phys. Act. 2010, 7, 84.
[CrossRef] [PubMed]

34. Ding, D.; Sallis, J.F.; Norman, G.J.; Frank, L.D.; Saelens, B.E.; Kerr, J.; Conway, T.L.; Cain, K.; Hovll, M.F.;
Hofstetter, C.R.; et al. Neighborhood environment and physical activity among older adults: Do the
relationships differ by driving status? J. Aging Phys. Act. 2014, 22, 421–431. [CrossRef]

35. Oyeyemi, A.L.; Conway, T.L.; Adedoyin, R.A.; Akinroye, K.K.; Aryeetey, R.; Assah, F.; Cain, K.L.; Gavand, K.A.;
Kasoma, S.S.; Kolbe-Alexander, T.L.; et al. Construct validity of the neighbourhood environment walkability
scale for Africa. Med. Sci. Sports Exerc. 2017, 49, 482–491. [CrossRef]

36. Oyeyemi, A.L.; Bello, U.M.; Philemon, S.T.; Aliyu, H.N.; Majidadi, R.W.; Oyeyemi, A.Y. Examining the
reliability and validity of a modified version of the International Physical Activity Questionnaire, long form
(IPAQ-LF) in Nigeria: A cross-sectional study. BMJ Open 2014, 4, e005820. [CrossRef]

37. International Physical Activity Questionnaire. Guidelines for Data Processing and Analysis of the
International Physical Activity Questionnaire (IPAQ)—Short and Long Forms. Available online:
http://www.ipaq.ki.se/scoring.pdf (accessed on 21 March 2019).

38. Cain, K.L.; Millstein, R.A.; Sallis, J.F.; Conway, T.L.; Gavand, K.A.; Frank, L.D.; Saelens, B.E.; Geremia, C.M.;
Chapman, J.; Adams, M.A.; et al. Contribution of streetscape audits to explanation of physical activity in
four age groups based on the microscale audit of pedestrian streetscapes (MAPS). Soc. Sci. Med. 2014, 116,
82–92. [CrossRef] [PubMed]

39. Twisk, J.W.R. Applied Multilevel Analysis; Cambridge University Press: Cambridge, UK, 2006.
40. Oyeyemi, A.L.; Sallis, J.F.; Deforche, B.; Oyeyemi, A.Y.; De Bourdeaudhuij, I.; Van Dyck, D. Evaluation of the

Neighborhood Environment Walkability Scale in Nigeria. Int. J. Health Geogr. 2013, 12, 16. [CrossRef]
41. Oyeyemi, A.L.; Adegoke, B.O.; Sallis, J.F.; Oyeyemi, A.Y.; De Bourdeaudhuij, I. Perceived crime and traffic

safety is related to physical activity among adults in Nigeria. Bmc Pub. Health 2012, 12, 294. [CrossRef]
42. Oyeyemi, A.L.; Adegoke, B.O.A.; Oyeyemi, A.Y.; Sallis, J.F. Perceived environmental correlates of physical

activity and walking in African young adults. Am. J. Health Promot. 2011, 25, e10–e19. [CrossRef]
43. Kirtland, K.A.; Porter, D.E.; Addy, C.L.; Neet, M.J.; Williams, J.E.; Sharpe, P.A.; Neff, L.J.; Kimsey, C.D.;

Ainsworth, B.E. Environmental measures of physical activity supports: Perception versus reality. Am. J.
Prev. Med. 2003, 24, 323–331. [CrossRef]

© 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

176



International  Journal  of

Environmental Research

and Public Health

Article

Test-Retest Reliability and Walk Score®

Neighbourhood Walkability Comparison of
an Online Perceived Neighbourhood-Specific
Adaptation of the International Physical Activity
Questionnaire (IPAQ)

Levi Frehlich *, Anita Blackstaffe and Gavin R. McCormack

Department of Community Health Sciences, Cumming School of Medicine, University of Calgary, Calgary,
AB T2N 4Z6, Canada; ambortni@ucalgary.ca (A.B.); Gavin.McCormack@ucalgary.ca (G.R.M.)
* Correspondence: lcfrehli@ucalgary.ca

Received: 10 April 2019; Accepted: 28 May 2019; Published: 30 May 2019

Abstract: There is a growing public health interest in the contributions of the built environment in
enabling and supporting physical activity. However, few tools measuring neighbourhood-specific
physical activity exist. This study assessed the reliability of an established physical activity
tool (International Physical Activity Questionnaire: IPAQ) adapted to capture perceived
neighbourhood-specific physical activity (N-IPAQ) administered via the internet and compared
N-IPAQ outcomes to differences in neighbourhood Walk Score®. A sample of n= 261 adults completed
an online questionnaire on two occasions at least seven days apart. Questionnaire items captured
walking, cycling, moderate-intensity, and vigorous-intensity physical activity, undertaken inside the
participant’s perceived neighbourhood in the past week. Intraclass correlations, Spearman’s rank
correlation, and Cohen’s Kappa coefficients estimated item test-retest reliability. Regression estimated
the associations between self-reported perceived neighbourhood-specific physical activity and Walk
Score®. With the exception of moderate physical activity duration, participation and duration for
all physical activities demonstrated moderate reliability. Transportation walking participation and
duration was higher (p < 0.05) in more walkable neighbourhoods. The N-IPAQ administered online
found differences in neighbourhoods that vary in their walkability. Future studies investigating
built environments and self-reported physical activity may consider using the online version of
the N-IPAQ.

Keywords: walkable environment; physical activity; sedentary behaviour; neighbourhood; walkability;
active living; survey; questionnaire

1. Introduction

There is a growing public health interest in the contributions of the built environment in enabling
and supporting physical activity. Several systematic reviews provide consistent evidence for an
association between neighbourhood built characteristics and physical activity [1–3]. While this
evidence is encouraging, the accuracy of estimated associations between the built environment and
physical activity have been limited by the use of non-context specific physical activity measures; that is,
measures of physical activity associated with built environment characteristics have not been specific
to the neighbourhood, rather capturing behaviour regardless of the location. There have been previous
calls for the development and use of context-specific physical activity measures [3]; however, few
context-specific self-report measures of neighbourhood-specific physical activity, in particular, exist [4,5].
Ideally, the use of objective measures of physical activity are preferable; however, these approaches for
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physical activity measurement are not always feasible, especially in large population-based studies
or for research teams with limited financial resources and technical expertise to purchase and use
accelerometers and global positioning system (GPS) monitors.

Several studies have captured neighbourhood-specific physical activity via self-report questionnaires [4–7].
To date, psychometric testing of items capturing self-reported neighbourhood-specific physical activity
have included primarily assessments of test-retest reliability [4,7,8]. For instance, the Neighbourhood
Physical Activity Questionnaire (NPAQ) that captures transportation and recreational walking
and cycling (i.e., traveling to and from work, doing errands, or going from place to place) inside
the neighbourhood (within a 15-min walking distance from home) during a usual week has been
demonstrated to have adequate reliability in Australian adults [4]. Furthermore, a modified
version of the NPAQ has also been found to be reliable in Canadian adults [8]. Physical activity
estimates derived from the NPAQ have been associated with neighbourhood built characteristics in
Australian [4], Canadian [8], and Chinese [7] populations. However, available options of tools capturing
neighbourhood-specific physical activity are limited, and of those that exist, most capture “usual”
week behaviour that may overestimate physical activity undertaken in the past week. Although not
providing a habitual measure of behaviour, the latter recall type might be more sensitive to immediate
changes in the neighbourhood built environment or other neighbourhood-level interventions on
physical activity [9]. However, while items for capturing self-reported neighbourhood-specific
physical activity in the “last” week have been used in previous built environment–physical activity
studies [5,6], none to the best of our knowledge have undergone a thorough assessment of reliability.

Studies using internet-administered questionnaires to capture physical activity are becoming
more frequent [10–13]. Internet questionnaires, despite some limitations, have several advantages
over “paper-and-pencil” questionnaires, such as being low cost, allowing the researcher more control
over the sequence in which questions and response options are presented, as well as offering skip
patterns, allowing the researcher to embed procedures for reducing incomplete data, to instantaneously
monitor questionnaire completion and survey participation, and to incorporate visual and audio
prompts within the questionnaire to aid comprehension [14]. Internet-based questionnaires are
being used more often in population surveys [14–16], which has been facilitated by the continued
growth in internet access and availability in relation to signal coverage, increased number of internet
connected devices or devices offering internet connection, and social and cultural shifts in relation to
the perceived importance and expectation of being continually connected to the internet or having
internet access [17,18]. It is estimated that globally approximately 52% of households have access to
the internet, while in developed countries about 83% have internet access [19].

