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ABSTRACT

Introduction

Insufficient levels of physical activity are one of the top contributors to global
mortality, and it is an important public health priority to increase the proportion of
physically active people in the population. The interest in environmental
determinants of physical activity has been rapidly increasing over the past few years.
However, a majority of the previous literature concerns studies from North America
and Australia, and it has often been based on self-reported neighborhood
environments and/or on self-reported physical activity. The aim of this thesis was to
investigate, for the first time in a Swedish context, the associations between
objectively assessed neighborhood characteristics and objectively assessed and self-
reported physical activity.

Methods

This thesis is based on data from the Swedish Neighborhood and Physical Activity
(SNAP) study. Neighborhood characteristics were objectively assessed using
Geographic Information Systems (GIS). A walkability index consisting of residential
density, street connectivity, and land use mix was constructed to define 32 highly and
less walkable neighborhoods in the city of Stockholm where data were collected.

Physical activity was assessed by accelerometers and by the International Physical
Activity Questionnaire (IPAQ).

Results

The walkability index was associated with higher levels of moderate to vigorous
physical activity and walking for transportation and for leisure. The influence of
neighborhood walkability was most pronounced during periods of the day when
many people are likely to be exposed to their neighborhood environment. When
analyzed separately, residential density and land use mix, but not street connectivity,
were positively associated with physical activity. Significant proportions of these
associations were mediated by vehicle ownership. A positive association was also
found between the availability of exercise facilities and time spent in moderate to
vigorous physical activity and meeting the physical activity recommendations. None
of the associations found in this thesis were modified by individual factors, i.e. people
living in dense mixed-use neighborhoods may benefit from these environments
regardless of age, gender, income and vehicle ownership status.

Conclusions

These results add to a growing body of evidence suggesting that policy makers and
city planners have the potential, by designing environments that promote physical
activity, to increase the levels of physical activity in the population and thereby
improve public health.
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Preface

Although physical activity is known to influence human health, large proportions of
populations worldwide do not meet the recommended levels of physical activity.
According to the World Health Organization, insufficient levels of physical activity
are the fourth largest contributor to global mortality. It is therefore a highly
important public health priority to increase the proportion of physically active people.
Interventions at the individual level, however, have rarely been successful in the long
term. The purpose of this thesis is to provide evidence on the associations between
neighborhood environment characteristics and physical activity in a Swedish context.
The first chapters in this thesis define physical activity, describe the evolution of
physical activity guidelines and present the levels of physical activity in Sweden. This
is followed by a presentation of the social-ecological model which describes the multi-
component influence of individual factors, the social environment, the physical
environment and policy factors on physical activity behavior. Methodological issues
in assessments of physical activity and neighborhood environment are discussed and
the previous literature on neighborhood environment and physical activity is
presented. Also, the research gaps in the previous literature are pointed out. This is
followed by a detailed description of the aims, methods and results of the studies
included in this thesis. These results are discussed in relation to previous research and
the implications and conclusions of this thesis are presented.



Introduction

Physical activity — definitions of dimensions

Physical activity is a complex behavior and can be described in various ways. The
overall definition of physical activity is: any bodily movement produced by skeletal
muscles that results in increased energy expenditure. Exercise is a subcategory of
physical activity that is planned, structured and performed with the purpose of
enhancing or maintaining one or more components of physical fitness [1]. Physical
activity can be described by means of intensity, duration, frequency, volume, and type
and in which domain or context it is performed. The intensity is the energy expended
when performing a specific physical activity and can be described in absolute values
(e.g. ml Oz/minute or kcal/minute) or in relation to, for example, an individual’s
body weight (ml O,/minute/kg) or maximal aerobic capacity (e.g. %VOomw). It can
also be expressed as a multiple of the energy consumption in a resting state and is
then referred to as metabolic energy turnover (MET). For example, a physical activity
that expends 60% more energy than the resting metabolic rate has an MET of 1.6. A
comprehensive compendium of MET values for different physical activities was
released in 1993 and has been updated twice since then [2-4]. Physical activity
intensities can be classified into sedentary (1.0-1.5 MET), light (1.6-2.9 MET),
moderate (3—5.9 MET) and vigorous (26 MET) [2, 5-6]. The duration simply refers
to the time an activity is performed at a single event, a bout of physical activity. The
Jfrequency describes how often an activity is performed during a specified time period
(e.g. per day or per week). The volume of a physical activity is the product of its
intensity, frequency and duration and is often described as energy expenditure. The
overall volume of physical activity can also be calculated by summing the volume of
all activities performed during a certain period of time, such as a week. The zpe of
activity is simply the kind of activity that is being performed, such as walking, playing
tennis or vacuuming. The domain or context describes the circumstances of the
physical activity. For example, the activity can be transport-related, work-related,
household-related or performed for recreational purposes during leisure time. It can
also be coupled with geographic information about where it is performed, e.g. in a
park, within the neighborhood or at an exercise facility.



Physical activity guidelines — from ancient times to now

Early thoughts about the health effects of physical activity are found in notes from
ancient times. The first descriptions of organized exercise for purposes of health
promotion are from the ancient China around 2500 BC. The Chinese physician and
surgeon Hua T o encouraged physical activities inspired by animal movement, mainly
the movements of the tiger [7]. Also, Hippocrates and Galen from ancient Greece
understood the importance of physical activity and fitness and advised moderate
amounts of physical activity to maintain good physical and mental health [7-8]. In
the 1950s, the field of physical activity epidemiology was initiated by Morris and
colleagues with studies on occupational physical activity and coronary heart disease.
They found that coronary heart disease among heavy workers was “less common, less
severe, and occurring later than among light workers” [9-10]. Numerous studies have
been performed since then, and there is now a large body of evidence on the
preventive effects of physical activity on premature death, cardiovascular disease, type
2 diabetes, osteoporosis, breast cancer, colon cancer and depression [11-12].
Researchers have been investigating the dose-response relationship between physical
activity and health and have established different recommendations in the past few
decades, based on the available evidence at the time. The first public health
recommendation on physical activity was published in 1995 by the Center for Disease
Control (CDC) and the American College of Sports Medicine (ACSM) [13]. It
recommended adults to accumulate at least 30 minutes of moderate physical activity
on most, preferably all, days on the week. The recommended 30 minutes could be
accumulated in shorter bouts of activity throughout the day. As new evidence
emerged, the recommendation from 1995 was updated by the ACSM and the
American Heart Association (AHA) in 2007 [5]. The updated recommendations
added specificity on the number of days per week and the minimum duration of a
health-enhancing physical activity bout. It also included recommendations on
vigorous physical activity. Healthy adults were recommended to accumulate at least
30 minutes of moderate physical activity (in bouts of 10 minutes or more) on five
days each week or to accumulate at least 20 minutes of vigorous aerobic physical
activity on three days each week or an equivalent combination of these intensities. In
addition, adults were recommended to perform activities for muscular strength on at
least two days each week. The World Health Organization (WHO) launched the
Global Recommendations on Physical Activity for Health in 2010 [14]. As it is
unclear whether 30 minutes of physical activity on 5 days a week is more favorable for
health than, for example, 50 minutes on 3 days a week, the new WHO
recommendations emphasize the total amount of physical activity each week rather
than the number of days each week a person should be active on. Adults are
recommended to accumulate at least 150 minutes of moderate physical activity or at
least 75 minutes of vigorous physical activity throughout the week, or an equivalent
combination of these intensities. The physical activities should be performed in bouts
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of 10 minutes or more. For additional health benefits, adults are encouraged to
accumulate twice the amount of physical activity described above throughout the
week (i.e. 300 minutes of moderate physical activity or 150 minutes of vigorous
physical activity or an equivalent combination of these intensities). WHO also
recommends muscle-strengthening activities involving major muscle groups on at
least two days each week. To match the different needs of physical activity across the
lifespan, there are specific recommendations for children and adolescents (517 years

old) and older adults (65 years old and above).

Prevalence of physical activity in Sweden

Despite the many well-known health benefits of physical activity, large proportions of
populations worldwide are not sufficiently active [15]. Motor vehicles, dish washers,
remote controls, escalators and other features of modern society have reduced the
needs of physical activity in daily life. Being physically active has become more of an
active choice. Insufficient physical activity is the fourth largest global risk factor for
premature death and is estimated to cause 27% of the diabetes burden and 30% of
the ischemic heart disease burden worldwide [16]. Due to the complexity of physical
activity assessment, it is hard to estimate the levels of physical activity in the
population. Early attempts to establish the prevalence of physical activity have often
been based on subjective measures of leisure-time physical activity, and thus missing
other domains such as occupational physical activity. For example, data on exercise
frequency in the Swedish population have been collected by Statistics Sweden (in
Swedish: Statistiska Centralbyrin) since 1975 as part of a national survey of living
conditions. There has been a positive trend in the proportion of adults who report
exercise at least twice a week since the early 1980s. In 2006, around 50% reported
exercise at least twice a week compared to around 30% in 1980 [17]. However,
measures of total physical activity, rather than exercise alone, are needed to estimate
the number of people meeting the physical activity recommendations. The Swedish
National Institute of Public Health (in Swedish: Statens Folkhilsoinstitut) have been
collecting data on physical activity since 2004 using two questions: one on physical
activity during the past 12 months and one on moderate physical activity during a
normal week. From these questions, a total of 65% are estimated to be active on a
level corresponding to 30 minutes of moderate to vigorous physical activity per day
[18]. A study published in 2007 used accelerometers to provide an objectively
assessed estimate of the prevalence of physical activity in the Swedish population. The
results showed that 52% (57% and 48% in men and women, respectively) of the
individuals aged 18-69 years accumulated 30 minutes of moderate to vigorous
physical activity per day. However, that figure dropped to 1% when only including
physical activities performed in continuous bouts of 10 minutes or more in
accordance with the recommendations [19].
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International comparisons of self-reported physical activity have indicated that
the proportion of adults meeting the recommended levels of moderate to vigorous
physical activity is lower [15, 20] but that the levels of active transportation are higher
[15] in Sweden than in many other countries. These results, however, are not
supported by a study comparing objectively assessed physical activity in Sweden and
the U.S. In this Swedish-American study, Swedish men and women spent 36 and 32
minutes in moderate to vigorous physical activity per day respectively, while the
corresponding figures for U.S. men and women where 33 and 19 minutes per day
[21].

Social-ecological models for physical activity

Why are some people physically active while others are not? Physical activity is a
complex behavior and many studies have investigated its correlates and determinants.
A number of models have been proposed to provide a framework and to explain
differences in health behavior between individuals [22-24]. One of the models often
referred to in physical activity research is the social-ecological model [25-27]. It
describes the multi-component influence of individual factors, the social
environment, the physical environment and policy factors on physical activity (Figure
1). Research has found that, for example, lower age [19, 28], male sex [19, 28], and
high self-efficacy [29] are individual factors positively correlated with physical
activity. Social support [30] and seeing others being physically active [31] are factors
of the social environment that are correlated to physical activity. Physical activities are
performed in physical environments, and some attributes of these environments may
facilitate or hinder physical activity. The interest in environmental correlates of
physical activity has increased rapidly in the past few years, and this is also the main
focus of this thesis. Aesthetics [32], walkability [33-34] and availability of recreational
facilities [35-36] have shown positive associations with physical activity. Aspects of
the home environment may also be associated with physical activity [37]. The policy
domain in the social-ecological models refers to legislation or policy making actions
that have the potential to affect physical activity levels in the population. This could
include, for example, policies to increase the use of physical activity on prescription
within the health care system, workplace policies or city planning policies aimed at
creating environments that promote physical activity [38].
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Figure 1. Social-ecological model of the multiple levels of influence on
physical activity behavior.

Physical environment

Social environment

Individual
factors

Adapted from references 25-27.

Assessments of physical activity

Levels and patterns of physical activity in daily life are hard to measure, and there is
no single golden standard method to do so. The methods used to assess physical
activity are often divided into subjective and objective methods, both with their
strengths and limitations.

Subjective assessments of physical activity

Subjective physical activity measures, such as questionnaires or activity logs and
diaries, are based on information reported by the study participants, i.e. subjective
information. Activity logs and diaries are mostly used in small-scale intervention
studies, because of their heavy participant burden, while questionnaires are commonly
used over a broader scale of study designs [39]. There are a large number of physical
activity questionnaires developed to assess different dimensions of physical activity
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and designed for different target populations. For example, there are questionnaires
suitable for research purposes [40-41] and there are questionnaires primarily
developed for population surveillance purposes [40, 42]. There are also questionnaires
specifically designed to assess physical activity in specific age groups such as
adolescents [43] or older adults [44]. Depending on the design, physical activity
questionnaires can collect detailed information on intensity, duration, frequency,
volume, and type or context of the physical activity. Physical activity questionnaires
are often used in large-scale studies as they are practical for the study participants and
can be used at a low cost. There are, however, limitations with the use of subjective
measures that should be considered [45]. Study participants are often asked to report
their physical activities during a specific period, e.g. the past seven days or the past
month, and the quality of the data therefore depends on the memory of the
participants. This may introduce recall bias [46]. Over-reporting due to social
desirability is another issue connected with subjective methods [47]. Two recent
reviews on the reliability and validity of physical activity questionnaires concluded
that many questionnaires were lacking sufficient evidence of validity and reliability
(48] and that the validity, when evaluated against criterion methods, is moderate at
best [49].

The International Physical Activity Questionnaire (IPAQ) is one of the most
frequently used questionnaires in the current literature [48]. The IPAQ is a 7-day
recall questionnaire available in a long and short form, both with versions for
telephone- or self-administration. The short form, with seven items, is recommended
for population surveillance purposes while the long form, with 27 items, may be more
suitable for research purposes [50]. The short form assesses physical activity by asking
about total frequency and duration of moderate and vigorous physical activity and
walking. It also assesses sedentary behavior by asking a question on sitting time.
Respondents are asked to report activities lasting for 10 minutes or longer. The long
form of IPAQ is more detailed and separates physical activity into four domains:
work-related, transportation-related, household-related and leisure-time physical
activity. For example, walking is assessed by one item on walking at work, one item
on walking for transportation and one item on walking for leisure. Sedentary behavior
is also assessed in the long form. The performance of IPAQ has been tested for
reliability and validity in several settings, and the first international study reported
good reliability (median Spearman correlation coefficient of 0.8 between assessments)
and fair to moderate validity (median Spearman correlation coefficient of 0.3 between
IPAQ and criterion) when using accelerometry as criterion method [40]. A recent
meta-analysis of the validity of IPAQ found correlations of 0.27-0.49 between IPAQ
and other physical activity measures, mainly from accelerometers and pedometers
[51]. Van der Ploeg and colleagues specifically evaluated the IPAQ (short form)
questions on walking by comparing reported walking time per week from IPAQ with
moderate physical activity assessed by accelerometers in individuals who did not
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report any other moderate activities besides walking. The correlation between IPAQ
walking and accelerometer-measured moderate physical activity was 0.39 for the self-
administered version [52]. A validation study on a Swedish sample found that IPAQ
(short form) identified 77% of those meeting the physical activity recommendations
(230 minutes of moderate to vigorous physical activity per day) but only 45% of
those not meeting the recommendations, compared to accelerometry as criterion.
IPAQ-measured time in moderate to vigorous physical activity (including walking)
was also significantly higher than accelerometer-measured time in moderate to
vigorous physical activity with a mean difference of 26 minutes per day [53]. Over-
reporting was also found, mainly for vigorous physical activity, in a population-based
Swedish study when comparing IPAQ (long form) physical activity with
accelerometer-measured physical activity. The difference between IPAQ physical
activity and accelerometer-measured physical activity increased as the IPAQ physical
activity increased, suggesting that participants reporting high levels of physical activity
over-reported more than participants reporting less physical activity [54].