The International Physical Activity Questionnaire (IPAQ) is widely used in physical activity
research and has demonstrated reliability and validity [20]. The IPAQ has also been shown to be
reliable when used in an online format to measure physical activity in Danish [11] and UK [13]
populations. The IPAQ has been adapted to capture perceived neighbourhood-specific physical activity
(N-IPAQ) [21,22]. The aim of this study was to adapt, administer, and test the N-IPAQ via the internet
in a Canadian population. Specifically, we aimed to assess the reliability of the N-IPAQ and compare
differences in self-reported perceived neighbourhood-specific physical activity found from the N-IPAQ
by neighbourhood walkability measured with Walk Score®. Our goal was to provide researchers
interested in capturing neighbourhood-specific physical activity with a reliable online self-report
option, capturing past week physical activity undertaken within perceived residential neighbourhoods.
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2. Materials and Methods

2.1. Study and Sample Design

The sample list for the current methods study was derived from a database of participants
from a larger study (i.e., Pathways to Health) investigating the relations between neighbourhoods,
physical activity, diet, and weight status. The methods for the Pathways to Health study have
been described in detail elsewhere [23,24]; however, briefly, in April 2014 n = 173 established
Calgary (Alberta, Canada) neighbourhoods were stratified into 12 strata. Strata were based on
the neighbourhood street pattern (grid, warped grid, and curvilinear) and socioeconomic status
(advantaged, somewhat advantaged, somewhat disadvantaged, and disadvantaged). Following
computer automation, a random sample of n = 10,500 households were sent recruitment postcards.
A total of n = 1023 participants completed a physical activity, health, and demographic questionnaire
(PAHDQ). Within the Calgary context, neighbourhoods with grid street patterns were more supportive
of walking (high walkability) compared to neighbourhoods with warped-grid (medium walkability) and
curvilinear street patterns (low walkability) [25]. Grid street pattern neighbourhoods, typically found
centrally in urban areas, have higher land use or destination mix, more street and pedestrian connectivity,
and higher population or residential density than those curvilinear street pattern neighbourhoods
that are typically found in suburban areas. Land use mix, connectivity, and density are consistent
correlates of physical activity [26] and considered to be important built characteristics for determining
the walkability of a neighbourhood [27]. Furthermore, walking for transportation has been consistently
linked to neighbourhoods with higher population density, distance to non-residential destinations, and
proximal non-residential destinations [1]. These relationships have been tested in different countries,
such as Canada [28], Australia [29], France [30], Sweden [6], and the United States [31], with studies
finding an increased likelihood of transportation walking with increasing access to services and street
connectivity. The estimation of neighbourhood socioeconomic status, described elsewhere [23,24],
was based on 2006 Canadian census data and included the proportion of those 25–64 years of age who
obtained less than a high school diploma; the proportion of single-parent families and the proportion of
divorced, separated, or widowed among those ≥15 years of age; the proportion of individuals renting
private dwellings and the average value of dwellings; the proportion of unemployment among those
≥25 years of age, and median gross household income.

The Pathways to Health participants also noted their willingness (and contact details) to participate
in follow-up research. Thus, in January 2017 we approached all participants who were willing to
participate in follow-up research and who did not complete the reliability and validity testing of the
paper N-IPAQ (n = 515). Of those approached, n = 151 did not respond, n = 65 refused to participate,
n = 18 emails returned undeliverable, and n = 281 consented to participate in the study. Those
consenting were sent instructions and a web-link for completing the online N-IPAQ on two occasions
(i.e., Time 1 and Time 2) at least seven days apart. The Time 1 and Time 2 questionnaires were identical
with respect to physical activity variables; however, sociodemographic variables were only collected at
Time 1. SurveyMonkey® (SurveyMonkey Inc, San Mateo, California, USA) was used for creating and
delivering the questionnaire and for collecting responses. Completion of all questions was mandatory
in order to progress through the questionnaire (i.e., from page to page) and to submit the questionnaire.
Participants who completed both Time 1 and Time 2 questionnaires were entered into a prize draw
with a 1 in 40 chance to win a gift card ($50 value). Data collection occurred between January and
March 2017. The University of Calgary Conjoint Health Research Ethics Board approved this study
(Ethics ID: REB15-2940).
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2.2. Variables

2.2.1. Neighbourhood Adapted International Physical Activity Questionnaire (N-IPAQ)

We modified items from the IPAQ (long-form) capturing frequency (number of days) and
usual minutes (on one of the reported days) of perceived neighbourhood-specific walking for
transportation, bicycling for transportation, walking for leisure, moderate-intensity physical activity,
and vigorous-intensity physical activity during the last seven days. The original questionnaire item
wording was modified to reflect our focus on capturing neighbourhood-specific physical activity
by inserting the phrase “ . . . inside your neighbourhood”. For example, “During the last 7 days,
on how many days did you walk to go from place to place inside your neighbourhood?”. Within the
questionnaire, participants were provided with fixed response options for physical activity frequency
(i.e., 0 to 7 days) and duration (i.e., 5 to 480 min/day, in 5-min increments). Participants were instructed
to think about activities undertaken inside their residential neighbourhood; however, we did not
provide an operational definition for neighbourhood, and instead we permitted the participant to
interpret “residential neighbourhood” in their own way. By not placing limits on the neighbourhood
geographical area (e.g., 400 m or 5 min walk) or boundary (e.g., administrative boundary), we may
have obtained a better understanding on how residents perceive their neighbourhood in terms of a
context for physical activity behaviour. Previous research has found a paper administrated version
of the N-IPAQ to be reliable [22] and valid compared with accelerometers and GPS monitors [21].
Furthermore, our intention was to go beyond the current assessment of online reliability in future
research by comparing self-reported neighbourhood physical activity (using the online N-IPAQ) with
context-specific physical activity captured using accelerometers and GPS monitors. The N-IPAQ can
be found online under Supplementary Material (Questionnaire S1: N-IPAQ).

2.2.2. Sociodemographic Characteristics

Sociodemographic characteristics collected at Time 1 included participants’ sex and age,
the number of dependents living at home, the number of dogs living in the household, their access to a
motor vehicle for personal use, their access to a bicycle for personal use, and if they had post-secondary
school education.

2.2.3. Neighbourhood Walkability

We linked participants’ six-digit residential postal code to Walk Score® to estimate walkability
(www.walkscore.com). In the Canadian urban context, a six-digit postal code corresponds to a relatively
small geographical unit, which maintains participant confidentiality [32]. Walk Score® has been
validated in both the United States [33,34] and Canada [35]. Furthermore, Walk Score® is positively
associated with other objective indicators of neighbourhood walkability [36] and walking behaviour [37].
Walk Score® was broken up into tertiles to define low, medium, and high neighbourhood walkability.
Walk Score® uses a proprietary algorithm in which amenities located close to home are assigned higher
scores and amenities located farther away are assigned a lower score using a distance decay function.
Maximum points are received for amenities located within 400 m (a 5 min walk) and a zero score is
assigned to amenities located farther than a 30 min walk from home.
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2.3. Statistical Analysis

Descriptive statistics including means, standard deviations, and frequencies were calculated
for sociodemographic variables for the overall sample and stratified by neighbourhood walkability.
We calculated weekly minutes of physical activity by multiplying the reported frequency (in days per
week) by the duration of activity (in minutes on a usual day). Participation variables were created
by recoding each physical activity into “participation” (at least 1 day/week) versus “no participation”
(0 days/week). Similar to previous studies using the IPAQ, to address outliers all variables were
truncated at the 99th percentile and weekly physical activity (days × daily duration) was truncated to
1680 min [38–40].

The reliability of the online N-IPAQ participation variables was assessed using Cohen’s
Kappa coefficients (κ) and proportion of overall agreement, while the reliability of the online
N-IPAQ continuous variables was assessed using intraclass correlations (ICC) and Spearman’s
rank correlations (ρ). Furthermore, we estimated ICC and ρ among: (1) All participants regardless
of participation, and; (2) all participants excluding those who reported zero minutes/week. We used
published cut-points for describing our estimates (i.e., ICC, ρ, and Kappa correlations: Poor < 0.40,
moderate≥ 0.40 to 0.75, and excellent > 0.75, and proportion of overall agreement≥75% was considered
acceptable) [41].

The online N-IPAQ captured perceived neighbourhood-specific differences in physical activity.
Highly walkable neighbourhoods have been consistently shown to be associated with more physical
activity, especially walking [1,2,30,42]. Notably, several studies have found a higher Walk Score®

to be associated with more transportation walking [32,36,37]. We used binary logistic regression to
estimate the associations (odds ratios: (OR) and 95% confidence intervals (CI)) between participation
in neighbourhood-specific walking for transportation, walking for leisure, bicycling for transport,
moderate-intensity and vigorous-intensity physical activity, and neighbourhood walkability. In separate
linear regression models, we estimated differences for Walk Score® in relation to weekly minutes
of neighbourhood-specific walking for transportation, walking for leisure, bicycling for transport,
moderate-intensity and vigorous-intensity physical activity. All models were adjusted for covariates
(sex, age, number of dependents, dog ownership, motor vehicle access, bicycle access, and education)
and included data from Time 1 only. All statistical analyses were undertaken using STATA version
14.2 (StataCorp, College Station, TX, USA). Statistical significance was set at α ≤ 0.05.

3. Results

3.1. Sample Characteristics

In total, n = 261 participants provided complete data at Time 1 and Time 2 and were included in
the analysis. The mean (SD) age of our sample was 53.9 (13.2) years. The sample consisted of 69.4%
women, 68.6% with university education, 40.6% dog-owners, 99.7% with access to a motor vehicle, and
82.0% with access to a bicycle. Participants were evenly distributed by neighbourhood walkability
(low (35.2%), medium (32.6%), and high (32.2%)). The mean (SD) Walk Score® was 60.8 (14.7);
Walk Score® differed significantly for all neighbourhood walkability comparisons (p < 0.05 ANOVA:
Bonferroni). The average Walk Score® among participants from high walkable neighbourhoods
(78.7 (5.5)) was significantly (p < 0.05) higher compared with participants from medium (59.8 (5.7))
and low walkable (45.4 (4.8)) neighbourhoods. Participants from low walkable neighbourhoods were
on average older than those from medium walkable and high walkable neighbourhoods (p < 0.05
ANOVA, Bonferroni: Table 1).
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3.2. Self-Reported Participation in Perceived Neighbourhood-Specific Physical Activity

The proportion of overall agreement in participation of neighbourhood-specific physical activity
between Time 1 and Time 2 ranged from 72.8% for moderate physical activity to 94.6% for bicycling
for transport. With the exception of moderate physical activity (72.8%) and walking for recreation
(73.2%), the proportion of overall agreement for other physical activities was acceptable (≥75%). Kappa
estimated agreement for participation in neighbourhood-specific physical activities was considered
moderate (κ = 0.41 to 0.58) (Table 2).

3.3. Self-Reported Days and Minutes of Perceived Neighbourhood-Specific Physical Activity

The correlations in self-reported perceived neighbourhood-specific physical activities between
Time 1 and Time 2 were moderate for days per week (ICC = 0.50 to 0.66), poor to moderate for usual
minutes per day (ICC = 0.37 to 0.57), and moderate for calculated minutes per week (ICC = 0.49 to 0.69)
(Table 3). All Spearman’s rank correlations when all participants were included were moderate and
ranged from ρ = 0.41 for minutes per week of moderate physical activity to ρ = 0.75 for computed
total minutes active per week (Table 3). After excluding participants who reported zero minutes
(no participation), the ICC magnitude increased for all bicycling (days/week: From 0.52 to 0.70, and
min/day: From 0.40 to 0.81, min/week: From 0.60 to 0.85) and walking for leisure variables (days/week:
From 0.60 to 0.75, min/day: From 0.50 to 0.55, and min/week: From 0.69 to 0.71) (Table 4). After
excluding participants who reported no participation, the majority (11/16) of the Spearman’s rank
correlations increased in magnitude, with computed total minutes active per week (ρ = 0.76) and
minutes per week of bicycling for transportation (ρ = 0.87) displaying excellent correlations (Table 4).

3.4. Relations between Perceived Neighbourhood-Specific Physical Activity and Neighbourhood Built Environment

After adjusting for all covariates, compared with participants in low walkable neighbourhoods,
those in high walkable neighbourhoods were more likely to report participation in perceived
neighbourhood-specific walking for transportation (OR = 3.02, 95% CI: 1.39 to 6.56) and undertook
on average 41.08 (95% CI: 2.87 to 79.30) more minutes per week of walking for transportation.
Participants in medium walkable neighbourhoods were more likely to report participation in perceived
neighbourhood-specific moderate-intensity physical activity (OR = 2.02, 95% CI: 1.06 to 3.86) than
those in low walkable neighbourhoods (Table 5). After adjusting for all covariates, a 1-unit increase
in Walk Score® was linearly associated (p < 0.05) with a 1.4 min per week increase in perceived
neighbourhood-specific walking for transportation (Table 5). Neighbourhood walkability and Walk
Score® were not statistically associated with any other physical activity outcomes.
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4. Discussion

Our findings suggest that IPAQ items, that are adapted to capture self−reported perceived
neighbourhood-specific physical activity and are administered via the internet, provide reliable
estimates of behaviour. Notably, we also found that self−reported participation and minutes in
perceived neighbourhood-specific walking for transportation differed by level of neighbourhood
walkability, supporting previous findings showing consistent associations between the built
environment and walking [1,5,6]. Although further assessment of the online N-IPAQs measurement
validity is needed, our preliminary findings might suggest that this tool is suitable for use in studies
investigating relationships between neighbourhood built environments and physical activity, and in
particular transportation walking, in adult populations.

With the exception of daily minutes of moderate physical activity (ICC = 0.37), all of our measures
had at least moderate test-retest reliability, with the highest test-retest reliability found for total minutes
of perceived neighbourhood-specific physical activity during the last week (ρ = 0.75). It was not
surprising that moderate physical activity outcomes had the lowest reliability statistics as moderate
physical activity is often accumulated via many different types of non-walking behaviour that may
not be easily recalled. Lower reliability for moderate physical activities captured using the IPAQ has
been reported elsewhere [20], including when the IPAQ was administered online [13]. Nonetheless,
future research may implement strategies to overcome this limitation, such as researcher-assisted
administration, or better clarification and more examples about what constitutes moderate physical
activity. The reliability of total physical activity in our study is congruent with previous studies whereby
the estimated IPAQ test-retest correlations across 21 studies ranged from 0.46 to 0.96 [20], depending
on the lapsed time between administrations (between three and seven days), the data collection mode
(self-reported versus telephone interview), the number of administrations (between one and three),
and if “usual week” or “last 7 days” was used in the questions. Of the 21 test-retest IPAQ studies, only
two closely resembled our data collection procedure (i.e., used the long-form IPAQ, captured physical
activity undertaken in the last seven days, and asked participants to complete two administrations);
these studies had correlations of 0.72 and 0.79 [20]. However, the days between administrations
were “up to” seven days later [20]; as time between our administrations was a “minimum” of seven
days, these discrepancies in correlation may be due to participants being better able to recall their
responses during the shorter time frame. Furthermore, other research using online administrations of
the IPAQ showed a test-retest of total physical activity energy expenditure ICC = 0.58 [11] and total
moderate−vigorous physical activity ICC = 0.70 [13]. Moreover, results from research undertaken
in Canada produced similar reliability for weekly minutes of moderate physical activity inside the
neighbourhood (ICC = 0.38) [8]. These results indicate that an online version of the N-IPAQ is a reliable
tool for capturing self-reported perceived neighbourhood-specific physical activity.

Built environment characteristics have been consistently associated with physical activity [2,42]
and in particular walking [1,30]. Furthermore, walking for transportation has been consistently linked
to neighbourhoods with higher population density, distance to non-residential destinations, and
proximal non-residential destinations [1]. These relationships have been tested in different countries,
such as Canada [28], Australia [29], France [30], Sweden [6], and the United States [31], with studies
finding an increased likelihood of transportation walking with increasing access to services and street
connectivity. These findings are consistent with our results; that is, compared to lower walkable
neighbourhoods, residents living in high walkable neighbourhoods had higher odds of walking for
transportation. Our results also showed that residents from high walkable neighbourhoods undertook
an average of 41 more total minutes a week of transportation walking compared to residents in low
walkable neighbourhoods. This result is further supported by our finding of a statistically significant
linear increase in minutes of transportation walking and Walk Score®. An association with Walk
Score® and transportation walking was excepted as higher scores are linked with a closer proximity
to services and amenities [28,36,37]. Importantly, the online N-IPAQ found associations between the
neighbourhood environment and transportation walking in the expected direction.
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The definition of neighbourhood may impact validity as residents and researchers may not have
the same operational definition or perception of neighbourhood, leading to the modifiable areal unit
problem [43,44]. Adams et al. [45] demonstrated that residents’ neighbourhood perception of a 20-min
“time to walk to a destination” produced stronger correlations with objective measures than a 10
or 30-min cut-point did. Furthermore, research using GPS devices found GPS points captured by
varying buffers ranged from 28.6 to 97.9%, indicating some buffers may not accurately represent a
resident’s exposure to their neighbourhood built environment [43]. In our adaptation of the IPAQ,
we did not explicitly define the size of the neighbourhood, thus allowing the tool to capture residents’
physical activity within their perceived residential neighbourhood. A paper administration of the
N-IPAQ found that perceived neighbourhood-specific physical activity provided strong agreement
with physical activity captured with an accelerometer and GPS at a 400m buffer around the participant’s
home [21]; however, similar research is needed to test if these results would be found in the online
administration of the N-IPAQ.

Our study has several limitations. Levels of self-reported physical activity are often
over-reported [46]. Moreover, there may have been a learning effect of the questionnaire, whereby after
the respondent completed Time 1, they were more cognizant to their physical activity for Time 2; thus,
this could have attenuated our reliability results. The use of objective measures for capturing physical
activity, such as GPS combined with accelerometers, may provide a better option for measuring
context-specific physical activity; therefore, as was done with the paper version of the N−IPAQ [21],
accelerometers synchronized with GPS monitors may be used in future research with smaller samples
as a criterion measure to further validate the online N-IPAQ. We did not find statistical differences in
education between levels of neighbourhood walkability; however, we did not measure other proxies of
socioeconomic status or variables such as health status; therefore, our comparisons with Walk Score®

walkability may have been confounded by other measures that may affect physical activity. Although
Walk Score® has been validated against objective built environment characteristics [33–35], we did not
measure these characteristics directly or measure residents’ perceived neighbourhood environment;
therefore, this may have introduced some measurement error. Moreover, Walk Score® measures are
for a distinct location; therefore, if our participants perceived their neighbourhood as one outside of
the Walk Score® buffer, our estimates would be discordant. Moreover, while our adapted tool was
reliable and was sufficiently sensitive to detect changes in physical activity (i.e., transportation walking)
based on differences in neighbourhood walkability, other approaches of validation, such as comparing
self-reported physical activity captured by this tool against objective measures of physical activity
are still required. Compared to the 2014 Calgary Census for our study neighbourhoods, our sample
had similar education (68.6 vs. 63.0% in the 2014 Calgary Census obtained postsecondary education),
had a higher proportion of women (69.4 vs. 49.7% in the 2014 Calgary Census), was older on average
(53.9 vs. 39.0 in the 2014 Calgary Census) [24], and may have been more motivated—recruited from a
pool of recent study participants who were willing to be contacted for future research—thus limiting
generalizability of our findings. Moreover, participation in bicycling was low in our sample which
influenced our estimate ICC for bicycling duration. For example, ICC and ρ for usual time spent
bicycling for transportation increased from 0.40 to 0.81 and 0.48 to 0.87, respectively, when only looking
at participants reporting (n = 7) bicycling in the last week. Caution may be needed in using this
tool to capture neighbourhood bicycling. More pilot testing of this tool in a sample consisting of a
larger number of bicyclists is warranted. Lastly, although the use of an internet-based survey mode
is convenient, offers more control over survey response patterns, and is low cost relative to other
survey modes [14], some participants may have experienced technical difficulties, whether it be due to
software, hardware, or personal computer skills resulting in loss of data and or study drop-out.
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5. Conclusions

The online N-IPAQ has similar test-retest reliability as the non-modified IPAQ. The online N-IPAQ
found differences in neighbourhoods that vary in their walkability. Future studies investigating built
environment and physical activity may consider using the online version of the N−IPAQ for capturing
perceived neighbourhood-specific physical activity.
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Abstract: Mobility management is a transportation policy aiming to change travel behavior from
car use to sustainable transportation modes while increasing people’s physical activity. Providing
pedometers and visualizing step counts, popular interventions in public health practice, may constitute
a mobility management program. However, the ease of modal shifts and changeability of walking
habits differ across neighborhood environments. Using questionnaire data from 2023 middle-aged
and older participants from Yokohama, Japan, in May 2017, this study examined (1) the relationship
between the physical and social environments of Yokohama Walking Point Program participants
who volunteered to use free pedometers and their modal shifts from cars to walking and public
transport, and (2) whether participants’ modal shifts were associated with increases in step counts.
Multivariate categorical regression analyses identified the frequency of greetings and conversations
with neighbors as well as health motivation as important explanatory variables in both analyses.
Participants living in neighborhoods far from railway stations and in neighborhoods with a high bus
stop density tended to shift to walking and public transport, a modal shift that was highly associated
with increased step counts. These results suggest that mobility management should be promoted in
collaboration with public health and city planning professionals.