Objective assessments of physical activity

Objective physical activity assessments are based on measures of bodily movement or
on physiological responses of physical activity, i.e. they are not based on information
reported by the study participants. Indirect calorimetry and the doubly labeled water
method, both based on physiological responses of physical activity, are considered to
be criterion methods for assessing physical activity energy expenditure. Indirect
calorimetry is based on respiratory gas analysis and measures oxygen uptake and
carbon dioxide production [55]. As this method requires participants either to wear a
facemask to collect the expiratory gas or to be confined in a metabolic chamber, it is
not feasible for use in studies of physical activity in daily life. In contrast, the doubly
labeled water method is possible to use under free-living conditions. The technique is
based on the ingestion of two stable isotopes of water *H.O and H,"O). After
ingestion, carbon dioxide including 'O and water including 'O and *H are
produced in the body during energy expenditure. Therefore, the oxygen isotope '*O is
lost from the body as carbon dioxide and water while *H is lost only as water. The
difference in excretion rate of these isotopes in the urine is the basis for calculation of
energy expenditure [56]. The doubly labeled water method is very precise in its
assessment of energy expenditure, but it is expensive and it provides only a measure of
the total amount of energy expended during the assessment period. It does not
provide information on the intensity or duration of the physical activities, which are
important components of the physical activity recommendations [5, 14]. Indirect
calorimetry and the doubly labeled water method are mainly used as criterion
measures when validating other methods, while other objective methods are more
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suitable for large-scale studies in free-living conditions.

Pedometers and accelerometers are devices for direct assessment of bodily
movement. The main outcome from pedometers is the number of steps taken during
a specified time period, often per day. There are many models of pedometers available
on the market and some of them are suitable for research purposes [57]. Pedometers
are inexpensive, easy to use and the better models provide a valid and reliable measure
of steps taken when direct observation is used as the criterion, but they do not assess
the intensity or duration of physical activities and they do not assess non-ambulatory
activities such as weightlifting and swimming [58]. Pedometers may produce
reactivity among participants if they are allowed to view the step count display,
causing an up to 15% increase in steps taken [58]. These feedback properties,
however, make pedometers good tools for intervention studies [59-60].

Accelerometers are devices that measure bodily movement in terms of
acceleration. They are often placed on the hip and can, depending on the model,
measure acceleration in one, two or three axes. The earliest models were only able to
collect data in the vertical axis. In addition to the total volume of physical activity,
accelerometers can provide information on the intensity, duration and frequency of
physical activity [61]. Until a few years ago, accelerometers used piezoelectric sensors
to collect information on acceleration. These sensors incorporate a seismic mass that,
when acceleration occurs, affects the shape of a piezoelectric material which in turn
creates a voltage that can be detected and recorded. Newer accelerometers, such as the
Actigraph models GT1M, GT3X and GT3X+, rely on differential capacitance
sensors. These sensors are constructed with fixed plates and plates attached to a
moving mass. The distance between the fixed and the moving plates changes during
acceleration. The capacitance is dependent on the distance between the plates and as
it can be detected and recorded the acceleration can be determined. These new
accelerometers are sensible to gravitational acceleration (in addition to motion-
induced accelerations) and can therefore register information on the inclination of the
device and thereby the posture of the participant (e.g. standing or sitting). They are
also cheaper and less battery-consuming than the older accelerometers [62]. Time
spent in different physical activity intensities is commonly used as the outcome. Time
spent in intensities is determined using validated cut-offs, usually derived from studies
where individuals perform activities of varying intensity while wearing an
accelerometer. The energy expenditure is assessed simultaneously by a criterion
method and regression analysis is performed to describe the association between
accelerometer output (counts) and physical activity intensity [63-64]. A number of
different algorithms and cut-points have been used in research, which makes
comparisons between studies harder [63]. Accelerometers are precise in their
assessment of walking and running intensities but they underestimate the intensity of
static and weight-bearing activities and they cannot assess water activities such as
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swimming [65]. The validity of accelerometers has been evaluated using indirect
calorimetry and the doubly labeled water method as criteria, showing moderate to
strong validity with correlations ranging between 0.45 and 0.93 [66]. A review of
validation studies found differences between the doubly labeled water method and
accelerometer-estimated energy expenditure of around 0 to 2.7 megajoules (645 kcal)
per day [67]. Accelerometers are often used as the criterion method when evaluating
subjective methods [49, 51]. Accelerometers are more expensive than pedometers, but
they provide detailed information on physical activity and they are feasible for use in
large-scale studies. Accelerometers are now included as components in some national
physical activity surveillance programs [28, 68].

Assessment of neighborhood environment

As with physical activity, the methods used to assess neighborhood environment are
often divided into subjective (also referred to as perceived) and objective methods,
both having their strengths and limitations.

Perceived neighborhood environment

Previous research on neighborhood environments and physical activity has often been
based on self-reported, or perceived, neighborhood environment. There are a number
of questionnaires designed to assess the perceived environment in varying detail and
for different populations. There are questionnaires for the general population [69-71]
and there are questionnaires specifically designed for specific age groups such as
children and adolescents [72-73]. There are also questionnaires to assess
environments for specific types of physical activity, such as active commuting [74-
75]. In questionnaires, the neighborhood is often defined as the area within a specific
walking distance, e.g. “a 10- to 15-minute walk from the home” [69-70], or it can
simply rely on the participants own perception of the neighborhood area, e.g. “in
your neighborhood” [70]. Self-report measures of the environment may include recall
bias and they may be affected by exposure to the environment. For example, a
physically active person may be more aware of the facilities and services in the
neighborhood and thus report a “truer” picture of the facilities than a less active
person [76]. Also, people commonly overestimate the distance to destinations, and
less physically active individuals may overestimate on a higher level than physically
active individuals [77]. However, self-reported measures of the neighborhood
environment may be a separate construct, reflecting how the environment is perceived
rather than being an assessment of the actual environment.
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The most frequently used environmental questionnaire is the Neighborhood
Environment Walkability Scale (NEWS) [78]. The NEWS assesses residential
density, land use mix, street connectivity, walking/cycling facilities, aesthetics, traffic
safety and crime safety. Most items are rated on a 4-point Likert scale where 1
represents “strongly disagree” and 4 represents “strongly agree”. The NEWS has
shown moderate to high test-retest reliability with intraclass correlations ranging
between 0.58 and 0.80 for the different items [70]. The questionnaire has also been
validated against objective measures of the neighborhood environment, showing weak
to moderate correlations with correlation coefficients ranging between 0.09 and 0.36
[76]. There is also an abbreviated version, NEWS-A, that is based on a factor analysis
performed on the original NEWS instrument and includes 54 instead of 67 items
[79].

Objective neighborhood environment

Objective assessment of the neighborhood environment is often performed using
Geographic Information Systems (GIS). GIS are defined as computer-based systems
composed of hardware, software and data to create, store, manage, display and analyze
location-based data in an integrated environment [80-81]. In physical activity
research, GIS is mainly used to manage databases containing variables with spatial
references. These data may be obtained from national or local data providers and
include information on various characteristics of the neighborhood environment.
Common GIS-derived measures in physical activity research are population density
[82-83], street connectivity [84-85], access to parks and recreational facilities [86-87]
and land use mix [83-84]. GIS assessment of neighborhood environment, like all
other methods, has its limitations. It requires specific GIS competence, the databases
may not be designed for research thus requiring substantial data management, data
may not be complete, and different protocols on how to compute variables for
physical activity research are used in different studies [81, 88-89]. In GIS, the
neighborhood or area of exposure is often defined using predetermined administrative
areas or by creating buffers around participants’ residences (Figure 2). The size of
these areas differs and there is no consensus regarding the best approach. Census
tracts, geographic regions defined as a basis for population statistics, have been used
to define the neighborhood in physical activity research [90-91]. By using predefined
areas, all participants living within these predefined areas are considered to have the
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Figure 2. Comparison of four different methods used in GIS to define

neighborhoods.

Prepared for this thesis by Klas Cederin.

: Adminstrative area

R Road/cycle path/footpath

I:I Line-based network buffer

19



same environmental exposure. It is likely, however, that the environment differs
depending on where in this administrative area a person lives. To get a more
individualized measure of the neighborhood environment, buffers around the
participants’ residences may be used to define the neighborhood. Buffers around the
residences have been used, often ranging in sizes between 400 and 3,200 meters [78].
Circular buffers are easy to create but may include areas that are not accessible to
participants, for example, due to rivers and other natural and unnatural barriers.
Buffers based on the road network may provide a more accurate picture of the
neighborhood facilities that are actually available to residents [92]. Network buffers
can be polygon-based or line-based. Polygon-based network buffers are created by
following the road network in all possible directions for a specified distance from the
residence and then drawing a line to connect the endpoints, thus creating a polygon-
shaped area (a buffer) surrounding the residence. Line-based network buffers are
created by following the road network in all possible directions from the residence for
a specific distance, and then creating a buffer zone (e.g. 50 meters) in all directions
from the center of the road (Figure 2). Polygon-based buffers may provide a better
measure when density (area) is of interest, while line-based buffers may provide a
better measure when access to facilities is of interest, but this has not been
investigated.

In addition to GIS, there are a number of audit tools to provide an objective
measure of the neighborhood environment. These audit tools are used by researchers
to systematically assess various aspects of the environment [93-94]. As audit tools
require training and data collection on site, they are mostly used in studies where only
a few neighborhoods are sampled and when the information of interest is not
available in databases for GIS analysis. Aerial photos have also been used to assess the
neighborhood environment, and are often analyzed using GIS [84, 95].

Neighborhood environment and physical activity

Humans are exposed to environments in daily life, and the characteristics of these
environments could have the potential to facilitate or hinder physical activity.
Research on the relationship between environmental characteristics and physical
activity has increased rapidly in the past few years. Studies have examined the
relationship between proximity to and mix of destinations [96], population density
[82-83], street connectivity [84-85], access to parks and recreational facilities [86-87,
971, land use mix [83-84] and physical activity.

Some environmental characteristics have been consequently associated with
physical activity, while some have shown conflicting results. Studies examining the
association between the availability of exercise facilities and physical activity have
produced varying results. A review from 2008 found little or no evidence for an
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association between availability of physical activity facilities and walking for
transportation or recreational walking [98]. In contrast, a study from the U.S. found
an association between density of exercise facilities and exercise prevalence in study
participants from three areas with widely varying population densities [36]. This
association, however, was modified by income and race/ethnicity, being stronger
among those with low incomes and among non-Hispanic Black and Hispanic
participants compared to their high-income and non-Hispanic White counterparts.
Income was also found to be an effect modifier in another study, which found an
association between the availability of gyms and physical activity in low-income
women but not high-income women [90]. Hence, associations between the
neighborhood environment and physical activity may be influenced by individual
characteristics. If this is the case, it is possible that neighborhood characteristics aimed
at increasing people’s physical activity may not reach all population groups to an
equal extent. Ding and Gebel performed a review of reviews on neighborhood
environment and physical activity and concluded that investigation of potential
moderators of the relationship between the environment and physical activity is the
most frequently suggested direction for future research [99].

Composite measures, based on previous research into environmental correlates
of physical activity, have also been proposed. Such composite measures may reflect
different types of environments, rather than single aspects of the environment.
Cervero and Kockelman combined environmental characteristics into the “3Ds”,
density, diversity and design by factor analysis and concluded that creating more
compact, diverse, and pedestrian-orientated neighborhoods, in combination, can
influence travel behavior [100]. Krizek proposed a neighborhood accessibility index
that included measures of density, land use mix, and street patterns [101]. The
walkability index, originally developed for the Neighborhood Quality of Life (NQLS)
study in the U.S., is one of the most frequently used composite measures of the
neighborhood environment in research. The original index included residential
density, street connectivity, land use mix and retail floor area ratio. A higher street
connectivity allows a more direct route between destinations, and land use mix
represents the variation in land use within the neighborhood, indicating the variety of
destinations available to residents. Retail floor area ratio is the ratio between retail
building area and total retail area. A low retail floor area would indicate substantial
parking areas around the retail buildings, while a high ratio would indicate a more
pedestrian-friendly environment [102]. This four-component walkability index was
later adopted in the Physical Activity in Localities and Community Environments
(PLACE) study in Australia [103]. As defined by the walkability index, NQLS-
participants living in highly walkable neighborhoods had 5.8 more minutes per day of
accelerometer-measured moderate to vigorous physical activity compared to those
living in less walkable neighborhoods. They also reported 31.5 more minutes of
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walking for transportation per week but only 4.3 more minutes per day of walking for
leisure. The differences in walking for transportation between high and low
walkability neighborhoods were larger in high socioeconomic status (SES)
neighborhoods than in low SES neighborhoods [34]. A 5% increase in the walkability
index was associated with a 32% increase in time spent on active transportation
(walking and cycling) [104]. The Australian PLACE study did not include
accelerometry but it found associations between the walkability index and the
frequency of walking for transportation, and a weak association for the amount of
walking for transport but no association for walking for leisure.

Gaps in previous research

The majority of the previous evidence of environmental correlates of physical activity
has often been based on self-reported, or perceived, neighborhood environment
and/or on self-reported physical activity. Also, much of the previous literature is based
on studies from North America and Australia, and there is a need to examine whether
the associations found in these countries hold up in a Swedish context. This is
important as there are large environmental and cultural differences between countries
in different parts of the world.

There are also other aspects of neighborhood walkability that need to be

examined further. For example, previous research using accelerometry has been based
on mean daily values. The influence of neighborhood walkability on physical activity
may, however, vary over the day, and the use of mean daily values cannot reflect this
potential variation and may also dilute potential associations. No previous study has
investigated the influence of neighborhood walkability and accelerometer-measured
hour-by-hour physical activity pattern across the day.

The inconsistent findings regarding the availability of exercise facilities and
physical activity warrant further investigations. A majority of these studies were based
on self-reported physical activity and and/or self-reported availability of exercise
facilities. The biases incorporated in these measures can be avoided by using objective
methods. Furthermore, previous studies have shown an association between time of
year and physical activity, with lower levels of physical activity occurring during
winter [105-107]. It has been hypothesized that exercise facilities could be important
in supporting a physically active lifestyle throughout the year [108]. This suggests a
stronger association between the availability of indoor exercise facilities and physical
activity during the winter than during the summer. To our knowledge, no previous
study using objective measures of availability of exercise facilities and physical activity
has explored this hypothesis.
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Previous cross-sectional studies have found negative associations between
neighborhood walkability and vehicle ownership [109] and vehicle miles traveled
[104, 110]. This implies that dense, well-connected areas with diverse land use could
support less car-dependent living. Vehicle ownership and vehicle use are, in turn,
negatively associated with physical activity [110-111]. We hypothesize that vehicle
ownership may lie in the causal pathway between neighborhood walkability and
physical activity. To our knowledge, no previous study has investigated the
hypothesized mediating effect of vehicle ownership on the association between
objectively assessed walkability parameters and physical activity.

As described earlier, associations between the neighborhood environment and
physical activity may be influenced by individual characteristics, and it is possible that
the influence of neighborhood characteristics on physical activity varies among
different subgroups of the population. A recent review of reviews concluded that
investigation of potential moderators of the relationship between the environment
and physical activity is the most frequently suggested direction for future research

[99].
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Aims

Study 1

* To investigate, in a Swedish context, the associations between objectively
assessed neighborhood walkability and walking for transportation, walking
for leisure and accelerometer-measured moderate to vigorous physical activity
and whether these hypothesized associations are modified by individual-level
socio-demographic factors and neighborhood-level SES.

*  To examine random effects in a multilevel fashion, in order to quantify how
much of the total variance of the physical activity outcomes could be due to
differences at the neighborhood level.

Study 2

* To investigate both the mean daily physical activity and the hour-by-hour
physical activity using accelerometry, and how they are associated with

neighborhood walkability and individual SES (i.e., income).

Study 3

* To investigate the associations between three walkability parameters
(residential density, street connectivity, and land use mix) and physical
activity outcomes, i.e. accelerometer-measured moderate to vigorous physical
activity, walking for transportation and cycling for transportation.

* To investigate the hypothesized pathway between walkability parameters and
physical activity through vehicle ownership using mediation analysis.

*  To test whether the associations between the walkability parameters and
physical activity are modified by vehicle ownership.
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Study 4

To investigate the association between objectively assessed availability of
exercise facilities and accelerometer-measured physical activity outcomes.
To test whether the hypothesized association between exercise facilities and
physical activity are modified by socio-demographic factors and time of year.
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Methods

The Swedish Neighborhood and Physical Activity (SNAP)
study

This thesis is based on data from the Swedish Neighborhood and Physical Activity
(SNAP) study. The SNAP study was designed to investigate the association between
neighborhood walkability and physical activity in a Swedish context using objective
and subjective methods for the assessment of both neighborhood environment and
physical activity. Data for the SNAP study were collected between November 2008
and November 2009 in the city of Stockholm, except between 9 December 2008 and
12 January 2009 and between 16 June and 17 August 2009 (roughly corresponding
to the winter and summer holidays in Sweden, respectively). The sampling of
neighborhoods for the study was designed to ensure variation in neighborhood
walkability and neighborhood income. The sampling procedure is described below.
The city of Stockholm is divided into 408 administrative units (in Swedish:
basomraden), containing approximately 2,000 individuals per unit. The geographic
boundaries of these administrative units follow the road/street network and they are
well-known geographic units that could be used for future health interventions. They
constituted a basis for the creation of the 32 neighborhoods included in the SNAP
study. The selection of the 32 neighborhoods for the study was based on
neighborhood walkability (high or low) and neighborhood income (high or low).
This resulted in four types of neighborhoods: high walkability/high income, high
walkability/low income, low walkability/high income, and low walkability/low
income, with 8 neighborhoods in each category. The walkability in each
administrative area was assessed by calculating a walkability index using GIS. The
index was partly based on a previously described walkability index [104] including
four components: (1) residential density, (2) street connectivity, (3) land use mix, and
(4) retail floor area ratio. As data on retail floor area ratio were not available in
Sweden, the walkability index in the SNAP study included the first three
components, i.e. residential density, street connectivity, and land use mix. Data on
residential density were delivered by Statistics Sweden, the Swedish government-
owned statistics bureau, and calculated as the number of residential units per square
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Figure 3. Example of the road network including cycle paths and footpaths.
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kilometer (excluding water bodies). Street connectivity was based on data delivered by
the City Planning Administration in Stockholm (in Swedish: Stockholms Stad,
Stadsbyggnadskontoret) and was calculated as the number of “true” intersections
(three or more “legs”) per square kilometer. Two or more intersections closer to each
other than 10 meters were counted as one using a buffering function. Highways were
not included in the calculations. Cycle paths and footpaths were included if they had
an intersection with a street (Figure 3). The land use mix was calculated as the
evenness in distribution between five categories of land use: (1) retail/service, (2)
entertainment/physical activity, (3) institutional/healthcare, (4) office/workplace, and
(5) dwellings. Categories 1 to 4 were based on data delivered by Teleadress, a
company founded when the government-owned telecom sector was privatized. The
Teleadress database is updated continuously and it includes businesses and services
with a registered phone number, as well as those who actively have provided
information about their business. Inclusion in their database is free of charge. The
fifth category was based on data obtained from the City Planning Administration in
Stockholm. The land use mix was based on point data and calculated by the
Herfindahl-Hirschman Index (HHI) [112]. The HHI is calculated by summing the
squared proportions of each land use category (HHI= p:* + p2*... + ps’). A high HHI
indicates a low level of land use mix.

Previous studies have mostly weighted connectivity by 2 [34, 102]. Frank et al.
describe this weight as being “based on prior evidence regarding reported utilitarian
walking distances and the resulting strong influence of street connectivity on non-
motorized travel choice. Further input confirming this weighting scheme was
obtained through iterations between alternative weighting schemes and resulting
neighborhood types that emerged” [102]. We chose to weigh street connectivity by
1.5 since our walkability index was based on three instead of four components. The
walkability index for each administrative area was calculated as the sum of the z-scores
using the formula:

Walkablhty index = ZRexidemial density + I-S*ZStreet connectivity T ZLand use mix

Next, the walkability index scores were divided into deciles. Areas in the first to
fourth walkability index deciles were considered less walkable, and those in the
seventh to tenth deciles were considered highly walkable. This approach is in line
with previous research [104].

Neighborhood income was included in the selection process to ensure variation

in SES and in order to account for possible differences in physical activity that could
be explained by the socioeconomic structure of the neighborhood, which is also in
accord with previous studies [33-34, 113]. Data on neighborhood income were
provided by Statistics Sweden. Neighborhood income was based on the disposable
median family income, which also took the number and age of the family members
into account. For example, children and adolescents were given lower consumption
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weights than adults. The median neighborhood family income for each administrative
area was calculated and the administrative areas were divided into deciles. Areas in the
second to fourth neighborhood income deciles were considered to be of low income,
and those in the seventh to ninth deciles were considered to be of high income. The
first and tenth deciles were excluded to avoid outliers in neighborhood income [104].

One hundred and twenty-seven of the 408 administrative areas in Stockholm
City were assigned to one of the four neighborhood categories (high walkability/high
income, high walkability/low income, low walkability/high income, and low walkabil-
ity/low income). The size of these 127 administrative areas ranged between 0.03 and
2.73 square kilometers. We selected administrative areas with at least 500 households
and a size of about 0.65 square kilometers. This area corresponds to the size of the
neighborhoods created in the Twin Cities Walking Study [114], a study designed to
examine the influences of the built environment on physical activity and walking.
Administrative areas in the high walkability/high income category located in the city
center were rather small. Therefore, some areas in this category were merged to create
study neighborhoods. This procedure resulted in a final number of 32 neighborhoods
(8 in each of the four categories) that were used for sampling of participants. The
geographical distribution of the 32 neighborhoods is shown in Figure 4.

Our goal was to assess 75 individuals from each neighborhood, i.e., in total
2,400 participants, aged 20—65 years. The power calculations were partly based on
previous research [33] and on an assumed mean difference of 5 minutes per day of
moderate to vigorous physical activity between individuals from highly walkable
neighborhoods and those from less walkable ones, an assumed standard deviation of
24, and a response rate of 40%. In order to reject the null hypothesis with a power
(probability) of 0.8 and a type I error probability of 0.01, we needed to study 585
individuals in each of the two types of neighborhoods (high walkability versus low
walkability), i.e. 1,170 in total. We chose, however, an approach of oversampling
since our assumptions were based on information from very few previous studies. The
Stockholm Office of Research and Statistics (in Swedish: Stockholms Stads
Utrednings- och Statistikkontor) performed the simple random sampling of 250
individuals from each neighborhood (a total of 8,000 individuals) without including
immigrants who had arrived in Sweden later than 2003 (i.e. five years before the start
of the study) as our questionnaire was provided only in Swedish. This is in accord
with previous studies from the U.S. and Australia, where only English-speaking
individuals have been included. Of the 8,000 individuals, 6,089 had a listed landline

or mobile phone number and were included in the recruitment procedure.
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Figure 4. The City of Stockholm and the geographical distribution of the 32
neighborhoods included in the SNAP study.

32 SNAP study neighborhoods
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Administrative areas = Stockholm

Prepared for this thesis by Naomi Kawakami.

An information letter was sent to their home address, and a week later, a
telemarketing company (Markor AB, Orebro, Sweden) contacted each individual by
phone. Markér AB had previous experience in recruiting study participants for large-
scale studies, and the author of this thesis provided detailed written and oral
information to all personnel involved in the recruitment process. Inclusion criteria at
this stage were the following: (1) being able to read and write Swedish, (2) having
lived in the neighborhood for at least three months, and (3) having no serious
difficulty in walking. Of the 4,747 individuals who were reached, 4,369 met the
inclusion criteria and 3,226 agreed to participate in the study. Although being based
on the same data collection, the number of participants included in the studies in this
thesis ranges between 2,037 and 2,269 due to missing data in the different variables
used in the studies. Also, different definitions for accelerometer non-wear time, which
influence the number of participants included in the studies, were used in study 4
compared to studies 1-3. Details on the studies and the number of participants in
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studies 14 are shown in Table 1. A telephone-based non-response analysis of 205
individuals, randomly selected from those who were reached by phone but declined
participation, was performed. There was no difference in income between participants
and non-participants, but the proportion of females was slightly higher among
participants, and the participants were slightly older than non-participants.

Data collection

Lists of enrolled participants were delivered to us on a weekly basis and a package
containing an accelerometer, an accelerometer logbook, a questionnaire and a prepaid
return envelope was sent to the residential address of each participant. Data were
collected concurrently in all included neighborhoods. After participation, the
participants received a pedometer, movie tickets or lottery tickets to a value of about
100 SEK.
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Table 1: Overview of the four studies included in this thesis.

Data source
Number of
participants

Neighborhood

definition

Explanatory

variables

Outcome
variables

Potential
moderators

Potential
mediators
Statistical
methods

Study 1 Study 2 Study 3 Study 4
SNAP SNAP SNAP SNAP
2,269 2,252 2,178 2,037
Administrative 1000m 1000m 950 + 50m
areas polygon-based  polygon-based  line-based
network network buffers network
buffers buffers
— Walkability — Walkability =~ — Residential Availability of
— Neighborhood - Individual density exercise
SES income — Street facilities
connectivity
— Land use mix
- MVPA - MPA - MVPA - MVPA
— Walking for — Walking for
transportation transportation
— Walking for — Cycling for
leisure transportation
— Neighborhood ~ None — Vehicle — Time of year
SES ownership — Age
—Age — Gender
— Gender — Income
— Family income — Marital
— Marital status status
None None — Vehicle None
ownership
— Multilevel — Bootstrap p- - Linear — Linear
linear regression,  values regression regression,
bootstrap — Bootstrap — Mediation cluster
— Mixed-effects,  confidence analysis, bootstrap
mixed intervals bootstrap — Logistic
distribution regression,
model cluster
— Intraclass corrected
correlation standard errors

SES: Socioeconomic status
SNAP: The Swedish Neighborhood and Physical Activity study
MVPA: Moderate to vigorous physical activity
MPA: Moderate physical activity
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Accelerometers

ActiGraph GT1M accelerometers, versions 2 to 4 and firmware 1 to 6, and ActiLife
Data Analysis Software, versions 4 to 6 (ActiGraph, Pensacola, FL, USA), were used
to provide an objective measure of physical activity. ActiGraph GT1M is highly
reliable and useful in assessing a variety of walking and running intensities in adults
[115-116], and the different versions of GT1M have been shown to provide similar
outputs [115]. ActiGraph accelerometers have been used in previous research on
neighborhood environment and physical activity [34]. Participants were asked to wear
the accelerometer for seven consecutive days, except when sleeping or
bathing/swimming, and were given the opportunity to choose accelerometer
placement on the hip or lower back to increase compliance. A study comparing
accelerometer placement on the hip or lower back under free-living conditions found
no significant effect on the estimation of time spent in moderate and vigorous
physical activity [117]. To further increase the compliance, four standardized text-
messages were sent to the participants’ cell phones during the 7-day measurement
period. The accelerometers were set to register vertical accelerations and to
accumulate data over 60-second periods (epoch-time). We were able to review
accelerometer files from 2,669 participants. Unavailable files were due to
discontinued participation, lost accelerometer, malfunction in the initiation of the
accelerometer and error when downloading data. Non-wearing time was defined as
>60 minutes (studies 1-3) or 230 minutes (study 4) of no registered physical activity
(zero counts). Wear time was calculated by subtracting non-wearing time from 24
hours, and 10 hours of wear time was required to constitute a valid day. Freedson’s
cut-off points for accelerometer counts were used to determine time spent in
moderate physical activity (1,952-5,724 counts/min) and time spent in moderate to
vigorous physical activity (21,952 counts/min) [64]. These cut-off points have been
used in previous research on neighborhood environment and physical activity [34].

The International Physical Activity Questionnaire (IPAQ)

The amount of walking for transportation and leisure and cycling for transportation
was assessed by the long self-administered version of the International Physical
Activity Questionnaire (IPAQ). The IPAQ has shown good reliability and fair to
moderate validity when using accelerometers as the criterion [40, 51-52], and has
previously been used in large-scale studies on the neighborhood environment and
physical activity[33-34]. The frequency and duration of walking and cycling in the
past seven days are reported using two questions per item. For example, walking for
transportation was assessed by the questions (1) “On how many days during the last 7
days did you walk for at least 10 minutes at a time to go from place to place?” and (2)
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“How much time did you usually spend on one of those days walking from place to
place?” Data were cleaned and scored according to the official IPAQ scoring protocol
[50]. Due to the low proportions of participants reporting cycling during November—
March (7-13%), the analyses on cycling for transportation only included observations
collected between April and October, when 20-32% of participants reported cycling
for transportation during the past seven days (n=906).

Explanatory variables Studies 1-4 (summarized in Table 1)

Study 1. Neighborhood walkability was categorized as high or low according to the
description above. That is, the walkability index was calculated within the
administrative areas and divided into deciles. Neighborhoods in the first to fourth
walkability index deciles were considered less walkable, and those in the seventh to
tenth deciles were considered highly walkable. Neighborhood SES was categorized as
high or low on the basis of the disposable median family income according to the
description above. Neighborhoods in the second to fourth neighborhood income
deciles were considered to be of low SES, and those in the seventh to ninth deciles
were considered to be of high SES. Age, gender, marital status and individual-level
income were also included as explanatory variables.

Study 2. For this study, the walkability index was calculated within polygon-based
network buffers around the participants’ residences. The buffers were created by
following the road network including bicycle paths and footpaths in all possible
directions for 1,000 meters from each residence and then drawing a line to connect
the endpoints (Figure 2). Neighborhood walkability was divided into tertiles.
Participants in the first and second tertile were classified as living in a less walkable
neighborhood and participants in the third tertile were classified as living in a highly
walkable neighborhood. Participants in the third tertile had considerably higher
values of the walkability index than participants in the first and second tertiles, who
had more similar values of the walkability index. Individual income was calculated by
dividing the gross family income by the number of people living in the household,
with children and adolescents under the age of 18 being given a consumption weight
of 0.5. Individual income was then dichotomized at the median into low or high.

Study 3. In this study, neighborhood walkability parameters were investigated
separately. That is, they were not summed as an index of walkability. Residential
density, street connectivity and land use mix were calculated within 1,000-meter
polygon-based network buffers using the same formula as in study 2. The HHI index
(land use mix) was multiplied by —1 to facilitate interpretation of results, making a
higher HHI correspond to a higher level of land use mix. Vehicle ownership was
based on information from the study questionnaire where participants were asked
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“How many roadworthy motor vehicles do you have in your household?” Vehicle
ownership was categorized into three levels: no vehicle, one vehicle and two or more
vehicles. Age, gender, marital status and individual income were also included as
explanatory variables.

Study 4. The availability of exercise facilities was measured objectively within 1,000-
meter line-based buffers around the participants’ residences using GIS. The buffers
were created by following the road network including bicycle paths and footpaths in
all possible directions for 950 meters from each residence, and then creating a 50-
meter buffer zone in all directions from the center of the street (Figure 2). Data from
2008 on the location and business names of publicly and privately owned exercise
facilities were provided by Teleadress. The data were manually screened and exercise
facilities not offering exercise on site for the adult population were excluded.
Availability of exercise facilities was categorized into three levels: 0 facilities, 1-3
facilities and >4 facilities within the buffer zone. Time of year was defined by four
periods of the year: January—March, April-June, July—September and October—
December. Age, gender, marital status and individual income were also included as
explanatory variables.