Keywords: mobility management; public transport; step counts; city planning; compact city;
neighborhood

1. Introduction

Although considerable evidence exists demonstrating that physical inactivity increases the risk
of major non-communicable diseases and shortens life expectancy, much of the world’s population
is inactive [1,2]. Recently, researchers have urged city planning policies to increase opportunities for
physical activity (PA) by encouraging active transport (e.g., walking and cycling) and public transport
use (e.g., railway and local bus) and reducing private car use [3–5]. One such policy concerns the
creation of compact cities in which major facilities are concentrated within the city center, around
public transport hubs, enabling residents to walk to public transport. This model is in contrast to
sprawled cities in which residents are dependent on cars [5,6].

The Japanese government at the national and municipal levels have sought to promote compact
city policies in light of the need to reduce environmental load and the reality of an increasing older
population. The Japanese city of Toyama’s city planning policies are reflective of the trend towards
compact cities, with the municipality promoting public transit-oriented development and vitalization
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through initiatives such as the opening of the first light-rail transit in Japan and the subsidizing of costs
for the acquisition of dwellings in the city center and along public transport lines [7,8]. Nonetheless, the
realization of a truly compact city requires tens of years to come to fruition; as such, it is necessary to
implement policies beyond those that look to change the physical environment, policies that promote a
modal shift from cars to walking and public transport (hereafter simply referred to as “modal shift”),
in addition to policies that look to reshape the urban structure.

Mobility management (MM) is one example of such non-physical transportation management
policies. MM aims to change travel behaviors from car use to sustainable transportation modes (i.e.,
public transport and active transport) using communicative measures such as the provision of specific
information on public transport, travel education, and word-to-mouth recommendation [9,10]. We use
the term MM according to these definitions hereafter in this study, while MM is often referred to as
travel planning in the United Kingdom [11] and voluntary travel behavior change in Australia [12].
Drawing on research from social and environmental psychology, studies on MM have accumulated
since the mid-1990s, with such research contributing to the identification and development of effective
methods of promoting modal shifts [13]. In addition, factors that influence the choice of travel mode,
such as travel time and family structure, have been investigated [14–16].

MM practices have been reported not only in developed but in developing countries as well. In
Metropolitan Manila, Philippines, a rideshare app for university students was developed to promote
behavioral change [17,18]. In Japan, typical MM practices include personal conversations, workshops,
education initiatives in schools, and travel feedback programs, practices that look to address social
problems caused by car overuse [19]. A MM program in Yamato, Kanagawa, in which participants
were provided pedometers in addition to leaflets and town guides, succeeded in decreasing their car
use and increasing their PA [20].

In public health research and practice, providing pedometers and visualizing step counts is also
a popular intervention for promoting PA [21–23]. Compared to other devices used to visualize step
counts, a pedometer is cheaper and easier for every population to use. A systematic review of studies
which assessed pedometer use among adults suggests that pedometer use is associated with significant
increases in PA and improvements in several key health outcomes [24]. However, the ease with
which modal shifts and the changeability of walking habits occur differs according to participants’
neighborhood environments. Several studies have shown that public transport users spend greater
amounts of time walking [25,26], with access to public transport associated with increased PA [27–29]
and walking [30,31]. For example, an analysis of 6822 adults from 14 cities in 10 countries found
that public transport density is significantly, positively, and linearly correlated with increased PA [32].
In addition, a longitudinal study confirmed that access to bus stops and railway stations is a key
determinant of walking as a mode of transportation [33]. Based on existing studies demonstrating
a relationship between public transport and PA/walking habits, the ease with which modal shifts
and changeability of walking habits occur must be analyzed in light of participants’ access to public
transport in order for effective intervention to occur.

This study engages in such an analysis within the context of a program in the Japanese city of
Yokohama, in which participants volunteered to use free pedometers to promote PA and improve their
health. The first part of this study examines the relationship between participant attributes and their
surrounding physical environments (i.e., distance to the nearest railway stations and bus stop density)
and social environments (i.e., frequency of interaction with neighbors) on one hand, and modal shift
on the other. In the second part of this study, we explore if and how modal shifts are associated with
increases in step counts while controlling for other factors. This study contributes to the existing
literature by identifying how neighborhood environments influence middle-aged and older people’s
active behaviors in the context of a super-aged society such as Japan, which has the world’s highest
proportion of older adults among its population [34].
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2. Materials and Methods

2.1. Yokohama Walking Point Program

Located 30–40 km from Tokyo, Yokohama is the second-most populous city in Japan and was
developed as an international port city. The city has a population of approximately 3.7 million people,
of whom 24% are 65 years or older as of January 2017. The city’s railway network has been developed,
with many lines running towards central Tokyo. The railway is approximately 308 km long, and there
are 157 railway stations in Yokohama. The local bus network has been expanded around the railway
stations, enabling approximately 90% of citizens access to the railway stations within 15 minutes.
According to the latest Person Trip Survey from 2008, railway and local bus use constituted 33.9%
and 5.8% of the main modes of transportation, respectively, with these figures being higher than
in other nearby major cities [35]. Nevertheless, approximately 20% of greenhouse gas emissions in
Yokohama are caused by the transportation sector, half of which can be attributed to private cars [36].
Thus, shifting from private cars to public transport is one of the policy targets of the city as it looks to
reduce its environmental footprint, improve the sustainability of public transport, and promote citizen
health [36].

In November 2014, the city launched the Yokohama Walking Point Program (YWPP) to encourage
citizens to improve their health and healthy life expectancy, as the average age of the population and
the nature of diseases change. It provided free pedometers (Omron HJ-326F, Japan), purchased with the
city budget, for volunteer participants aged 40 years and above. In June 2016, participation qualification
was expanded to citizens aged 18 years and above. Participants were awarded points based on their
step counts by scanning their pedometers via special readers installed at approximately 1000 stores
and other facilities in the city. Accumulation of a certain number of points made participants eligible
to win prizes. The scanned data were sent to a data server through the Internet, and participants could
monitor step counts and rank among all participants using a computer or smartphone [37,38]. Every
time the average monthly step counts from all participants exceed a set target, 200,000 yen is donated
to the United Nations World Food Programme.

2.2. Data Collection

Participants’ sex, age, neighborhood-level address, and number of months participating in YWPP
were acquired from the YWPP registration information. Distance to the nearest railway station
was measured from the center of each neighborhood, and bus stop density was calculated for each
neighborhood using data from the National Land Numerical Information download service [39].

The other data were measured in the questionnaire survey that Yokohama city conducted in
May 2017 among 6000 participants selected from 231,600 participants. They were randomly and
proportionally selected from three stratified groups by data sending rate: participants whose data
sending rate was 80% or more, less than 80%, and those who never sent data. Among the selected
participants, 3493 replied to the survey, with a response rate of 58.2%. Since the original age eligibility
requirement for the program was 40 years and older until June 2016, 141 respondents were aged
below 40 and were thus excluded from analysis. Ultimately, a total of 2023 participants who answered
all necessary questions were included in the survey analysis. The questionnaire asked primarily
about the participants’ changes in walking habits and health attitudes as well as their modal shifts
after participating in the program for a period of time. Translated questions asked in the survey are
presented in Table A1.

2.3. Variables

2.3.1. Outcome Variables

In the first analysis, modal shift with four options, ranging from “Yes” to “No”, served as the
outcome variable. In the second analysis, increases in step counts served as the outcome variable.
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Although it originally had four options, ranging from “increased” to “decreased”, “decreased” was
selected by only 0.5% of participants and thus merged with “not changed”.

2.3.2. Explanatory Variables

The explanatory variables in both analyses were distance to the nearest railway station, bus
stop density, and frequency of greetings and conversation with neighbors. Participants’ modal shift,
which was the outcome variable in the first analysis, was added as an explanatory variable in the
second analysis.

As the number of bus stops (2735) was much higher than the number of neighborhoods (758) in
Yokohama, we used bus stop density rather than distance to a bus stop as an explanatory variable. The
mean distance to the nearest railway station was 807.6 (±634.6) m and the mean bus stop density per
km2 was 7.6 (±9.3). The two variables were disaggregated into four categories by three thresholds:
approximately the mean and the mean ± 1/2 SD.