Outcome variables Studies 1-4 (summarized in Table 1)

Study 1. This study had three outcome variables: time spent in moderate to vigorous
physical activity from accelerometry, and walking for transportation and walking for
leisure from IPAQ. We performed a variance analysis of our data for moderate to
vigorous physical activity to determine the number of days required for inclusion in
the analysis [118]. We included participants with 6 or 7 valid days of accelerometry,
and the mean time spent in moderate to vigorous physical activity on these valid days
was used as outcome (minutes/day). Walking for transportation and walking for
leisure were both analyzed in a dichotomous fashion (participants reporting no
walking vs participants reporting any walking) and in a continuous fashion (minutes
of walking per week, excluding participants reporting zero walking from the analysis).
This approach was performed to handle the large number of zeros in the variables. In
total, about 20% of the participants did not report any walking for transportation and
30% did not report any walking for leisure during the past seven days.

Study 2. Accelerometer-measured mean time in moderate physical activity on all
days, on weekdays and on weekend days, was used as outcome. As neighborhood
walkability was developed as a measure of environments promoting active
transportation (i.e. walking) [26], and vigorous physical activity mainly corresponds
to activities of higher intensity than the normal walking intensity range [2], we only
included moderate physical activity in study 2. Hourly values of moderate physical
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activity of an average weekday and weekend day were also calculated and used to
explore the hour-by-hour physical activity patterns. Participants with one valid
weekday and one valid weekend day were included in the analyses.

Study 3. This study had three outcome variables: time spent in moderate to vigorous
physical activity from accelerometry, and walking for transportation and cycling for
transportation from IPAQ. We included participants with 6 or 7 valid days of
accelerometry, and the mean time spent in moderate to vigorous physical activity on
these valid days was used as outcome (minutes per day). Walking for transportation
and cycling for transportation were investigated both as dichotomous variables (yes or
no) and as log-transformed variables (including participants with values higher than
zero). This approach was used to handle the large number of zeros in the variables.

Study 4. This study had two accelerometer-measured physical activity outcomes: time
spent in moderate to vigorous physical activity (minutes per day) and meeting the
physical activity recommendations (yes or no). Participants were considered to have
met WHO’s Global Recommendations on Physical Activity for Health [14] if they
accumulated >150 minutes of moderate to vigorous physical activity in bouts of 210
minutes within a week. Bouts of moderate to vigorous physical activity were
identified as 10 or more consecutive minutes with 21,952 counts per minute. During
each bout of physical activity, the number of counts per minute was permitted to dip
below this cut-off for 1-2 min. This approach, which allows for brief pauses in
physical activity (for example when stopping at a red light or tying a shoelace), is
recommended [119] and has been used previously [28]. Participants with 6 or 7 valid
days were included in the analysis. Weekly time spent in bouts of moderate to
vigorous physical activity for participants with 6 valid days were extrapolated to 7
days using the mean of the six valid days (mean value for the 6 valid days multiplied
by seven).

Statistical analyses

Study 1. The association between neighborhood walkability and moderate to
vigorous physical activity was analyzed using multilevel linear regression models
[120], with individuals at the first level and neighborhoods at the second level. Two
consecutive models were developed. Model A included only neighborhood
walkability. Model B also included the individual covariates age, gender, marital
status, and family income, as well as neighborhood-level income. This is in line with
previous studies on the association between neighborhood walkability and physical
activity outcomes [33-34, 113] and it allowed us to investigate whether inclusion of
these characteristics attenuated the association between neighborhood walkability and
physical activity. The models were estimated by MLwiN using non-parametric
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bootstrap estimates with 1,000 replicates and five sets in order to test for the possible
effects of non-normal distributions and the accuracy of inferences about the
parameter values [121]. Non-parametric bootstrapping is a method that constructs a
number of resamples of the original dataset, each obtained by random replacements
of the original dataset and assuming an identically distributed population.
Bootstrapping techniques have been used in previous studies of the association
between environmental attributes and physical activity [122]. Regression coefficients,
in minutes per day, and 95% confidence intervals are presented as measures of
association.

Walking for transportation and walking for leisure were analyzed using a mixed-
effects, mixed-distribution model [123] due to the excessive number of participants
who did not report any walking. In total, 431 individuals (20%) reported zero
regarding walking for transportation while 657 (30%) reported zero regarding
walking for leisure. The mixed-effects, mixed-distribution model is made up of two
parts: the first is a logistic part for occurrence of the outcome, which estimates the
probability of reporting any walking versus reporting zero walking. The second is a
linear part that models the intensity (i.e. amount of walking in minutes/week) of the
response, given that the response is greater than zero. The second part of the model
did not include participants who reported zeros regarding walking for transportation
or walking for leisure. In the second part of the mixed-effects, mixed-distribution
model we assumed a normal distribution. In order to justify this assumption, we
performed an additional analysis using bootstrap estimates in the linear part. This
yielded almost identical results to those in the second part in the mixed-effects,
mixed-distribution model, supporting our assumption of a normal distribution. The
results of the mixed-effects, mixed-distribution models were presented as odds ratios
with 95% confidence intervals for the occurrence of the outcomes, as well as the
regression coefficients (minutes/week) with 95% confidence intervals for the amount
of the responses. A random effect for the occurrence and a random effect for the
amount were included in the model to account for clustering of individuals within
neighborhoods. As we did for the investigations of walkability and moderate to
vigorous physical activity, we developed two consecutive models for each outcome: a
crude model including neighborhood walkability and a full model also including the
individual covariates age, gender, family income, and marital status, as well as
neighborhood-level income. Interactions between explanatory variables in the full
models were examined. The models were estimated using SAS v. 9.2 (SAS Institute,
Cary, NC, USA), with the MIXCORR macro developed by Tooze et al. [123]. To
facilitate the interpretation of the variance at the neighborhood level, we calculated
the intraclass correlation (ICC) (Snijders & Bosker, 1999). A large ICC would
indicate that differences between the neighborhoods account for a considerable part
of the individual differences in the physical activity outcomes, while an ICC close to
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zero would indicate that the neighborhoods exert only a small influence on the total
variance between individuals [124]. The ICC is the percentage of the total variance of
the individual outcome attributable to the neighborhood level. ICC was calculated
according to the following formula:

ICC=V,/(V1+V3)

where V) represents the variance between individuals (first-level variance) and V,
represents the variance between neighborhoods (second-level variance). However, in
the logistic part of the mixed-effects, mixed-distribution model, the neighborhood
level variance is measured on a different scale than the individual level variance and
hence they are not comparable. We used the latent variable method to convert the
individual level variance from the probability scale to the logistic scale [125]. This
method assumes that the unobserved individual variable follows a logistic distribution
with the individual variance equal to 3.29 (n°/3). The ICC is then calculated

according to the equation above.

Study 2. To investigate the influence of neighborhood walkability on mean daily and
hour-by-hour moderate physical activity, the participants were divided into four
categories: (1) high walkability/high individual income (HWHII), (2) high
walkability/low individual income (HWLII), (3) low walkability/high individual
income (LWHII), and (4) low walkability/low individual income (LWLII). During
the weekdays, we included moderate physical activity collected between 6:00 and
23:00 and during the weekend days between 8:00 and 23:00. Between these time-
points the majority of the participants contributed wear time. Mostly, at least 90% of
participants in each walkability-income category contributed physical activity data at
each hour included, except for the first hour in the morning when it could go down
to 53%.

The four walkability-income categories were compared for both the mean daily
and mean hour-by-hour moderate physical activity. We used a non-parametric
bootstrap approach as the physical activity data were skewed; especially the hour-by-
hour data had a large proportion of observations with zero values. The bootstrap
procedure was performed in the following way: for each mean daily and hour-by-hour
comparison, 10,000 samples were drawn, with replacements, from the empirical
distributions. For each drawn sample the mean value was determined and thus, as we
had 10,000 samples and a mean value in each sample, a sampling distribution of the
estimated mean was obtained. Bootstrap p-values were obtained from the sampling
distributions for the difference between the estimated means of the walkability-
income categories. For the daily means we also present 95% bootstrap confidence
intervals. Because of the way the participants were divided into low walkability (first
and second tertiles) and high walkability (third tertile), and since the variation of the
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estimated mean is dependent on the sample size, the confidence intervals and p-values
for the mean difference between the two income categories within the high
walkability category (HWHII vs. HWLII) become larger than the two income
categories within the low walkability category (LWHII vs. LWLII), even when the
difference in means appears similar. The statistical analyses were performed in the
statistical analysis software R [126].

Study 3. We investigated the association between three different walkability
parameters and three different physical activity outcomes. Further, we investigated
whether these associations were mediated and/or moderated by vehicle ownership.

Figure 5. The associations between X and Y without (upper part) and with a
mediator (lower part).

X b
(Walkability parameter) c (Physical activity outcome)
M
(Vehicle ownership) b
X C Y
(Walkability parameter) {Physical activity outcome)

X represents the explanatory variables; residential density, street connectivity or land use mix.
Y represents the outcome variables; moderate to vigorous physical activity, walking for
transportation or cycling for transportation. M represents the potential mediator; vehicle
ownership.

The upper part of Figure 5 illustrates a potential direct effect of X (explanatory
variable) on Y (outcome), while the lower part of Figure 5 illustrates the mediation
design where the product of a and b (a*b) is the potentially mediating effect of M
(mediator) on the association between X and Y. Walking for transportation and
cycling for transportation were investigated both as dichotomous variables (yes or no)
and as log-transformed variables (including participants with values higher than zero).
Linear regression was used to investigate the associations between the walkability
parameters and the physical activity outcomes. To investigate the mediating effect of
vehicle ownership on these associations we used an approach described by Preacher
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and Hayes [127]. This approach uses bootstrapping to generate confidence intervals
for the indirect effect. We also calculated the proportion mediated, by dividing a*b by
c. To check the robustness of our results, we also performed non-parametric analyses
using PROC GENMOD in SAS v. 9.2 (SAS Institute, Cary, NC, USA) with the
identity link and specified the variance to be binomial as well as using ordinary
logistic regression. The mediated proportions in these control results were very similar
to the results shown in the tables. For all outcomes we also investigated the potential
interaction between vehicle ownership and the different walkability parameters. For
all outcomes, we first included the walkability parameter and then also age, gender,
income, and marital status in the models.

Study 4. The association between availability of exercise facilities and time spent in
moderate to vigorous physical activity was analyzed by linear regression using non-
parametric cluster bootstrap estimates with 1,000 replications. Two models were
created: a crude model including only availability of exercise facilities and physical
activity, and a full model also including sex, age, income, marital status and time of
year. The full model was also adjusted for accelerometer wear time since it was found
to be a potential confounder (inclusion of this variable in the model resulted in a 10%
change of the regression coefficients). Standard errors presented in the results were
corrected for clustering effects as the data were collected within 32 neighborhoods.
However, additional analyses without this correction for clustering effects showed
similar results, and the ICC between neighborhoods was less than 0.5% in the full
models. The regression coefficients represent differences in minutes per day compared
to the reference group. Interactions and multicollinearity between the explanatory
variables in the full model were examined. The association between availability of
exercise facilities and whether or not participants met the physical activity
recommendations (yes or no) was analyzed by logistic regression. Two models were
created: a crude model including only availability of exercise facilities, and a full
model also including sex, age, income, marital status and time of year. Accelerometer
wear time was not a confounder and was not included in this model. Standard errors
were corrected for clustering effects in the data. Interactions between explanatory
variables in the full model were examined. Goodness of fit was estimated by the
Hosmer-Lemeshow test [128]. All statistical analyses were performed using STATA
10.1 (StataCorp, College Station, Texas, USA) and statistical significance was
determined at a <0.05.
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Results

Associations between the neighborhood environment and
physical activity

The results of study 1 showed that participants living in highly walkable
neighborhoods were more physically active than participants living in less walkable
neighborhoods. Participants in highly walkable neighborhoods spent 3.1 more
minutes in moderate to vigorous physical activity per day (Table 2) and they had
77% higher odds of reporting any walking for transportation (Table 3) and 28%
higher odds of reporting any walking for leisure (Table 4). Furthermore, participants
in highly walkable neighborhoods reported 50 more minutes of walking for
transportation than participants in less walkable neighborhoods. The ICC ranged
between 0.0% and 2.1% in the full models.

The results of study 2 showed that living in a highly walkable neighborhood was
associated with more time in moderate physical activity compared with living in a less
walkable neighborhood, but that this association was attributed to specific time
periods of the day. The highest levels of moderate physical activity were found in
participants with high individual income living in highly walkable neighborhoods.
These participants spent significantly more time in moderate physical activity on
weekdays as well as on weekend days than did participants with high individual
income living in less walkable neighborhoods (Table 5). There was also a tendency
(close to statistical significance) towards more moderate physical activity, on weekdays
as well as weekend days, among participants with low individual income living in
highly walkable neighborhoods compared to participants with low individual income
living in less walkable neighborhoods. Participants with high individual income living
in highly walkable neighborhoods spent 5.8 more minutes per day in moderate
physical activity than participants with low individual income living in less walkable
neighborhoods (Table 5). The investigation of the hour-by-hour moderate physical
activity showed different patterns on weekdays and weekend days. A weekday had
three sharp peaks of moderate physical activity: one in the morning, one around
noon, and one in the late afternoon/early evening (Figure 6). In contrast, a weekend
day had only one broad peak (Figure 7). Both high and low-income participants in
neighborhoods with high walkability had more moderate physical activity across
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almost the entire day (both weekdays and weekend days) than participants from
corresponding income categories in low walkability neighborhoods (O vs. <>, and ®
vs. ®). During weekdays, the difference between high and low walkability was more
pronounced during the afternoon and early evening, especially among individuals
with high income.

Table 2: Multilevel linear regression for predictors of moderate to vigorous
physical activity. Numbers represent p-coefficients (with 95% confidence
intervals) in minutes/day. n = 2,269.

Model A* Model B®

Walkability (High vs. Low) 3.4 (0.8-5.8) 3.1 (0.4-5.6)
Neighborhood SES (High vs. Low) 1.8 (-0.7-4.4)
Male vs. Female 3.2 (1.2-5.1)
Age (years)

e 20-30 Reference

e 31-40 -5.1 (-8.5--1.6)

e 41-50 -5.2 (-8.4--1.9)

e 51-66 -6.7 (<10.0 - -3.5)
Family income

e Low Reference

e Middle 0.9 (-1.1-2.9)

* High 3.4 (0.6-6.3)
Married/cobabiting vs. Single 3.3 (1.1-5.8)

Random effects
Variance individual 537 (506-566)
4.7 (0.0-8.6)

0.9%

529 (498-556)
4.7 (0.0-8.7)
0.9%

Variance neighborhood
Intraclass correlation

“Model A only includes walkability
®Model B also includes all other variables
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Table 3: Mixed-effects, mixed-distribution models for predictors of walking

for transportation. n = 2,269.

Model A*
Occurrence (Logistic)*
Walkability (High vs. Low)
Neighborhood SES (High vs. Low)

1.92 (1.40-2.63)

Male vs Female
Age (years)
 20-30
e 31-40
e 41-50
e 51-66
Family income
* Low
e Middle
* High

Married/cobabiting vs. Single

Random effects

Variance neighborhood
Intraclass correlation

Amount (Linear)!