Frequency of greetings and conversation with neighbors was surveyed with five options ranging
from “increased” to “decreased”. Not only physical but social features of neighborhoods can also
affect health by constraining or enhancing health-related behaviors [40]. Also, relationships between
neighbors have been shown to have a positive association with engagement in PA [41].

2.3.3. Control Variables

The control variables in both analyses were participants’ sex, age, occupation, self-rated health,
diagnosis of a metabolic syndrome prior to participation, motivation for participation in YWPP, and
months participating in YWPP.

Participants’ ages were categorized as non-older adults (<65 years), early-stage older adults (65–74
years), and later-stage older adults (>75 years), based on categories provided by the long-term care
insurance system in Japan [42]. Self-rated health [43–45], pre-existing metabolic syndromes [46,47],
and motivation [48,49] were found to be associated with walking/PA in previous studies. Months
participating in YWPP was considered because the effect of pedometers on participants’ walking levels
might vary over time [50].

Regarding motivation for participation, we identified four categories—health motivation, profit
motivation, data confirmation motivation, and interaction motivation—based on the result of a
hierarchical cluster analysis of the original 10 hypothesized options from which participants could
select multiple answers (Table A2).

Survey options selected by a small percentage of participants were merged into four
variables—occupation, self-rated health, frequency of greetings and conversations with neighbors, and
change in step counts—as shown in Table 1.

2.4. Statistical Analysis

Multivariate categorical regression was used in both analyses. Categorical regression quantifies
categorical variables using optimal scaling and assigns numerical values to categories. It simultaneously
scales nominal, ordinal, and numerical variables and treats quantified categorical variables in the same
way as numerical variables. Scaling all variables at the numerical level results in standard multiple
regression analysis of the transformed variables [51]. In our analyses, all variables including outcome
variables were transformed into numerical variables.

The output of the analysis comprises regression coefficients, their statistical significance, and
Pratt’s relative importance measure of predictors, which is large for predictors that are crucial to the
regression and useful in interpreting predictor contributions to the regression, for all explanatory and
control variables [51].

The significance level was set at p < 0.05. All statistical analyses were conducted using IBM SPSS
Statistics 23 (IBM Corp., Armonk, NY, USA).
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Table 1. Characteristics of the study samples and questionnaire results (n = 2023).

Variables Options n %

Control variables

Sex
Male 869 43.0

Female 1154 57.0

Age (years)
<65 781 38.6

65–74 778 38.5
75+ 464 22.9

Occupation
Full-time 367 18.1

Part-time/self-employed 407 20.1
Non-worker/other 1249 61.7

Self-rated health (before participation)
Healthy 646 31.9

Rather healthy 1158 57.2
(Rather) unhealthy 219 10.8

Diagnosis of metabolic syndrome (before participation)
Yes 262 13.0

Preliminary 238 11.8
No 1523 75.3

Motivation for participation in YWPP (Multiple Answers)

Health 1607 79.4
Profit 1282 63.4

Data confirmation 945 46.7
Interaction 574 28.4

Months participating in YWPP
<12 421 20.8

12–24 512 25.3
24+ 1090 53.9

Explanatory variables

Frequency of greetings and conversations with neighbors
Increased 195 9.6

Slightly increased 621 30.7
Not changed/(slightly)

decreased 1207 59.7

Distance to the nearest railway station

<500 m 583 28.8
500–800 m 556 27.5
800–1100 m 286 14.1

1100 m+ 598 29.6

Bus stop density (per km2)

<3 330 16.3
3–7.5 969 47.9
7.5–12 534 26.4

12+ 190 9.4

Outcome variables

Modal shift

Yes 548 27.1
Mostly yes 578 28.6
Mostly no 432 21.4

No 465 23.0

Change in step counts
Increased 910 45.0

Slightly increased 408 20.2
Not changed/decreased 705 34.9

3. Results

3.1. Sample Statistics

Participant characteristics and questionnaire results are presented in Table 1. Regarding outcome
variables, more than half of the participants disclosed that they had “shifted from cars to public
transport/slightly shifted”, and approximately two-thirds of participants reported that their step counts
had “increased/slightly increased” after participation in YWPP. Approximately 40% reported that their
frequency of greetings and conversations with neighbors “increased/slightly increased”.
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Regarding the control variables, males constituted 43.0% of the sample. The mean age of the
participants was 65.7 (±11.1) years, with 61.4% being more than 65 years old as of the end of May
2017. Only 18.1% of the participants had full-time jobs, reflecting the old age of the sample population.
Approximately 90% reported that prior to participation in the program, they had been “healthy/rather
healthy”, with less than 25% having been diagnosed with a metabolic syndrome. More than half
had participated in YWPP for more than 24 months at the time of the survey. As the motivation for
participation in YWPP, health, profit, data confirmation, and interaction were selected by 79.4%, 63.4%,
46.7%, and 28.4% of the participants, respectively.

3.2. Modal Shift

The left side of Table 2 shows the results of the first analysis, and Table 3 shows the numerical values
assigned to the categorical variables. The variables with the most and the second-most importance
were, respectively, health motivation and frequency of greetings and conversations with neighbors.

Table 2. Results of categorical regression.

Outcome Variables
Modal Shift Change in Step Counts

B p Importance B p Importance

Sex 0.048 0.031 * 0.013 0.026 0.147 0.002
Age (years) 0.040 0.082 0.046 0.067 0.000 *** 0.020
Occupation 0.056 0.007 ** 0.057 0.062 0.001 ** 0.033
Self-rated health a −0.001 1.000 0.000 −0.039 0.141 0.007
Diagnosis of metabolic syndrome a 0.043 0.009 ** 0.019 0.016 0.294 0.002
Motivation: Health 0.203 0.000 *** 0.383 0.158 0.000 *** 0.172

rofit 0.029 0.136 0.011 0.017 0.260 −0.001
Data confirmation 0.036 0.079 0.007 0.027 0.123 0.004
Interaction 0.030 0.113 0.020 0.059 0.003 ** 0.030

Months participating in YWPP 0.057 0.001 *** 0.036 0.018 0.223 0.005
Frequency of greetings and
conversations with neighbors 0.199 0.000 *** 0.375 0.103 0.000 *** 0.097

Distance to the nearest railway station 0.038 0.008 ** 0.014 0.019 0.139 0.002
Bus stop density (per km2) 0.051 0.000 *** 0.019 0.035 0.006 ** 0.003
Modal shift 0.369 0.000 *** 0.623
p 0 0
Adjusted R2 0.129 0.260

B: regression coefficient (beta); p: statistical significance of coefficient (* < 0.05, ** < 0.01, *** < 0.001); importance:
Pratt’s relative importance measure of predictors; a before participation.

Regarding physical environment, distance to the nearest railway station as well as bus stop density
were also significantly associated with the outcome variable. Participants living in neighborhoods
far from railway stations (more than 1100 m) and those with a high bus stop density (more than
12 per km2) tended to shift from cars to public transport. Figure 1 shows the spatial distribution of
such neighborhoods—neighborhoods far from railway stations were located in suburban hilly areas
and coastal industrial zones, while most neighborhoods with a high bus stop density were located
near city centers.

Regarding the other control variables, being male, unemployed, diagnosed with a metabolic
syndrome before participation, and longer months participating in YWPP were positively associated
with modal shifts, while age and self-rated health were not. The adjusted R2 of the regression was 0.129.
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Table 3. Numerical values assigned to the categories.

Variables Categories
Outcome Variables

Modal Shift Change in Step Counts

Sex
Male −1.152 −1.152

Female 0.868 0.868

Age (years)
<65 1.261 0.352

65–74 −0.810 −1.168
75+ −0.764 1.366

Occupation
Full-time 1.684 1.310

Part-time/self-employed 0.807 1.234
Non-worker/other −0.758 −0.787

Self-rated health a

(before participation)

Healthy −0.598 −0.390
Rather healthy −0.200 −0.325

(Rather) unhealthy 2.823 2.869

Diagnosis of metabolic syndrome
(before participation)

Yes −1.157 1.468
Preliminary −2.254 −2.453

No 0.551 0.131

Motivation

Health
Yes −0.509 −0.509
No 1.965 1.965

Profit
Yes 0.760 −0.760
No −1.315 1.315

Data confirmation
Yes −1.068 −1.068
No 0.936 0.936

Interaction
Yes −1.589 −1.589
No 0.629 0.629

Months participating in YWPP
<12 1.824 0.975

12–24 −1.061 1.164
24+ −0.206 −0.923

Frequency of greetings and
conversations with neighbors a

Increased −2.455 −2.027
Slightly increased −0.614 −0.883

Not changed/(slightly)
decreased 0.713 0.782

Distance to the nearest
train station

<500 m 1.054 0.460
500–800 m 0.516 −0.380
800–1100 m −0.167 2.008

1100 m+ −1.428 −1.056

Bus stop density (per km2)

<3 1.613 -0.986
3–7.5 −0.156 0.506

7.5–12 0.154 0.607
12+ −2.436 −2.573

Modal shift a

Yes −1.394 −1.146
Rather yes −0.191 −0.498
Rather no 0.655 0.503

No 1.272 1.503

Change in step counts a
Increased −0.887

Slightly increased −0.334
Not changed/decreased 1.338

a The order of the categories is preserved in the optimally scaled variables.

198



IJERPH 2019, 16, 2144

Figure 1. Spatial distribution of accessibility to public transport.

3.3. Change in Step Counts

The right side of Table 2 shows the results of the second analysis, with Table 3 showing the
numerical values assigned to categorical variables. The variable with the most importance by far was
modal shift. This was followed by health motivation and by frequency of greetings and conversations
with neighbors, both of which were highly associated with the outcome variable in the first analysis.