Walkability (High vs. Low)

Neighborhood SES (High vs. Low)

Male vs. Female
Age (years)

e 20-30

e 31-40

e 41-50

e 51-66
Family income

* Low

e Middle

* High

Married/cobabiting vs. Single
Random effects

Variance individual

Variance neighborhood
Intraclass correlation

0.09 (0.00-0.18)
2.6%

57 (26-88)

78,573
(73,278-83,867)
507 (0-1,499)
0.6%

Model B®

1.77 (1.30-2.41)
1.30 (0.96-1.76)
0.67 (0.53-0.83)

1 (Reference)

0.95 (0.60-1.50)
0.72 (0.47-1.11)
0.74 (0.49-1.12)

1 (Reference)

0.83 (0.62-1.09)
0.97 (0.69-1.37)
0.89 (0.65-1.20)

0.07 (0.00-0.15)
2.1%

50 (20-81)
=5 (-35-25)
-18 (-45-8)

Reference
—14 (—62-35)
17 (-29-63)
52 (8-96)

Reference

-36 (-69 — -3)
—84 (—124 — —44)
39 (4-74)

76,567
(71,436-81,697)
297 (0-1,198)
0.4%

*Model A only includes walkability

®Model B also includes all other variables

‘Numbers in the fixed part of the regression are odds ratios (95% confidence intervals)
dNumbers in the linear part of the regression are B-coefficients (95% confidence

intervals) in minutes per week
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Table 4: Mixed-effects, mixed-distribution models for predictors of walking

for leisure. n = 2,269.

Occurrence (Logistic)*
Walkability (High vs. Low)
Neighborhood SES (High vs. Low)
Male vs. Female

Age (years)
 20-30
e 31-40
e 41-50
e 51-66
Family income
e Low
e Middle
* High

Married/cobabiting vs. Single

Random effects
Variance neighborhood
Intraclass correlation

Amount (Linear) ¢

Walkability (High vs. Low)
Neighborhood SES (High vs. Low)
Male vs. Female

Age (years)

20-30
* 31-40
e 41-50
e 51-66

Income

* Low
e Middle
* High

Married vs. Single

Random effects
Variance individual

Variance neighborhood
Intraclass correlation

Model A*

1.22 (1.01-1.48)

0.00 (0.00-0.00)
0.0%

18 (-8-45)

56,171
(52,118-60,225)
352 (0-922)
0.4%

Model B®

1.28 (1.04-1.56)
1.22 (0.96-1.76)
0.67 (0.56-0.81)

1 (Reference)

0.92 (0.65-1.30)
1.11 (0.80-1.54)
1.71 (1.24-2.36)

1 (Reference)

1.14 (0.90-1.44)
1.02 (0.77-1.35)
1.00 (0.78-1.29)

0.00 (0.00-0.00)
0.0%

18 (-9-43)
-3 (-28-22)
-29 (-54--5)

Reference

~7 (-53-40)
33 (-11-77)
63 (21-104)

Reference
—40 (-10 —-71)
—58 (<22 --95)
33 (1-64)

54,681
(50,743-58,618)
44 (0-612)
0.1%

*Model A only includes walkability
®Model B also includes all other variables

‘Numbers in the fixed part of the regression are odds ratios (95% confidence intervals)
dNumbers in the linear part of the regression are B-coefficients (95% confidence

intervals) in minutes per week
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Table 5. Comparison of mean daily moderate physical activity (minutes/day)
for all days, weekdays (Mon-Fri) and weekend days (Sat-Sun) between all
walkability-income categories. n=2,252.

Mean (95% CI) difference in MPA (min-d™!)

p-value

All days Weekdays Weekend days

A  HWHI vs. HWLII 3.1 (-0.0-6.1) 2.6 (-0.7-6.0) 4.4 (0.3-8.5)
0.051 0.13 0.036

B  HWHIIvs. LWHII 3.9 (1.4-6.3) 4.0 (1.5-6.7) 3.8 (0.3-7.3)
0.002 0.003 0.037

C HWHIvs. LWLII 5.8 (3.3-8.3) 5.4 (2.7-8.1) 7.0 (3.6-10.4)
<0.001 <0.001 <0.001

D HWLIHvs. LWLII 2.7 (=0.0-5.5) 2.7 (-0.3-5.8) 2.7 (-0.9-6.2)
0.052 0.075 0.14

E LWHII vs. LWLI] 1.9 (-0.1-4.0) 1.3 (-0.9-3.5) 3.3 (0.4-6.1)
0.067 0.25 0.025

F  HWLIvs LWHII  -0.8 (-3.5-1.9) -1.4(-4.4-1.5) 0.6 (-3.1-4.3)
0.58 0.35 0.73

HW, high walkability; LW, low walkability; HII, high individual income; LII, low
individual income; 95% CI, 95% confidence interval; MPA, moderate physical
activity

Study 3 investigated the association between three walkability parameters
(residential density, street connectivity, and land use mix) and physical activity
outcomes, i.e. accelerometer-measured moderate to vigorous physical activity, walking
for transportation and cycling for transportation. The results of the regression
analyses showed that residential density and land use mix were positively associated
with time spent in moderate to vigorous physical activity (Table 6). An increase of
residential density of 10,000 dwellings per square kilometer was associated with 5.9
more minutes per day of moderate to vigorous physical activity in the full model. For
land use mix, an increase of the HHI by 10,000 was associated with 8.1 more
minutes per day of moderate to vigorous physical activity. No significant association
was found between street connectivity and time spent in moderate to vigorous
physical activity. Residential density and land use mix were also significantly and
positively associated with reporting walking for transportation (yes or no) and with
the amount of walking for transportation (log-transformed minutes per week) in the
full models as shown in Table 7 and Table 8 respectively. Street connectivity was
weakly associated with walking for transportation in the linear regression analysis.
None of the walkability parameters were associated with reporting cycling for
transportation (yes or no) or with the amount of cycling for transportation (log-
transformed minutes per week).
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Figure 6. Hour-by-hour mean moderate physical activity by walkability-
individual income category for an average weekday (lower panel). P-values
<0.05 for group comparisons are presented for each hour (upper panel).
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HW, high walkability index; LW, low walkability index; HII, high individual income; LII,

low individual income.
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Figure 7. Hour-by-hour mean moderate physical activity by walkability —
individual income category for an average weekend day (ower panel).
P-values <0.05 for group comparisons are presented for each hour (upper
panel).
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low individual income.
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The results from the linear regression model in study 4 showed that participants with >4
exercise facilities within their 1,000 meter buffer zones spent 5.4 more minutes per day in
moderate to vigorous physical activity than those with no exercise facilities within their buffer
zones (Table 9). There was no significant difference in time spent in moderate to vigorous
physical activity between participants with 1-3 exercise facilities within their buffer zones and
those with no facilities. The logistic regression model showed that having >4 exercise facilities
within the buffer zone was associated with 69% higher odds of meeting the physical activity
recommendations compared to having no exercise facilities within the buffer zone (Table 10).

Table 9: Linear regression analysis of predictors of moderate to vigorous
physical activity. Numbers represent regression coefficients (with 95%
confidence intervals) in minutes/day. n = 2,037.

Model A! Model B?

Availability of exercise facilities

e 0 Reference Reference

. 1-3 0.5 (-1.4-2.4) 0.3 (-1.5-2.1)

o >4 5.4 (2.2-8.5) 5.4 (2.3-8.5)
Gender

e Male Reference

¢ Female -2.4 (-5.2-0.3)
Age (years)

e 20-30 Reference

e 31-40 -6.0 (-10.2--1.7)

e 41-50 -7.1(-11.4--2.8)

e 51-66 -8.1(-12.7--3.5)
Income

e Low Reference

e Middle 0.9 (-2.0-3.8)

. High 3.0 (-0.8-6.8)
Marital status

*  Married/cohabiting Reference

*  Single 3.5 (0.8-6.2)
Time of year

*  January—March Reference

e April-June 0.1 (-2.3-2.5)

e July—September -0.8 (-4.3-2.8)

¢ October—December -1.7 (-4.5-1.0)

'"Univariate linear regression
*Multiple linear regression including all variables and adjusted for
accelerometer wearing time in min/day
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Table 10: Logistic regression analysis of predictors of meeting physical
activity recommendations. Numbers represent odds ratios (with 95%
confidence intervals). n=2,037.

Model A! Model B?

Availability of exercise facilities

e 0 Reference Reference

e 1-3 1.06 (0.86-1.31) 1.07 (0.86-1.33)

e >4 1.70 (1.39-2.08) 1.69 (1.39-2.05)
Gender

e Male Reference

e  Female 1.04 (0.86-1.26)
Age (years)

e 20-30 Reference

e 31-40 0.78 (0.56-1.07)

e 41-50 0.88 (0.66-1.18)

e 51-66 1.09 (0.83-1.43)
Income

e Low Reference

e Middle 1.18 (0.92-1.50)

. High 1.08 (0.79-1.48)
Marital status

*  Married/cohabiting Reference

* Single 1.05 (0.87-1.26)
Time of year

*  January—March Reference

*  April-June 1.00 (0.82-1.24)

*  July-September 0.90 (0.66-1.23)

e October—December 0.82 (0.65-1.03)

"Univariate logistic regression
*Multiple logistic regression including all variables

Interaction analysis

Tests of interaction were performed in studies 1, 3 and 4 in order to investigate
whether the associations between the explanatory variables and the outcomes were
similar in different subgroups of the sample. Neighborhood-level SES, age, gender,
marital status, or family income did not modify the associations between
neighborhood walkability and physical activity outcomes (study 1). The associations
between residential density, street connectivity, and land use mix and physical activity
outcomes were not modified by vehicle ownership (study 3). Furthermore, the
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association between availability of exercise facilities and physical activity was not
modified by age, gender, marital status, individual income or time of year (study 4).
In summary, none of the variables tested for effect modification showed statistically
significant results. However, the results of the analysis of neighborhood walkability
and mean daily time spent in moderate physical activity (study 2) may indicate a
weak effect modification of individual income. The differences in time spent in
moderate physical activity between participants living in high or low walkability
neighborhoods were more pronounced in high-income participants than in low-
income participants.

Mediation analysis

There were negative associations between residential density as well as land use mix
and vehicle ownership. There were also negative associations between vehicle
ownership and time spent in moderate to vigorous physical activity. The results of the
product of coefficients analysis showed that vehicle ownership mediated 25% of the
association between residential density and time spent in moderate to vigorous
physical activity in the full model, and this mediating effect was statistically
significant (Table 6). For land use mix, the corresponding figure was 34%. There
were also negative associations between vehicle ownership and walking for
transportation in both the logistic and the linear regression analyses. Vehicle
ownership mediated 23% of the logistic (T'able 7) and 18% of the linear associations
(Table 8) between residential density and walking for transportation, respectively. For
land use mix, the corresponding figures were 24% and 14% for the logistic and linear
associations, respectively, and these mediating effects were statistically significant.

General results

The median time spent in moderate to vigorous physical activity was about 41 min
per day. Overall, 35% of participants met the physical activity recommendation of
2150 min of moderate to vigorous physical activity per week (Study 4). Participants
reported a median of 125 minutes of walking for transport per week. Fifty-five
percent of the participants were females and about a fourth of the participants were
single (Table 11). Single participants spent more time in moderate to vigorous
physical activity than their married/cohabiting counterparts, and participants aged
20-30 years spent more time in moderate to vigorous physical activity than those over
the age of 30. The results of study 2 showed that, in both high walkability and low
walkability neighborhoods, high individual income was associated with more
moderate physical activity compared with low individual income on weekend days
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(Table 5, comparison A and E). The differences were 4.4 and 3.3 minutes per day,
respectively. However, the differences varied depending on the time of day. High-
income participants had a higher amount of moderate physical activity than low-
income participants (O vs. ®, and < vs. ®) around noon and in the afternoon/early
evening on weekdays (Figure 6). In contrast, low-income participants had higher
amounts of moderate physical activity than high-income participants in the time
periods between the three peaks. During the weekend, there was a more consistent
difference in moderate physical activity across the day between high- and low-income
participants (Figure 7).

Table 11. Descriptive statistics on the study participants, variables mainly
from study 3.

Median or Interquartile Min; max
percent range
Residential density (residential unitsx ~ 0.23 0.14; 0.43 0.06; 1.77
107 /knm?)
Street connectivity (intersections/lkm?) 86.4 73.4;102.1 30.5; 155.3
Land use mix (HHI x 10~ x (-1))° -0.76 —0.86;-0.36 —0.98;-0.24
Age:
20-30 11%
31-40 21%
41-50 28%
51-66 40%
Gender ( females) 55%
Income (SEKlyear)’:
<150,000 19%
150,000-349,999 56%
>350,000 25%
Marital status (married/cobabiting) 75%
Vehicle ownership:
0 18%
1 48%
22 34%
Moderate to vigorous physical activity 41.3 27.1;57.9 0.1; 183.7
(min/day)
Walking for transportation (minfweek) 125 30; 300 0; 1260
Walking for leisure (minfweek) 60 0;180 0;1260
Cycling for transportation (min/week)” 0 0; 20 0; 1260

In study 3, a higher Herfindahl-Hirschman Index correspond to a higher level of land use mix
bCalculated by dividing the gross family income by number of people living in the household,
with children/adolescents under the age of 18 being given a consumption weight of 0.5
“Observations collected between April and October (n=906)
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Discussion

Main findings

This is the first large-scale Swedish study investigating the associations between
objectively assessed neighborhood environment and objective and self-reported
physical activity. We found that individuals living in highly walkable neighborhoods,
compared to those living in less walkable neighborhoods, spent more time in
moderate to vigorous physical activity per day, had higher odds for walking for
transportation and walking for leisure and reported more minutes of walking for
transportation per week. The results of the hour-by-hour analysis of accelerometer
data showed, for the first time, that the influence of neighborhood walkability on
physical activity varies across the day, and that it was more pronounced during the
time periods when a large proportion of people are likely to be exposed to their
neighborhood environment. These findings provide further support for an association
between neighborhood walkability and physical activity. Study 3 showed that two of
three parameters of the walkability index (residential density and land use mix, but
not street connectivity) were associated with physical activity. Significant proportions
of these associations were mediated by vehicle ownership, i.e. individuals living in
dense neighborhoods with a variety of services and facilities owned fewer vehicles and
were more physically active. Also, in study 4, we found that the availability of exercise
facilities within the neighborhood was positively associated with time spent in
moderate to vigorous physical activity and with higher odds of meeting the
recommended levels of physical activity. The associations in this thesis did not differ
between different subgroups of the population. That is, people living in dense mixed-
use neighborhoods may benefit from these environments regardless of age, gender,
income and vehicle ownership status.

Associations between the neighborhood environment and

physical activity

We found more moderate to vigorous physical activity among individuals living in
highly walkable neighborhoods, which was in agreement with findings from the
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NQLS in the U.S. [34] and a study on neighborhood walkability and physical activity
from Belgium, the Belgian Environmental Physical Activity Study (BEPAS) [113].
The finding of the association between neighborhood walkability and different forms
of walking was partly in agreement with previous studies. In the NQLS and BEPAS
studies, positive associations between neighborhood walkability and walking for
transportation as well as walking for leisure were found, whereas the PLACE study
from Australia found an association with walking for transportation but not with
walking for leisure [33]. Our study found that neighborhood walkability was
associated with walking for transportation (yes vs. no) and reported minutes of
walking for transportation per week as well as walking for leisure (yes vs. no).
Walkability was not associated with reported minutes of walking for leisure per week
in this study. As SNAP, NQLS, PLACE and BEPAS are based on very similar study
design, the small differences between studies may be due to environmental differences
or social and cultural differences between countries rather than study design issues. A
Swedish study found the degree of urbanization to be associated with more walking
but lower odds of having high levels of total physical activity (being in the top
quartile of total physical activity) [129]. That study was based on self-reported
neighborhood environment and self-reported physical activity, and the relationship
between self-reported degree of urbanization and objectively assessed neighborhood
walkability is unclear. The authors discuss that urban environments may support
walking but that other environments may support physical activity at higher
intensities. There have been a few longitudinal studies on neighborhood environment
and physical activity. For example, an Australian study measuring neighborhood
environment and physical activity before, and twelve months after, relocation found
that participants moving to less walkable neighborhoods reported less walking for
transport but more walking for leisure in the new environment. However, in those
who gained access to destinations after relocation, both walking for transport and
walking for recreation were positively associated with the number of walking-related
destinations [130]. These findings provide further support for an association between
neighborhood walkability and walking for transportation, and stress the importance
of destinations within the neighborhood.

As this was the first study to investigate the influence of neighborhood
walkability on the hour-by-hour pattern of physical activity, it is hard to compare to
previous findings. However, the findings support an association between
neighborhood walkability and moderate physical activity. We found a rather strong
association between neighborhood walkability and moderate physical activity in the
afternoon/early evening, suggesting an influence of neighborhood walkability on
physical activity, as this is a time when a large proportion of people are likely to be
exposed to their neighborhood environment. People living in neighborhoods with
higher walkability are exposed to a variety of services and facilities within walking
distance, which they may reach by walking after working hours. In contrast,
participants living in neighborhoods with lower walkability have less availability of
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facilities within walking distance and may be more prone to use a car for their errands
after work. Interestingly, walkability and income seem to have a synergetic influence
on moderate physical activity in the afternoon/early evening on weekdays, as
participants in the high walkability/high income category had substantially higher
levels of moderate physical activity than participants in the other categories in this
part of the day. On weekend days, participants living in neighborhoods with high
compared to low walkability spent consistently more time in moderate physical
activity across the day, and the most pronounced differences were found in the
middle of the day. On weekend days compared to weekdays, participants may spend
more time in their neighborhoods, i.e. the influence of neighborhood walkability on
moderate physical activity may be exerted over longer periods of the day.

The analysis of the separate walkability parameters in study 3 showed that
residential density and land use mix were positively associated with time spent in
moderate to vigorous physical activity and walking for transportation. This is in line
with previous research investigating objectively assessed residential density and land
use mix as separate measures [83], and supports the inclusion of these parameters in
the walkability index. Street connectivity was weakly associated with the amount of
walking for transportation, but it was not associated with any of the other physical
activity outcomes in this study. This is in contrast to some earlier findings. For
example, Frank et al. found street connectivity to be significantly associated with
moderate physical activity [83]. However, the street connectivity in this study was
higher (range 31-155 and a median of 86 intersections per km?”) compared to the
street connectivity found by Frank and colleagues in the U.S. (range 0-104 and a
mean of 37 intersections per km?). The relatively high connectivity in this Swedish
context may explain the lack of association. A review by Saelens and Handy on
environmental correlates of walking found that, while residential density and land use
mix were consistently associated with walking for transportation, the findings for
street connectivity were more equivocal [98].

We did not find any significant associations between walkability parameters and
cycling for transportation. Some previous studies have examined the association
between walkability and cycling for transportation. For example, participants in the
BEPAS study living in highly walkable neighborhoods reported 40 more minutes of
cycling for transportation per week than participants living in less walkable
neighborhoods [113], and a Belgian-Australian study found that higher
neighborhood walkability was associated with higher odds of using cycling for
transportation at least once a week [131]. Furthermore, results from an American
study showed positive associations between objectively assessed population density,
street connectivity and land use mix and cycling for transportation [132]. Even
though we included the cycling infrastructure in our data, there are some possible
explanations for the lack of association. For example, walkability was developed as a
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measure of supportive environments for walking and not cycling. Furthermore, it
may be more common for cyclists to commute from residences in low walkable
neighborhoods to workplaces in dense inner city areas than the opposite scenario, in
order to avoid traffic congestion and parking problems. This would dilute an
association between walkability within the neighborhood and cycling for
transportation. A study performed in the same metropolitan area as the SNAP study
found higher levels of stimulating environmental characteristics for bicycle
commuting and higher levels of traffic safety in suburban areas (less walkable) than in
inner urban areas (highly walkable) [74]. Hence, the combination of walkable
neighborhoods and safe and stimulating environments for cycling may be a promising
goal for the public health agenda.

The units of residential density and land use mix shown in Tables 6-8 and 11
were residential units per square kilometer divided by 10,000 and HHI values divided
by 10,000, respectively. This was done in order to make the unit in the explanatory
variable and the regression coefficients easier to interpret, representing a meaningful
difference in the neighborhood environment. For example, one increase in the unit of
residential density used in the analyses (10,000 residential units per km?),
corresponded to a shift from the lowest density to a mid-range density in this sample.
One increase in the unit of land use mix (10,000 original units of HHI),
corresponded to a shift from the lowest land use mix to a rather high land use mix.

The findings of an association between neighborhood availability of exercise
facilities and physical activity add to the knowledge base by using objective measures
in a large study. We found that individuals with four or more exercise facilities within
the 1,000-meter buffer zones around their residences spent more time in moderate to
vigorous physical activity, and were more likely to meet the physical activity
recommendations, than participants with no exercise facilities within their buffer
zones. The previous findings on exercise facilities are inconsistent and often based on
self-reported physical activity. For example, a previous study from the U.S. showed a
significant association between objectively assessed density of exercise facilities within
circular buffer zones and self-reported frequency of exercise [87]. Another study from
the U.S. that investigated the association between density of exercise facilities within
circular buffer zones of different sizes and a range of self-reported physical activities
presented similar results, although the association for the smallest buffer zones (radius
0.5 miles/805 meters) was not statistically significant [36]. In contrast to these
studies, a Spanish study found no association between numbers of exercise facilities
per 10,000 inhabitants and self-reported physical activity [133]. That study, however,
measured the availability of exercise facilities at the province level, and the large area
of exposure used in this study may explain the lack of association. It has been
suggested that the use of large buffer zones may mask within-area variation [78]. A
further study from the U.S. found no association between objectively assessed
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availability of exercise facilities and leisure-time physical activity, as assessed using the
International Physical Activity Questionnaire [134]. That study was based on
relatively small circular buffers (radius 400 meters) and a dichotomized measure of
availability of exercise facilities (yes or no). The association between availability of
exercise facilities and physical activity that was identified in this thesis could be
explained by a number of possible mechanisms. Having a large number of exercise
facilities near one’s home may increase the chance of finding a mode of exercise that is
attractive in terms of type of activity, cost and social atmosphere. This may explain
why participants with >4 exercise facilities within their buffer zones were more
physically active than those with no facilities, while participants with 1-3 facilities
were not. Having just a few exercise facilities within the neighborhood may not
provide sufficient variation in terms of what the facilities may offer. The mere
presence of exercise facilities, by putting physical activity in the minds of passers-by,
could also increase the overall levels of physical activity and not just exercise
performed at these facilities. In agreement with this hypothesis, Sallis et al. showed
that the presence of exercise facilities close to the individuals’ homes did not seem to
be associated with participation in the specific activities offered at those facilities, but
rather with an increased overall exercise frequency [87].

Parks and green areas within cities are often subject to public debate. This thesis
does not include parks or green areas as a measure of neighborhood environment, but
there is some research that has touched on the interplay between neighborhood
walkability, parks and physical activity. A recent study from Australia found a
negative association between park area within 800- and 1,200-meter buffers around
participants’ residences and walking (all purposes). The authors discussed that
neighborhoods containing high levels of parkland may be situated in outer low-
density suburbs with poor connectivity and low land use mix [135]. These thoughts
are supported by an American study where greenness within 1,000 buffers around the
residences was negatively associated with accelerometer-measured time spent in
moderate to vigorous physical activity performed within these buffers. In that study,
greenness was strongly and negatively associated with the walkability parameters
residential density and land use mix (which were positively associated with physical
activity within the buffers), and the authors warrant research on the interactive effects
of greenness and other built environment variables [136]. A Dutch study found a
stronger association between the amount of green space and leisure-time physical
activity in slightly urbanized (intermediate walkability) areas compared to rural (low
walkability) and urban areas (high walkability) where the associations were weak
[137]. A review from 2008, however, found some weak evidence for a positive
association between parks and physical activity [138] and greenery may be of
importance along routes for commuters using active transport [74]. Furthermore, it is
possible that the quality, in addition to the amount, of green areas is important for
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physical activity [139]. Green areas may also have other effects on health than
providing a place to be physically active. They may, for example, reduce traffic noise
annoyances and the prevalence of stress-related psychosocial symptoms by providing
opportunities for relief from environmental stress [140]. An observational study on
over 40 million people in England found a lower incidence of circulatory diseases and
all-cause mortality in the greenest areas compared to the least green areas,
independent of income. In the discussion, the authors point out that the effects of
green areas on health may be mediated by other mechanisms than physical activity

[141].

Interaction analysis

Neighborhood-level SES, age, gender, marital status, or family income did not
modify the associations between neighborhood walkability and physical activity
outcomes. The associations between the walkability parameters (residential density,
street connectivity, land use mix) and physical activity outcomes were not modified
by vehicle ownership. Furthermore, the association between availability of exercise
facilities and physical activity was not modified by age, gender, marital status,
individual income or time of year. In summary, none of the variables tested for effect
modification in this thesis showed statistically significant results. However, the results
of the analysis of neighborhood walkability and mean daily time spent in moderate
physical activity in study 2 may indicate a weak effect modification of individual
income. The differences in time spent in moderate physical activity between
participants living in high or low walkability neighborhoods were more pronounced
in high-income participants than in low-income participants. These findings are
mainly in line with previous research, but some interactions have been found. For
example, the Australian PLACE study found an effect modification of individual SES.
The association between walkability and walking was stronger among high SES
(education) than among low SES participants [33]. Effect modification of SES on the
association between walkability and physical activity, however, was not found in the
U.S. or Belgium [34, 113]. We did not find any significant effect modification by
vehicle ownership on the associations between walkability parameters and physical
activity outcomes. This is in contrast to some previous findings where vehicle
ownership, or similar vehicle-related measures, moderated the relationship between
the environment and physical activity. For example, driving status modified the
association between convenience of bus services and physical activity in a Japanese
study [142], and preference for passive transport modified the association between
walkability and numbers of steps per day in a Belgian setting [143]. In the Belgian
study, living in a highly walkable neighborhood was associated with taking more steps
per day and this association was stronger among participants with a preference for

60



passive transportation than among participants with a preference for active
transportation. The present study and the studies from Japan [142] and Belgium
[143] used different explanatory as well as outcome measures. For example,
preference for passive transport may have a different influence on the association
between walkability parameters and physical activity compared to vehicle ownership.
None of the socio-demographic variables (sex, age, income or marital status) modified
the association between availability of exercise facilities and physical activity. This is
in contrast to some previous findings. A study from the U.S. found the association
between density of exercise facilities and exercise prevalence to be stronger among
those with low incomes and non-Hispanic Black and Hispanic participants compared
to their high-income and non-Hispanic White counterparts [36]. Income was also
found to be an effect modifier in another study, which found an association between
the availability of gyms and physical activity in low-income women but not high-
income women [90]. One possible explanation for the absence of significant
socioeconomic interactions in Sweden may be the relatively low level of income
inequality. It has been proposed that the availability of exercise facilities could
increase the opportunities to be physically active all year round in wet or cold climates
[108]. We found no significant interaction between time of year and availability of
exercise facilities in any of our analyses, suggesting that availability of exercise facilities
is of equal importance for physical activity throughout the year.

The lack of effect modification in this study is good from a public health point
of view. Participants living in dense mixed-use neighborhood environments may
benefit from these environments regardless of age, gender, income and vehicle
ownership status. If this is the case, it is possible that neighborhood characteristics
aimed at increasing people’s physical activity may reach many population groups to
an equal extent. As this thesis was based on participants aged 20-66 years, our
findings cannot be generalized to younger or older persons. There is, however,
research on neighborhood environment and physical activity in other age groups. A
study from Belgium found a positive association between neighborhood walkability
and accelerometer-measured time spent in moderate to vigorous physical activity
among adolescents in low but not in high SES neighborhoods [144], and a review
from 2011 found land use mix and residential density to be the most supported
environmental correlates of children and adolescents’ physical activity [145]. There
are also studies on older adults where neighborhood walkability has been positively
associated with physical activity [146-147]. A review from 2010, however, did not
find any consistent associations between neighborhood environment and physical
activity among older adults [148].
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Medjiation analysis

The results of the mediation analysis showed that vehicle ownership mediated
significant proportions, 14-34% in the full models, of the associations between
walkability parameters (residential density and land use mix) and physical activity
(time spent in moderate to vigorous physical activity and walking for transportation).
To our knowledge, no previous studies have investigated vehicle ownership as a
mediator between objectively assessed walkability parameters and physical activity
outcomes. Therefore, our results are hard to compare with previous research.
However, our results are in line with the findings of a study by Sehatzadeh et al. in
which fewer vehicles were owned by households in walkable neighborhoods and
where the number of vehicles in the household was negatively associated with
frequency of walking [109]. This is also supported by results from a longitudinal
study on 101 adults from the U.S., where participants who moved to a denser
neighborhood with mixed land use increased their levels of walking for both
recreation and transportation and also decreased their automobile travel [149].
Furthermore, Frank et al. found positive associations between walkability parameters
and walking, and negative associations between walkability parameters and driving
[150]. In another study by Frank and colleagues, a 5% increase in the walkability
index was associated with 6.5% less vehicle miles traveled and less vehicle emissions
per capita [104]. Many trips by car are very short, about half of the trips by car in
Sweden are less than 5 kilometers [151]. Reducing the number of short car trips and
increasing the number of bicycle trips may provide significant health, environmental
and economic benefits [152].

General results

The median time spent in moderate to vigorous physical activity was about 41
minutes per day. Compared to another population-based Swedish sample [19], our
sample spent more time in moderate to vigorous physical activity (median time 41
versus mean time 33 minutes/day). The other study was conducted in 2001 and its
sample also included rural participants. In contrast, our sample was exclusively urban
and was recruited in the capital of Sweden. The mean time spent in moderate to
vigorous physical activity in the Belgian BEPAS was 35 minutes per day [113] and in
the American NQLS about 32 minutes per day. Participants in this study reported a
median of 125 minutes of walking for transport per week compared to a mean of
about 63 minutes per week in BEPAS [113] and a median of 90 minutes per week in
the Australian PLACE study [33]. The results of study 2 showed that, in both high
walkability and low walkability neighborhoods, high individual income was associated
with more moderate physical activity compared with low individual income on
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weekend days. However, the differences varied depending of the time of day. High-
income participants had a higher amount of moderate physical activity than low-
income participants around noon and in the afternoon/early evening on weekdays. In
contrast, low-income participants had higher amounts of moderate physical activity
than high-income participants in the time periods between the three peaks. During
the weekend, there was a more consistent difference in moderate physical activity
across the day between high- and low-income participants. This is in line with the
findings in a study by Bauman and colleagues where high-income participants were
more physically active during leisure time but less active when at work compared to
low-income participants [153]. Low income may be associated with manual work and
thereby higher levels of work-related physical activity, while high income may be
associated with sedentary deskwork. The higher levels of physical activity during
lunchtime among participants with high compared to low income may be due to
their better economic possibilities to buy their lunch at nearby restaurants, and
thereby obtain some transport-related physical activity on the way to the restaurant
and back. Furthermore, optional exercise during the lunch break as part of
occupational health care programs may be more common among high-income
workers. The higher level of physical activity during the late afternoon/early evening
is in line with previous research where income has been associated with leisure-time
physical activity [153-155]. As described earlier, walkability and income seem to have
a synergetic influence on moderate physical at this time of day, as participants in the
high walkability/high income category had substantially higher levels of moderate
physical activity than participants in the other categories. Participants with high
compared to low income were also more physically active across the weekend days,
giving further support for an association between individual income and leisure-time
physical activity.