Regarding physical environment, bus stop density was significantly associated with increased
step counts. Those living in neighborhoods more than 1100 m away from the nearest railway station
tended to increase their step counts, although the variable was not statistically significant.

Regarding the other control variables, ages between 65 and 74 years, non-workers, and interaction
motivation were positively associated with increased step counts, while sex, self-rated health, and
months participating in YWPP were not. The adjusted R2 of the regression was 0.260, which was
higher than the first analysis.

4. Discussion

This study examined aspects of the physical and social environments of middle-aged and older
participants, who volunteered to use free pedometers, that are associated with modal shifts and
increases in step counts in Yokohama, Japan. Although the adjusted R2 of the regression was not high
in the two analyses, eight and seven variables were statistically significant in the respective analyses.
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The results of the first analysis showed that participants living in neighborhoods far from railway
stations and in neighborhoods with a high bus stop density tended to engage in modal shifts. This
shift may have occurred because local buses are used for shorter trips than railways, and participants
changed their short trip transport mode from cars to buses. On the other hand, participants living near
railway stations seemed unable to change their transport mode while participating in the program.
This may be because these participants had used cars less frequently than suburban participants prior
to participation because of the general features of the city’s transit-oriented development, such as “less
convenience for cars and special consideration for pedestrians” [26].

The second half of the study showed that participants’ modal shifts were most associated with
increases in their step counts. These results suggest that participation in YWPP promoted modal
shifts and walking instead of driving. As seen with modal shifts, living in neighborhoods with a high
bus stop density tended to increase participants’ step counts. Although not statistically significant,
participants living in neighborhoods far from railway stations tended to increase their step counts.
Particularly in light of the results of a previous study on a Japanese rural city that demonstrated that
distance to bus stops had significant relationship with PA, but distance to railway stations did not [52],
future studies should explore the role of public transport not only by distinguishing railway and bus
modalities, but urban and rural environmental differences as well.

Participants’ frequency of greetings and conversations with others, as a proxy for social
environment, was positively associated with modal shifts and increases in step counts. Considering
the causal relationship, identified by a quasi-longitudinal study [53], in which changes in socializing
with neighbors had a positive impact on walking activities, the provision of pedometers in our study
might encourage opportunities for communication with other participants and promote participants to
go out and use public transport together.

With regard to control variables, motivation to participate in YWPP must be highlighted.
Health motivation had a positive association with both modal shift and increased step counts,
while self-rated health before participation was not statistically significant. Interaction motivation
was also positively associated with increased step counts, a finding potentially driven by the fact that
expanded social connections may have contributed to increased frequencies of going out, as discussed
above. On the other hand, the other categories of motivations—profit motivation and data confirmation
motivation—were not found to be statistically significant in either analysis. These aspects of YWPP
appear to not be useful in promoting modal shifts and increased walking.

While participants with preliminary metabolic syndromes tended to report relatively high levels
of modal shifts, those with metabolic syndrome did not do so. This result is consistent with previous
studies demonstrating that the conditions of overweight and obesity are causally associated with future
inactivity [54,55]. These findings suggest the importance of intervention at an early stage because
PA promotion for obese and overweight people is more difficult. Considering the fact that health
motivation was found to be positively associated with both modal shifts and increased step counts,
providing pedometers and PA education during health examinations may be effective at preventing
and treating metabolic syndrome.

In Japan, many municipalities list health promotion as a benefit of compact cities as well as
the reduction of environmental load [6]. In depopulated areas, however, bus routes may decrease
in frequency or even withdraw from these areas entirely, a reality that is undesirable from the
viewpoint of health promotion. As such, bus routes and availability should be sustained. During
the realization of compact cities, non-physical policies such as MM programs should be promoted
in the short-term, informed by collaboration between public health and city planning professionals.
Pedometer intervention may prove to be a critical component of such policies, one that contributes to a
healthy active urban population.

While making an important contribution to existing research on neighborhood environments and
people’s active behaviors, this study has some limitations. Retrospective questions on participants’
public transport use, step counts, self-reported health, and communication frequency with neighbors
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may be subject to recall bias. Changes in step counts reported in our questionnaire might also be
subject to self-reporting bias, as we lacked measures of step counts before the pedometer intervention.
In addition, study participants may not be representative of the general population of Yokohama city in
that they were motivated to have pedometers, suggesting a higher baseline interest in PA than others.
We cannot know precisely the effect of pedometers in reality as in a control experiment due to the
absence of comparison with non-participants. Lastly, only the physical environment of neighborhoods
in which participants lived was considered in this study. Future studies should examine more detailed
factors for modal shifts and the promotion of walking through pedometer use by considering physical
and social environments not only around participant homes, but workplaces and favorite places as
well. This may be done using travel diary data or GPS data.

5. Conclusions

This study examined the relationship between the physical and social environments of middle-aged
and older YWPP participants who volunteered to use free pedometers, and their modal shifts from
cars to walking and public transport. This study further considered if participants’ modal shifts were
associated with increases in their step counts using questionnaire data. The results of multivariate
categorical regression analysis find that the frequency of greetings and conversations with neighbors
as well as health motivation are highly associated with modal shift. Regarding physical environment
characteristics, participants living in neighborhoods far from railway stations and in neighborhoods
with a high bus stop density tended to shift to walking and public transport. In addition, modal shift
was by far the most associated with increased step counts. This study’s results suggest that pedometer
intervention could be an effective component of MM programs that promote healthier, active cities.
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Appendix A

Table A1. Questions asked in the survey.

Variables Questions Asked in the Survey

Self-rated health
(before participation) How did you feel about your health? (before participation)

Diagnosis of metabolic syndrome
(before participation)

Have you been diagnosed with metabolic syndrome in a periodic health
examination or a medical examination? (before participation)

Frequency of greetings and
conversations with neighbors

Did the frequency of greetings and holding conversations with neighbors
increase compared to the frequency pre-participation in YWPP?

Modal shift
Did the frequency of walking or using public transport increase while
decreasing the frequency of car or motor bike use when going out (e.g.,
commuting and going shopping) after participating in YWPP?

Change in step counts Did your daily step count change after participating in YWPP?
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Table A2. Motivation for participation in YWPP (multiple answer).

Categories Options n %

Health motivation
Can promote health while enjoying 1406 69.5
Good chance to begin walking 666 32.9
Can feel healthy 261 12.9

Profit motivation
Can get a pedometer 926 45.8
Can win prizes 715 35.3
Can donate 255 12.6

Data confirmation motivation Can confirm data of step counts and rank 945 46.7

Interaction motivation
Can walk with families and friends 502 24.8
Can interact with other participants 125 6.2

(None) Can participate with office colleagues 41 2.0

Measure: Phi 4-point correlation, cluster method: centroid clustering. Nine options were categorized into four
using hierarchical cluster analysis. The last option (Can participate with office colleagues) was not included in any
category because it was not clustered with any of the other nine options and its selection rate was the lowest. When
a participant selected any options in category A, the binary variable of the category A was 1.
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Abstract: We conducted a systematic review to describe and summarize possible associations between
the walkability index, overweight, and obesity. Systematic searches using seven electronic databases
and reference lists were conducted to identify papers published until December 2017. Observational
studies, describing associations using regression-based statistical methods, published in English
and Portuguese, reporting markers of overweight and obesity, and involving adults (≥18 years)
were included. Of the 2469 references initially retrieved, ten were used for the descriptive synthesis.
Seven studies showed significant inverse associations between walkability and overweight and obesity,
however, all were cross-sectional studies. High risk of bias scores were observed in “selection bias”
and “withdrawals and dropouts”. All studies were published in high-income countries with sample
sizes ranging among 75 to 649,513 participants. Weight and height as measures for determining
BMI tended to be self-reported. Indicators of walkability, such as land-use mix, street connectivity
and residential density were used as components of the indices. Based on this review, more studies
should be conducted in low, middle, and middle-high income countries, using longitudinal designs that
control neighborhood self-selection; other indicators of the neighborhood environment, such as food
access, physical activity facilities, sidewalks, and safety and crime prevention should be considered.

Keywords: walkability; environment; overweight; obesity; review

1. Introduction

Overweight and obesity have risen dramatically over the last 40 years and they now constitute
serious public health threats that are contributing to increasing rates of non-communicable disease
such as type 2 diabetes and cardiovascular disease [1–3]. A recent publication gathering data from 239
prospective studies involving over 10 million individuals in four continents showed that the risk
of mortality increases linearly with overweight (body mass index—BMI ≥ 25 kg/m2) and mainly
obesity (BMI ≥ 30 kg/m2), regardless of age or sex [4]. A study of trends observed across 19 million
participants shows a significant increase in BMI occurring over the last four decades, particularly in
low- and middle-income countries. Between 1975 and 2014, the prevalence of age-standardized obesity
increased 3.2% in 1975 to 10.8% in 2014 in men, and from 6.4 to 14.9% in women [5].
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The major challenge faced relates to the fact that overweight and obesity are multi-factorial
problems related mainly to behavioral variables, such as physical activity and diet [6], and these
variables are related to health policies and living environments [7]. The built environment is defined
as the physical form of neighborhoods, including patterns of land use, built and natural structures,
and transportation systems [8]. The presence of an “obesogenic environment” hampers the adoption
of healthy behaviors, such as maintaining a healthy diet, engaging in physical activity and limiting
sedentary behavior [9–13]. Hence, obesogenic environments have emerged as the sum of influences
that the surroundings, opportunities, or conditions of life have on promoting obesity in individuals or
populations [9].