Strengths, limitations and methodological issues

This thesis is based on a cross-sectional study and causality cannot be determined.
There may also be unmeasured confounders not controlled for (i.e. residual
confounding may exist). We cannot exclude the possibility that physically active
people chose to live in activity-friendly environments and we cannot exclude the
possibility that gyms and other exercise facilities may be established in neighborhoods
where physically active people live. However, adjusting for neighborhood self-
selection in the NQLS study produced only minor changes to the associations
between neighborhood walkability and physical activity [34]. The analyses in the
PLACE study were also adjusted for neighborhood self-selection [33]. Also, the
neighborhood environment may have an influence on physical activity even if self-
selection is present. For example, results from an American study showed that
participants who placed greater importance on neighborhood open space such as
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parks were not more likely to live near more parkland compared to participants who
attached low importance to neighborhood open space. However, participants who
placed a low importance on living near parks but lived near much park space anyway
were significantly more likely to engage in park-based physical activity than
participants who also placed low importance on parks but had less nearby park space
[156].

Strengths of this thesis include that it is based on objective assessments of the
neighborhood environment. Objective measures, as compared to self-report, are free
from recall bias and they are not affected by participants’ exposure to the
environment. Objective measures may also provide valuable evidence for policy
makers and city planners. It is important, however, to point out that people’s
perceptions of the environment may also have an impact on their physical activity
levels. For example, a study by Gebel et al. found both objective and perceived
neighborhood walkability to be associated with walking for transportation [157].
These findings were supported by results from the SNAP study, where perceived
neighborhood walkability was associated with more walking and more time spent in
moderate to vigorous physical activity independently of the objectively assessed
neighborhood walkability [158]. About one-third of the individuals in neighborhoods
with high objectively assessed walkability perceived their neighborhood as less
walkable. The highest levels of physical activity were found among participants living
in neighborhoods with high objectively assessed walkability who also perceived the
neighborhood as highly walkable [158], implying that the perception of the
environment, in addition to the actual environment, may be a potential target for
intervention.

We used different definitions of the neighborhood in the different studies. In
study 1 we used administrative areas to define the neighborhoods. These areas may be
relevant as they are well-known units that are used for public analysis and statistics,
but they do not provide an individualized measure of the neighborhood environment.
All participants in the administrative area are considered to have the same exposure
regardless of where in the area they actually live. In study 2 and study 3 we used
polygon-based network buffers to define the neighborhood. Network-buffers, as
compared to administrative areas, provide a measure of the environment actually
surrounding the participants’ residences. They have also some advantages over circular
buffers as they do not include unreachable areas, such as areas on the other side of
rivers or other natural or unnatural barriers. In study 4 we investigated the availability
of exercise facilities within line-based network buffers. We chose these buffers as we
did not include any measure of area in study 4 as we did in studies 1-3 (e.g.
intersections per km?). A majority of previous studies using network buffers have been
based on the road network only. The network buffers in this thesis were based on
detailed network data, including the road network as well as bicycle paths and
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footpaths. This provides a more relevant area of exposure for cyclists and pedestrians
than network buffers based solely on the road network.

The definitions of the neighborhood used in the studies in this thesis may differ
from the participants’ perceptions of their neighborhood. A study from England,
comparing GIS-defined neighborhoods to perceived neighborhoods drawn on a map
by the study participants, found large differences between participants’ perceived
neighborhood areas. The perceived neighborhood areas ranged from 0.6 to 284%
compared to a 1,000-meter polygon-based network buffer [159]. There is no
consensus about the “perfect” size of a buffer zone in physical activity research.
However, 1,000-meter buffers are commonly used in physical activity research, and
studies have found that it is a distance many people are willing to walk in their daily
life [104, 160]. Also, the use of larger buffer zones may mask within-area variation
[78]. On the other hand, a 1,000-meter buffer may be too small to capture a relevant
area of exposure for cyclists (study 3). A study conducted in the city of Stockholm
investigating route distances in 110 street-recruited bicycle commuters found a mean
commuting distance of 6.7 and 8.0 kilometers for women and men, respectively
[161]. However, even smaller buffer zones than 1,000 meters have been used in
previous research on environmental correlates of cycling for transportation [132].

The original walkability index was based on four items and weighted street
connectivity by 2 [34, 102]. We weighted street connectivity by 1.5 as our walkability
index had three items instead of four. This difference was probably of low
importance, as study 3 showed that there are no associations between street
connectivity and physical activity in this sample. We did not include retail floor area
ratio in this study as no such data were available in Sweden. Retail floor area ratio
may add some value to a measure of walkability. A recent American study found a
positive association between retail floor area ratio and time spent in moderate to
vigorous physical activity and walking for transportation [162]. Participants living in
areas with the highest levels of retail floor area ratio spent 6.7 more minutes per day
in accelerometer-measured moderate to vigorous physical activity compared to
participants living in areas with low retail floor area ratio [162]. However, other
studies have also calculated the walkability index without retail floor area ratio due to
lack of data [113]. The categories of land uses in the land use mix calculations were in
line with previous studies [102]. Other land uses, such as public open space and
sporting infrastructure, may however be of greater importance for leisure walking
than walking for transportation [163].

As in most of the previous studies of the neighborhood environment and
physical activity, we do not know where the participants were physically active.
Furthermore, we did not assess the environments around the participants’ workplaces
or other locations where they might spend time. Assessing the activity space, the space
where people are physically active, may increase the specificity of studies on
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environmental influences on physical activity. So far there are only a few studies
published using Global Positioning System (GPS) in research on the environment
and physical activity, but a combination of accelerometry and GPS has been
suggested for the assessment of location-specific physical activity and, indirectly,
domain-specific physical activity [164]. The present technical limitations of GPS may
interfere with intact data collection in large-scale studies [165], but it is a promising
technique that may help improve the understanding of environmental influences on
physical activity [166]. Troped et al. used accelerometers and GPS to investigate
associations between neighborhood environment, work environment and location-
based physical activity [136]. He did not find neighborhood characteristics
(residential density, street connectivity and land use mix) to be associated with total
moderate to vigorous physical activity, but they were associated with moderate to
vigorous physical activity performed within a 1,000-meter buffer around the
residences. In that study, about one fifth of the total time spent in moderate to
vigorous physical activity was within the 1,000-meter residential buffers. Residential
density around the workplace was associated with physical activity performed within
1,000 buffers around the workplace [136].

The physical activity outcomes in this thesis were based on accelerometer and
self-reported physical activity using IPAQ. It is possible that misclassification
occurred when assessing by accelerometry whether the physical activity
recommendations were met. Accelerometers may also underestimate the intensity of
some physical activities (e.g. resistance training, gardening, cycling and swimming)
due to lack of mid-bodily movement and the device not being water-resistant. We
used different definitions of accelerometer non-wearing time in study 4 compared to
studies 1-3. These definitions had some impact on the number of valid days but the
differences were small, as shown by the similar number of participants in the studies.
Also, the different non-wearing time definitions had, as expected [167], only minor
effects on the outcomes used in this thesis (moderate and moderate to vigorous
physical activity). The IPAQ was used to provide domain-specific measures of
physical activity, i.e. walking and cycling for transportation and walking for leisure.
Self-reported physical activity may include recall bias [46] and over-reporting [47].
However, these biases are likely to have similar magnitudes across neighborhoods (i..
non-differential bias).

A strength of this study is the large sample size, which makes it one of the largest
studies so far using objective measures of the neighborhood environment and
objectively assessed and self-reported physical activity. Also, we collected data over a
year to exclude possible seasonal bias.
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Implications and future perspectives

The differences found between participants living in highly walkable compared to less
walkable neighborhoods may have a significant public health impact. We found, for
example, that individuals in highly walkable neighborhoods had 50 more minutes of
walking for transportation per week. A recent cohort study with about 650,000
participants showed that leisure-time physical activity at a level equivalent to 75
minutes of brisk walking per week was associated with a gain in life expectancy of 1.8
years compared to no leisure-time activity [168]. That study assigned a similar MET
value to brisk walking as IPAQ does for walking for transportation (3 vs. 3.3 MET)
[50]. Also, a meta-analysis of 12 longitudinal studies with a total of 295,177
participants indicated a dose-response relationship between walking and coronary
heart disease, where an increment of 1 hour of walking per week was associated with
an approximate risk reduction of 6% [169]. From a public health perspective, this
risk reduction may be significant as almost 2 million deaths are caused by coronary
heart disease in Europe every year [170].

The amount of research on neighborhood environment and physical activity has
increased rapidly in the past few years. Two reviews from 2012 found neighborhood
walkability to be a consistent correlate of physical activity in Europe [171] and
worldwide [172]. The findings in this thesis together with the previous available
knowledge base support the creation of dense neighborhoods with high availability of
services and facilities. Designing activity friendly environments has been presented as
a key component in effective physical activity promotion at population level [59] and
urban design and land use policies have the potential to increase population levels of
physical activity [173]. As residential density and land use mix are associated with
more physical activity and less car-dependent living, these factors seem promising for
smart growth. As a majority of the present evidence is based on cross-sectional data,
well-designed longitudinal studies are encouraged to further increase the
understanding of environmental influences on physical activity.

The assessment of outcomes and indicators is essential to further increase our
knowledge and to give evidence of the impact of policies and environmental changes
aimed at creating activity-promoting environments [174]. Evidence-based measures
for evaluating the economic and public health impact of environmental changes are
also important tools for the implementation of research findings. One such evidence-
based tool is the Health Economic Assessment Tool (HEAT), which can be used to
calculate the benefit-cost ratio and savings in mortality when investments in walking
and cycling infrastructure are being made [175]. The HEAT is now being used by the
U.K. and Austrian governments as a tool in planning procedures.
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Conclusions

The articles included in this thesis represent the first large-scale Swedish studies
investigating the associations between objectively assessed neighborhood environment
characteristics and objectively assessed and self-reported physical activity. Novel
contributions were the investigation of the influence of neighborhood walkability on
the hour-by-hour physical activity pattern across the day, and the investigation of
whether the associations between neighborhood environment characteristics and
physical activity were mediated by vehicle ownership.

The results showed that the walkability index was associated with higher levels

of moderate to vigorous physical activity and walking for transportation and for
leisure. The results of the hour-by-hour analysis of accelerometer data showed that the
influence of neighborhood walkability on moderate physical activity varies across the
day, and that it was more pronounced during the time periods when a large
proportion of people are likely to be exposed to their neighborhood environment.
These findings provide further support for an association between neighborhood
walkability and physical activity. Study 3 showed that two of three parameters of the
walkability index (residential density and land use mix, but not street connectivity)
were associated with physical activity. Significant proportions of these associations
were mediated by vehicle ownership, i.e. individuals living in dense mixed-use
neighborhoods owned fewer vehicles and were more physically active. Also, in study
4, we found that the availability of exercise facilities within the neighborhood was
positively associated with moderate to vigorous physical activity and with meeting the
recommended levels of physical activity. None of the associations found in this thesis
were modified by individual factors, i.e. people living in dense mixed-use
neighborhoods may benefit from these environments regardless of age, gender,
income and vehicle ownership status.

These results add to a growing body of evidence suggesting that policy makers
and city planners have the potential, by designing environments that promote
physical activity, to increase the levels of physical activity in the population and
thereby improve public health. Neighborhood environments have the potential to
have an impact on large proportions of the population over a long time.
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More knowledge concerning the association between physical activity and objectively measured attri-
butes of the built environment is needed. Previous studies on the association between objectively
measured neighborhood walkability, physical activity, and walking have been conducted in the U.S. or
Australia and research findings are available from only one country in Europe — Belgium. The first aim of
this Swedish study of 2269 adults was to examine the associations between neighborhood walkability
and walking for active transportation or leisure, and moderate-to-vigorous physical activity (MVPA) and
whether these hypothesized associations are moderated by age, gender, income, marital status and
neighborhood-level socioeconomic status. The second aim was to determine how much of the total
variance of the walking and physical activity outcomes can be attributed to neighborhood-level differ-
ences. Neighborhood walkability was objectively measured by GIS methods. An index consisting of
residential density, street connectivity, and land use mix was constructed to define 32 highly and less
walkable neighborhoods in Stockholm City. MVPA was measured objectively during 7 days with an
accelerometer and walking was assessed using the validated International Physical Activity Question-
naire (IPAQ). Multilevel linear as well as logistic models (mixed-effects, mixed-distribution models) were
used in the analysis. The statistically significant and “adjusted” results for individuals living in highly
walkable neighborhoods, as compared to those living in less walkable neighborhoods, were: (1) 77% and
28% higher odds for walking for active transportation and walking for leisure, respectively, (2) 50 min
more walking for active transportation/week, and (3) 3.1 min more MVPA/day. The proportion of the
total variance at the neighborhood level was low and ranged between 0.0% and 2.1% in the adjusted
models. The findings of the present study stress that future policies concerning the built environment
must be based on context-specific evidence, particularly in the light of the fact that neighborhood
redevelopments are time-consuming and expensive.
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Introduction Marcus et al.,, 1995; Manson et al., 1992), and some types of cancer

(Ratnasinghe, Modali, Seddon, & Lehman, 2010). The World Health

Physical activity is associated with a number of positive health
outcomes, such as increased longevity (Sundquist, Qvist, Sundquist,
& Johansson, 2004) and decreased risks of cardiovascular disease
(Sesso, Paffenbarger, & Lee, 2000; Sundquist, Johansson, Qvist, &
Sundquist, 2005; Sundquist, Qvist, Johansson, & Sundquist, 2005),
diabetes mellitus type 2 (Burchfiel, Sharp, Curb, Rodriguez, Hwang,
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Organization (WHO) has stated that it is important to increase
people’s levels of physical activity in order to decrease the global
burden of these widespread diseases (WHO, 2010).

However, it is difficult to change people’s behavior towards
a healthier lifestyle, such as including more physical activity in their
daily lives. Physical activity is influenced by a complex array of
personal, behavior-specific, socioenvironmental and physical
environmental factors (Giles-Corti, Timperio, Bull, & Pikora, 2005).
Recently, there has been an increasing focus on studies of the
association between physical activity and attributes of the built
environment, such as neighborhood walkability. However, few
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studies have been based on objectively measured neighborhood
walkability. Previous studies on the association between objective
neighborhood walkability, physical activity, and walking were
conducted in the U.S. (Sallis, Saelens, Frank, Conway, Slymen, Cain
et al.,, 2009) or Australia (Owen et al., 2007) and research findings
are available from only one country in Europe — Belgium (Van Dyck
etal., 2010). The concept of neighborhood walkability includes such
items as residential density (number of residential units per resi-
dential square kilometer), street connectivity (number of inter-
sections per square kilometer), land use mix (the evenness of
distribution of residential, commercial, and office developments),
and the retail floor area ratio (ratio of retail building floor area to
land area) (Frank, Schmid, Sallis, Chapman, & Saelens, 2005; Leslie
et al,, 2007).