Walkability constitutes part of the built environment concept that can be operationalized when
taking into account the setting and population under study and that appeared in the health field
in the mid-2000s [14]. However, different built environment features have been used to calculate
walkability scores, depending on the places in which studies have been conducted. In addition,
some studies have shown that such results can vary according to the socioeconomic level of a given
location and to neighborhood self-selection patterns [15–18]. Further, in upper middle income countries,
other factors such as high population density levels and rates of violence, were related to rates of
overweight and obesity [19]. Three previous systematic reviews stressed the importance of walkability
in relation to obesity although they had a broader scope for both exposure and outcomes. The reviews
examined more general issues, one of them synthesized current evidence on longitudinal relationships
between a built environment and cardio-metabolic health outcomes among adults [20], the second was
focused on obesogenic environments in high income countries [21], and the last review investigated
which GIS-based measures of walkability (density, land-use mix, connectivity, and walkability indices)
in urban and suburban neighborhoods were used and which of them were associated with active
transportation and weight-related measures in adults [22].

Given these findings, a broad and up-to-date review of observational studies specifically on
walkability, overweight, and obesity is crucial to better understand these relationships in different
countries, how built environment components forming walkability are devised and assessed,
how statistical models have been specified, and the main results that are found. Therefore, our
main objective is to describe and summarize the evidence on associations between walkability,
overweight, and obesity in adults. This review will also provide the basis for built environment
interventions to help address the overweight and obesity crisis.

2. Methods

The protocol of this review was registered on PROSPERO database (CRD42017071830). Its report
is based on PRISMA checklist items [23].

The following inclusion criteria were adopted: (1) Observational studies (e.g., cross-sectional,
cohort, time-series or case-control); (2) describing associations using regression-based statistical
methods; (3) published in English and Portuguese; (4) reporting on overweight and obesity markers
(5) that used walkability indices; and (6) using samples of adults (≥18 years). Articles not addressing
the concept of walkability or that used separate indicators, that did not use markers of overweight or
obesity, studies with children or adolescents, and qualitative and protocol studies were excluded.

To retrieve potential references, seven electronic databases were used: Pubmed, Scielo, Lilacs, Web
of Science, Scopus, Physical Education Index, and SportDiscus. Systematic searches were conducted in
accordance with the strategy (Supplementary Materials S1: Search string) applied by Pubmed:
((((((((((((Neighborhood buffer[Text Word]) OR Neighborhood context[Text Word]) OR Walking
locations[Text Word]) OR Space syntax[Text Word]) OR Street layout[Text Word]) OR Street design[Text
Word]) OR Urban design[Text Word]) OR Urban form[Text Word]) OR Urban planning[Text Word]) OR
Walkability[Text Word]) OR Walkable[Text Word])) AND ((((((Obesity[TextWord]) OR Overweight[Text
Word]) OR Body Size[Text Word]) OR Body Weight[Text Word]) OR Body Mass Index[Text Word])
OR Adiposity[Text Word]). Using Lilacs and Scielo, searches were made in Portuguese using other
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terms such “caminhabilidade” and “obesidade”, “sobrepeso”, “índice de massa corporal”. Searches covered
references available to December 2017. To avoid potential losses, manual searches through reference
lists of the included studies were also performed.

Three researchers selected studies independently. Based on the systematic search results,
titles and abstracts were screened, and then eligibility through a full text assessment was determined
by all three researchers. Doubts and disagreements were resolved through a consensus meeting with
a senior reviewer.

Data extraction involved the use of relevant information: Author (year), country/city/province/state
(year of data collection), sampling, (n) sample, percentage of females, age (mean or range in
years), and study type. Assessment of walkability variables: Geographic scale (e.g., census sectors,
home addresses, post codes or geocoding buffers); geocoding of facilities; how walkability indicators
were created and calculated. Assessments of overweight and obesity: How the markers were
used (as categorical or dichotomous continuous variables); and the regression model used for
analyses. Variables related to walkability, overweight, and obesity were extracted from included
studies as significant or not significant associations at the 95% confidence interval or “p” values to
better describe the odds ratio, beta coefficient, prevalence ratio, relative risks or other values with
variables adjusted.

Risk of bias was evaluated with an adapted 12-item version, of the Effective Public Health Practice
Project (EPHPP), proposed by Thomas et al. [24]. Other details of the assessment tool are given in
Supplementary Materials S2. Original articles were assessed across seven methodological domains:
(a) Selection bias (characteristics of the sample); (b) study design (information on the representativeness
of the study, sampling methods); (c) confounders (control of relevant confounding factors of the analysis);
(d) blinding (of assessors, outcomes and participants); (e) information on tools used to assess walkability
and overweight/obesity (reports on previous validity and information, allowing for the reproducibility of
the assessment of walkability and overweight/obesity); (f) withdrawals and dropouts (reported numbers
and/or ratios and percentages of participants that completed the study); and (g) analysis (use of
appropriate methods for analyses). The studies included were then classified by two previously trained
researchers as presenting low, moderate or high levels of bias.

3. Results

Systematic searches retrieved 2469 potential articles. After the identification and removal of
duplicate references (n = 116), 2353 references were screened by their titles and abstracts. Of these
references, 69 were assessed from the full text. In view of the 59 rejected articles (for not addressing
the main focuses of this review (n = 55) and for not reflecting qualitative and protocol studies (n = 4),
10 articles were used for the descriptive synthesis [15,25–33] (Figure 1).

Sample sizes ranged from 75 [29] to 649,513 participants [30] (Table 1). Regarding available data
on as a percentage of female participants (n = 7), females predominated in four studies [15,27,28,31],
and only three studies involved a lower percentage of females than males [25,29,32]. The youngest
participants were 18 years old and the oldest was 90 years of age [25,32]. All studies were conducted in
high-income countries, particularly in the United States (n = 6) [15,27,29,30,32,33], Canada [25,26,28],
and Australia [31] (Table 1).

Six studies employed a cross-sectional design (58.3%) (Table 1) [15,29–33], two employed
a longitudinal design [25,27] one applied both cross-sectional and longitudinal methods (n = 1) [26]
and one used time-series analysis methods [28].

Of the three studies employing a longitudinal design, none showed significant results [25–27].
Most of the studies that found an inverse association between walkability and overweight and obesity
were cross-sectional (n = 6) [15,29–33]. The study that used time-series analysis presented significant
results for the walkability index and a lower prevalence of obesity [28].

Regarding assessments used to the measure walkability (Table 2), most studies investigated main
spatial information through neighborhood geocoding by geospatial sector of interest (e.g., census
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tracts, home addresses or post codes) (n = 7) [25–28,30,32,33]. Of these studies, two used home
addresses [27,32]. One measured walkability attributes (e.g., population density, street connectivity,
food, and physical activity resources) within three Euclidean kilometers using time-varying geographic
information system (GIS) data [34] linked to participants’ geocoded home addresses [27]. Others used
Mapping Analytics Inc., home addresses, walkability indicator population density levels, types of
residences, median residence periods, and travel patterns [32].
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Figure 1. Systematic review flowchart.

Different buffer areas around residents’ homes were employed in two studies, e.g., a 1-km network
buffer measured on the street network of each individual’s geocoded residence [15,29], and one study
employed network buffers of 800 and 1600 m [31].

Variables used to measure walkability included residential and population density (n = 9; 91.6%),
street connectivity (n = 8; 83.3%), and land-use mix (n = 5; 58.3%). Five studies defined walkability
as the sum of the scores of main indicators with the index divided into quintiles [28] or quartiles [15]
or expressed as a continuous score [30,32].
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Scales and standard stadiometers (n = 3) [27,30,32] or self-reported measures
(n = 7) [15,25,26,28,29,31,33] were used to measure weights and heights and to derive BMI scores to
classify individuals as overweight (25–29.9 kg/m2) and/or obese (≥30 kg/m2). One study evaluated
waist circumferences calculated from anthropometry measurements [27].

While various statistical analyses were employed, most studies used logistic regression analyses
(n = 5) [15,27,30,31,33], while multi-level analyses were adopted in one study [25], one study used
Poisson regression analysis [28] and another three studies used linear regression [26,29,32].

Eight studies adjusted and controlled variables employing different analysis models [25–32].
The main variables used for adjustment included sex, age, neighborhood socioeconomic status,
ethnicity, physical activity, sedentary behavior, fruit and vegetable consumption, general health status,
residential time, and the total number of household vehicles. Regarding the analyses by risk of bias, all
included studies [15,25–33] were evaluated as low risk of bias in the domains “control of confounders”,
“assessment tools”, and “statistical analysis” items. Moderate scores were observed in terms of
“techniques used for sampling” (n = 7) [25,26,28–30,32,33], “report the blindness of the outcome
assessor” (n = 10) [15,25–33], and “withdrawals and dropouts” (n = 4) [25,26,28,29]. High risk of bias
scores were showed in “selection bias” (n = 1) [32] and “withdrawals and dropouts” (n = 5) [15,30–33]
(Figure 2).

7

10

4

9

3

10 10

1

10

0%

25%

50%

75%

100%

Selection
bias

Techniques
used in

sampling

Control of
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Report of
blindness of

those who
analyzed the

data

Assessment
tolls

Withdrawals
and

dropouts

Analysis

Figure 2. Risk of bias assessment of included articles (Black: low; Light grey: moderate; Dark grey:
high). The numbers within the bars indicate the number of articles that were classified in the risk of
bias classifications.

Some of the previously reported results are noteworthy (Table 3), such as an increased prevalence
of obesity observed in less walkable neighborhoods for quintiles of an 11-year period for adults in
Canada [28]. One study focused on 2088 adults in Atlanta, USA shows that being poorer, older,
Black, and from a larger household is related to greater odds of being obese [15]. Higher walkability
scores are associated with lower rates of obesity (OR = 0.67; 95% CI 0.49–0.89) [15]. Lathey et al.
(2009) found inverse associations for moderate (OR = 0.62; p < 0.05) and high (OR = 0.50; p < 0.001)
walkability relative to low walkability indices for obese adult residents in Arizona, USA (June 2003 to
June 2005) [30].
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When stratifying by sex, walkability indicators present relations with obesity for both sexes
and particularly for variables measuring destination diversity [33] like the land use diversity of
a given neighborhood.

When measuring “street design” in association with obesity, individuals living in highly compared
with less walkable areas were less likely to be obese (1600 m OR: 0.84, 95% CI: 0.7 to 1; 800 m OR: 0.75,
95% CI: 0.62 to 0.9) [31].

Regarding other variables concerning walkability, only one study showed an inverse association
between the proportion of inhabitants who walk to work and housing age (length of residence) to both
men and women according to indicators of overweight and obesity. According to this study, the estimate
of beta values was found to range from −6829 (p < 0.001) to −0.015 according to the BMI [33].

Three studies did not find associations between walkability, overweight, and obesity [25–27].
Two were longitudinal studies [25,27] while the other presented the results of cross-sectional
and longitudinal analyses [26]. Despite not having found significant associations, it is important to note
that these studies evaluated the changes in variables related to walkability as well as those of overweight
and obesity. In addition, they referred to and discussed residential and neighborhood self-selection.
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4. Discussion

The aim of this study was to describe and summarize the evidence on associations between
walkability and overweight and obesity. Seven out of ten included studies show significant inverse
associations between walkability and overweight and obesity. Most studies show that less walkable
neighborhoods are related to body weight outcomes in adult populations. Indicators measuring
walkability index mainly include residential and population density, street connectivity and land-use
mix. Some studies employed different buffer sizes around residents’ homes of 800 to 1600 m
measured along street networks and network buffers. No studies involving longitudinal design had
significant results.

Largest associations were found by cross-sectional studies, which generally support the incapacity
to establish causality. In addition, all studies were conducted in high-income countries, which differ
from low- and middle-income countries in their application of policies, higher levels of urbanization,
broader employment opportunities, and greater availability and quality of public services (e.g., public
transportation) [35,36].

The main indicators used to calculate the walkability index are commonly used in studies involving
health areas and active transportation [37]. Other indicators include different aspects of urban design
(e.g., block group-level measures), residence types and displacement patterns (e.g., traditional core,
high density and non-auto commuting) [32]. Most walkability indices have been created by z scores
of the different indicators and divided by the number of indicators as residential density, land-use
mix and street connectivity. Some walkability indices were categorized in quintiles or quartiles or
expressed as continuous scores and for this review we used the studies when the walkability index
was calculated. Interestingly, from our synthesis, only one study used specific indicators of food
environments and physical activity as indicators of the walkability index [27]. While these indicators
may be related to land-use-mix variables, the use of such indicators helps strengthen the index given
their known association with overweight and obesity [38–41].

Another important issue to discuss concerns the sizes of neighborhood buffers used. Buffers of
800 to 1600 m around residences were used in certain works [15,29,31]. Muller–Riemenschneider et al.
investigated 800 and 1600 m buffers based “street design” in association with obesity levels and found
individuals living in high compared with less walkable areas were less likely to be obese (1600 m
OR: 0.84, 95% CI: 0.7 to 1; 800 m OR: 0.75, 95% CI: 0.62 to 0.9) [31]. Frank et al. used 1 km network
buffers [15,29] around households based on street segments and found inverse associations between
the walkability index and obesity. Using 1 km network buffers, one study of adults (n = 10,878) living in
Atlanta, Georgia, USA from 2000 to 2002 shows that each quartile increase in land-use mix is associated
with a 12.2% reduction in the likelihood of obesity across sex and race [42]. However, walkability was
not used because the authors used main indicators separately and these were interpreted as measures
of walkability.

Thus, studies examining the relationship between the walkability index and overweight and obesity
appear to exhibit no consensus regarding buffer sizes. While some use distances that individuals can
travel by walking for 10 or 15 minutes, which usually vary from 500 to 1600 m [43], other studies use
buffers of 400 m to 8 km [8], denoting the difficulty of establishing a common parameter. The studies
included in this review use GIS tools to study household participants and census tracts [25–28,30,32,33].
This poses a challenge to walkability research because some features such as the quality and aesthetics
of spaces and facilities cannot be measured with secondary or remote data [33].

Based on assessments of bias risk, the results of the synthesis expose important methodological
issues related to such studies, such as in the item “withdrawals and dropouts” for two studies [27,31].
This property can be considered a limitation mainly of longitudinal studies [27], as it is necessary to
have a percentage of individuals remaining in the study at the final data collection period, and some
longitudinal studies have been able to reassess at least 70% of the individuals with intervals between
two or three years [17,44]. This issue should be considered in future studies.
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The assessment of certain predictors such as socioeconomic levels, demographic characteristics
such as sex and other behavioral characteristics were used in the majority of studies examined in
this review. Regarding socioeconomic levels, living in areas of higher socioeconomic levels may play
a protective role against obesity [45], and this is interesting because socioeconomic status was used
as an adjustment variable in different models and stratified the samples of some studies considered in
this review [25,26,28]. Regarding sex, this predictor related to walkability is associated with overweight
and obesity in both men and women and particularly among variables of destination diversity [33]
(e.g., the land use diversity of a given neighborhood).

Additionally, neighborhood-based changes in walkability can shape other behavioral
characteristics, such as leisure, commuting, and physical activity measures [29,46]. Decisions regarding
land-use and transport planning can influence, for instance, the safety of walking and cycling as modes
of transportation and the convenience of recreational physical activity [35]. This is important given
that urban planning that develops neighborhoods with better indicators for walkable neighborhoods
promote walking as a mode of transport [35]. Thus, creating smart cities that facilitate physical activity
as part of everyday activity can promote health and prevent overweight and obesity in the global
population [35]. We found four studies [26,27,31,32] that put physical activity as adjustment variable in
different models. It is important to note that the mediating effect of physical activity in such relationship
involving walkability and obesity may not be found and some results still remain inconclusive, and this
is confirmed in one recent systematic review [20].

Fruit and vegetable consumption is an important predictor with some studies revealing
a relationship between diet and certain urban food environment land-use characteristics [34,47–49].
The availability [47] and variety [34,48] of healthy food is associated with diet, and supermarket density
is related to higher levels of fruit and vegetable consumption [48] and to a reduced prevalence of
obesity [50]. However, according to studies focused on the walkability index covered in this review,
fruit and vegetable consumption significantly predicts BMI scores in a cross-sectional analysis model
but not in a longitudinal analysis model [26]. One study using only longitudinal data and not using
fruit and vegetable consumption as a predictor found that increased levels of obesity observed in
lower-income neighborhoods are associated with issues of food accessibility [25]. Therefore, land use
policies that protect and support access to healthful foods in urban areas are critical to mitigating
differences in terms of access to local food.

Strengths and Limitations

The strength of the present study was a broad review of observational studies specifically on
walkability, overweight, and obesity, identifying which qualities contributed to walkability and how
they measured or quantified these qualities and the association with overweight and obesity.

Most of the positive evidence has been obtained from cross-sectional studies that support
the notion that certain neighborhood characteristics are related to low overweight and obesity
prevalence [36]. Therefore, caution should be exercised when extrapolating these results due to
neighborhood self-selection bias, as people who are not obese and who live a healthier lifestyle that
prevents obesity may choose to live in neighborhoods with better living conditions [17,18]. To obtain
stronger causal inferences, further longitudinal and quasi-experimental studies should be conducted in
addition to natural experimental studies to further our understanding of how walkability at different
urban scales affects risk of obesity [36]. Another limitation refers to the type of sampling of the included
studies, four did not mention the type of sampling and two were convenience samples, the rest being
studies with randomized samples. And because of this, it is possible that unmeasured confounders
contributed to some findings.

Weight and height as measures for determining BMI scores were self-reported in the majority of
the selected studies, collected through home-based and telephone surveys, and correctly cited reliable
and previously validated information [25,28,29,33,51].
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A broader variety of methodologies, including variables such as shade from street trees, the widths
of sidewalks, safety and crime prevention, and others should also be employed and assessed in
terms of walkability. Environmental determinants of obesity, including a healthy diet and certain
food environments, such as supermarkets and restaurant chains, among others, are not addressed in
the studies reviewed [38–41]. Few studies have explored walkability outside of the neighborhood
setting (e.g., in areas surrounding workplaces).

5. Conclusions

Most studies have found that less walkable neighborhoods are related to overweight and/or
obesity in adult populations. Positive evidence has been obtained from cross-sectional studies
and time-series studies, rather than longitudinal studies, and studies have been conducted in
high-income countries. In addition, most studies have used a walkability index. Based on these results,
the following recommendations can be made: 1) More studies should be conducted in low-income,
middle-income, and middle-high-income countries; 2) more longitudinal studies (cohort and natural
experiment) that control neighborhood self-selection need to be conducted; 3) other variables of
the walkability index, such as food access, physical activity facilities, sidewalk access, and safety
and crime prevention measured should be considered; and 4) better operationalizations of GIS
evaluation variables (buffers sizes and census tracts) must be developed. Based on cross-sectional
and time series studies, potential implications for clinical practice and policy-making can be reported,
city planning and policy-related strategies aimed at improving the connectivity of the street network,
mix of land uses and density of housing would enable the necessary supportive environments for
health-related behaviors and prevention of chronic diseases. Understanding the factors that contribute
to walkability can enable urban planners, designers and healthcare professionals to replicate better
walkability conditions, providing more opportunities for active routes to help reduce overweight
and obesity.
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