Previous studies from the U.S. and Australia have found positive
associations between neighborhood walkability and physical
activity in adults. The Neighborhood Quality of Life Study (NQLS),
conducted in the U.S., found positive associations between neigh-
borhood walkability and walking for active transportation, walking
for leisure, and accelerometer-measured moderate-to-vigorous
physical activity (MVPA). Individuals living in highly walkable
neighborhoods had 31.5 more minutes per week of walking for
active transportation, 4.3 more minutes per week of walking for
leisure and 5.8 more minutes per day of MVPA compared to indi-
viduals living in less walkable neighborhoods (Sallis, Saelens, Frank,
Conway, Slymen, Cain et al., 2009). The Physical Activity in Locali-
ties and Community Environments (PLACE) study, conducted in
Australia, found positive associations between neighborhood
walkability and walking for active transportation. In addition, the
relationship between neighborhood walkability and walking for
active transportation was stronger for weekly frequency of walking
than it was for weekly minutes spent walking (Owen et al., 2007).

There is, however, a need to examine whether the associations
found in the U.S. and Australia also hold up in a European context.
This is important because there are large differences in the built
environment between Europe and the U.S. or Australia. In addition,
Europe is characterized by a high degree of heterogeneity in the
approximately 750 million people living in around 50 countries.
This heterogeneity can be seen in the very different economic and
political systems, the cultural mix across the European continent,
and the many languages spoken.

The first European study on the association between neighbor-
hood walkability and physical activity was conducted in 2010 in
Ghent, Belgium. The Belgian Environmental Physical Activity Study
(BEPAS) confirmed that the previously found associations between
neighborhood walkability and physical activity in the U.S. and
Australia also exist in Belgium (Van Dyck et al.,, 2010), although
some discrepancies in the main results were found. For example,
Belgian adults living in highly walkable neighborhoods had more
accelerometer-measured minutes of MVPA, more walking for active
transportation, and more walking for recreation than those living in
less walkable neighborhoods. The authors of that study concluded,
“...conducting European studies is important because walkability is
likely to be a context-relative construct...” and “...other European
investigators are encouraged to examine SES interactions with
walkability...” Previous studies of the association between neigh-
borhood walkability and physical activity have included measures
of neighborhood-level socioeconomic status (SES), although the
results of the association between neighborhood-level SES and
physical activity are inconsistent (Owen, Cerin, Leslie et al., 2007;
Sallis, Saelens, Frank et al., 2009; Van Dyck et al., 2010).

The first aim of this large Swedish study of adults was to examine
the associations between objective neighborhood walkability
and walking for active transportation, walking for leisure and
accelerometer-measured MVPA and whether these hypothesized

associations are moderated by individual-level sociodemographic
factors and neighborhood-level SES. The second aim was to examine
random effects in a multilevel fashion, which quantifies how much
of the total variance of the walking and physical activity outcomes
could be due to differences at the neighborhood level. This second
aim constitutes a novel contribution and has the potential to provide
important information to decision-makers and city planners
because a knowledge of the magnitude of the total variance at the
neighborhood level could contribute to cost-effective decisions
concerning developments of new and redevelopments of already
existing urban neighborhoods. Another strength of the present
study is that the study design is similar to the designs of the NQLS,
the PLACE Study, and the BEPAS, which entails the potential to make
results comparable across countries.

Methods
Neighborhood walkability

Data for the Swedish Neighborhood and Physical Activity (SNAP)
Study were collected in the city of Stockholm in Sweden. The city of
Stockholm is divided into 408 small administrative units with
homogeneous types of buildings. They contain approximately 2000
individuals per unit. The geographic boundaries of the adminis-
trative units follow the road/street network and they are also well-
known geographic units that could be used for future health
interventions. They constituted a basis for the creation of the 32
neighborhoods included in the present study.

The selection of the 32 neighborhoods for the study was based
on neighborhood walkability (high or low) and neighborhood
income (high or low). This resulted in four types of neighborhoods:
high walkability/high income, high walkability/low income, low
walkability/high income, and low walkability/low income, ie. 8
neighborhoods in each category. The walkability in each adminis-
trative unit in Stockholm City was established by calculating
a walkability index using Geographic Information Systems (GIS).
The index was partly based on a previously described walkability
index (Frank et al., 2006) including four components: (1) residen-
tial density, (2) street connectivity, (3) land use mix, and (4) retail
floor area ratio. In this study, the walkability index included the first
three components, i.e. residential density, street connectivity, and
land use mix. The retail floor area ratio was not included because
data on retail building floor area are not available in Sweden. Data
on residential density were delivered by Statistics Sweden, the
Swedish Government-owned statistics bureau, and calculated as
the ratio of the number of residential units per square kilometer
(excluding water bodies). Street connectivity was based on data
provided by the City Planning Administration in Stockholm and
was calculated as the number of “true” intersections (three or more
“legs”) per square kilometer. Two or more intersections closer to
each other than 10 m were counted as one using a buffering
function. Highways were not included in the calculations. Bicycle
and foot paths were included if they had an intersection with
a street. A higher connectivity corresponds to a higher density of
intersections allowing for a more direct path between destinations.
Land use mix, or the entropy score, was calculated as the evenness
of the distribution of the five categories (see below) included in the
land use mix and indicates the degree to which a diversity of land
use types occurs in a certain geographic area. The calculations of
the evenness in the land use mix were based on geocoded point
data. We created five categories of residential, commercial, and
office developments for the calculation of land use mix: (1) Retail/
service, (2) Entertainment/physical activity, (3) Institutional/health
care, (4) Office/workplace, and (5) Dwellings. The Herfindahl-
Hirschman Index (HHI index) was used to assess the level of land
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use mix. The higher the value of the HHI Index, the lower the level
of land use mix (Forsyth, 2007).

The data for the first four categories in the land use mix were
delivered by Teleadress, which is a private company that was
established when parts of the Swedish government-owned Tele-
com were privatized. The data from Teleadress included businesses
and services that have a registered telephone number and/or those
that had provided information about their existence to Teleadress.
Inclusion in their database is free of charge and Teleadress also
purchases additional information about businesses from Statistics
Sweden.

Previous studies have mostly weighted connectivity x 2 (Frank,
Sallis, Conway et al., 2006). We chose, however, to use the weight
1.5 instead because our walkability index was based on three items
instead of four. The following formula was used:

Walk':‘lbility index = ZResidential density + 1'5*ZStreet connectivity

+ Ziand use mix

The walkability index for each neighborhood was calculated as
the sum of the z-scores for the three components included in the
index, i.e. residential density, street connectivity, and land use mix.
Next, the walkability index scores were divided into deciles.
Administrative areas within the first, second, third, and fourth
deciles were considered less walkable areas and those within the
seventh, eighth, ninth, and tenth deciles were considered highly
walkable areas. This approach is in line with previous research
(Owen, Cerin, Leslie et al., 2007; Sallis, Saelens, Frank et al., 2009;
Van Dyck et al., 2010).

Neighborhood-level socioeconomic status

Neighborhood income was included in the selection process in
order to account for possible neighborhood differences in physical
activity that could be explained by the socioeconomic structure of
the neighborhood, which is also in accord with previous studies
(Owen, Cerin, Leslie et al., 2007; Sallis, Saelens, Frank et al., 2009;
Van Dyck et al., 2010). Data on neighborhood income was deliv-
ered by Statistics Sweden. Neighborhood income was based on the
disposable median family income, which also took into account the
number and age of the family members. For example, children and
adolescents were given lower consumption weights than adults.
The median neighborhood family income for each administrative
area was calculated and the administrative areas were divided into
deciles. The second, third, and fourth deciles constituted low
neighborhood income and the seventh, eighth, and ninth deciles
represented high neighborhood income.

Neighborhood selection

One hundred and twenty-seven of the 408 small administrative
areas in Stockholm City were assigned to one of the following four
categories: high walkability/high income, high walkability/low
income, low walkability/high income, and low walkability/low
income. The size of these 127 administrative areas ranged between
0.03 and 2.73 square kilometers. We selected the administrative
areas that were as close as possible in size to the area 0.65 square
kilometers. This area corresponds to the size of the neighborhoods
created in the Twin Cities Walking Study (Forsyth, 2007). We partly
used a clustering process to create the study neighborhoods in the
category high walkability/high income because the administrative
areas in that category were rather small. Practically all adminis-
trative areas in the category high walkability/high income were,
however, located in the inner city, where the administrative areas

are well connected to each other. Clustering of administrative
geographic units to create study neighborhoods has also been used
in previous research (Frank, Sallis, Conway et al., 2006; Leslie,
Coffee, Frank et al., 2007). This procedure yielded 8 study neigh-
borhoods in each category, i.e., in total, 32 neighborhoods with at
least 500 households.

Study sample

Our goal was to assess 75 individuals from each neighborhood,
i.e., in total, 2400 participants, aged 20—65. The power calculations
were partly based on previous research (Owen, Cerin, Leslie et al.,
2007) and on an assumed mean difference of 5 min/day of MVPA
between individuals from highly walkable neighborhoods and
those from less walkable ones, an assumed standard deviation of
24, and a response rate of 40%. In order to reject the null hypothesis
with a power (probability) of 0.8 and a type I error probability of
0.01, we needed to study 585 individuals in each of the two types of
neighborhoods (high walkability versus low walkability), i.e. 1170
in total. We chose, however, an approach of oversampling because
our assumptions were based on information from very few
previous studies. The Stockholm Office of Research and Statistics
performed the simple random sampling of 250 individuals from
each neighborhood (a total of 8000 individuals) without including
immigrants who had arrived in Sweden later than 2003 (i.e. five
years before the start of the study) as our questionnaire was
provided only in Swedish. This is in accord with previous studies
from the U.S. and Australia, where only English-speaking individ-
uals have been included. Of the 8000 individuals, 6089 had a listed
landline or mobile phone number and were included in the
recruitment procedure. An information letter was sent to their
home address one week before a telemarketing company (Markor
AB, Orebro, Sweden) contacted the individuals by phone. Inclusion
criteria at this stage were the following: (1) being able to read and
write Swedish, (2) having lived in the neighborhood for at least
three months, and (3) having no serious impaired ability to walk. Of
the 4747 individuals who were reached, 4369 met the inclusion
criteria and 3226 agreed to participate in the study. After exclusion
of participants due to dropouts, lost accelerometers, technical
errors in the accelerometers, and incomplete wearing time of the
accelerometer (see definition below), the final study population for
analyses consisted of 2269 individuals, which gave a response rate
of 52% (2269/4369).

The telemarketing company (see above) had previous experi-
ence in recruiting study participants for research purposes, and one
of the co-authors of this study (UE) provided detailed written and
oral information to all personnel involved in the recruitment
process. Individuals from all of the 32 neighborhoods were
recruited between November 2008 and November 2009. Every
week a list of recruited individuals was sent to us from the
company. Then, an accelerometer, a logbook, a questionnaire, and
a prepaid return envelope were sent to the individuals. No data
were collected during the Christmas and summer vacation periods,
which, in Sweden, correspond to weeks 50 to 2 and weeks 25—33,
respectively.

Objective measures of physical activity

The uniaxial accelerometer Actigraph GT1M (ActiGraph, Pen-
sacola, Florida, USA) was used to objectively assess the individuals’
level of physical activity. It gives a valid and reliable measure of
physical activity in adults under free-living conditions (Abel et al.,
2008).

The individuals were asked to wear the accelerometer on the hip
or the lower back during all waking hours for seven consecutive
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days, except when engaging in water activities. The ActiGraph was
set to add up physical activity data in 60-s epochs, which represents
the predominantly used period to integrate and analyze acceler-
ometer data in adults (Owen et al., 2007; Sallis, Saelens, Frank,
Conway, Slymen, Cain et al., 2009; Trost, Mclver, & Pate, 2005;
Van Dyck et al, 2010). Non-wearing time was defined as >60
consecutive minutes of no registered physical activity (zero counts),
which is in line with previous research (Van Dyck et al., 2010). Time
spent on MVPA was identified using Freedson's cut points for
accelerometer data, which for MVPA amount to >1952 counts per
minute (Freedson, Melanson, & Sirard, 1998; John, Tyo, & Bassett,
2010). Ten-minute bouts of MVPA was defined as at least 10
consecutive minutes (>1952 counts per minute) allowing for 1—-2-
min drops below this threshold. The mean daily time accumulated
in 10-min bouts of MVPA is shown in Table 1. A variance analysis of
our data for MVPA was performed to determine the required
number of days for inclusion (Matthews, Ainsworth, Thompson, &
Bassett, 2002). The final inclusion criteria for valid days were set
at > 10 h of wearing time per day for > 6 days, including at least one
weekend day. Time spent on MVPA was calculated as the mean of
all valid days. Around 3.2% of the accelerometers were lost in the
mailing process.

Self-reported measures of physical activity

Walking for active transportation and walking for leisure were
assessed using questions from the long version of the International
Physical Activity Questionnaire (IPAQ). The IPAQ is a self-adminis-
tered 7-day recall physical activity questionnaire that has been
tested for validity and reliability (Meeus, Van Eupen, Willems, Kos,
& Nijs, 2010; Papathanasiou et al., 2009) and used in population-
based studies (Sodergren, Sundquist, Johansson, Sundquist, &
Hagstromer, 2010).

The two questions used to assess walking for active trans-
portation were the following: (1) “On how many days during the
last 7 days did you walk for at least 10 min at a time to go from place

Table 1
Descriptive statistics on the 2269 individuals included in the study.
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to place?” and (2) “How much time did you usually spend on one of
those days walking from place to place?” Walking for leisure was
assessed with the questions: (1) “Not counting any walking you
have already mentioned, on how many days during the last 7 days
did you walk for at least 10 min at a time during your leisure time?”
and (2) “How much time did you usually spend on one of those days
walking during your leisure time?” Data were processed in accor-
dance with the official guidelines for IPAQ (http://www.ipaq.ki.se/
scoring.htm).

Individual-level sociodemographic variables

Age, gender, marital status, and family income were based on
self-reports. Age was categorized into four groups: 20—30 years
(reference), 31—40 years, 41-50 years, and 51—66 years. Marital
status was categorized into two groups married/cohabiting with
a partner and single (reference). Family income was categorized
into three groups: low (<300,000 SEK|/year, reference), middle
(300,000—800,000 SEK/year), and high (>800,000 SEK/year).

Statistical analysis

The association between neighborhood walkability and indi-
vidual MVPA was analyzed using multilevel linear regression
models (Goldstein, 2003), with individuals at the first level and
neighborhoods at the second level. We developed two consecutive
models. Model A (crude) only included neighborhood walkability.
Model B also included the individual covariates age, gender, marital
status, and family income, as well as neighborhood-level income,
which is in line with previous studies on the association between
neighborhood walkability and physical activity outcomes (Owen,
Cerin, Leslie et al., 2007; Sallis, Saelens, Frank et al., 2009; Van
Dyck et al., 2010). This allowed us to investigate whether these
characteristics moderated the association between neighborhood
walkability and individual MVPA. The model was estimated by
MLwiN using non-parametric bootstrap estimates (1000 replicates

All Type of neighborhood
High Walkability High Walkability Low Walkability Low Walkability
High Income Low Income High Income Low Income
Median St dev Median St dev Median St dev Median St dev Median St dev

Moderate-to-vigorous physical 41 23 47 23 39 25 39 23 40 23

activity (min/day)
Time in 10-minute bouts of 14 18 17 18 12 18 14 18 13 19

moderate-to-vigorous physical

activity (min/day)
Walking for active transportation 125 275 180 287 150 300 100 254 100 267

(min/week)
‘Walking for leisure (min/week) 60 222 90 225 68 248 60 216 60 208
Gender n % n % n % n % n %
* Male 1014 45% 201 42% 162 39% 378 48% 273 47%
« Female 1255 55% 278 58% 252 61% 411 52% 314 53%
Age (years)
*20-30 251 11% 82 17% 68 16% 42 5% 59 10%
*31-40 461 20% 115 24% 88 21% 139 18% 119 20%
*41-50 645 28% 104 22% 111 27% 242 31% 188 32%
*51-66 912 40% 178 37% 147 36% 366 46% 221 38%
Family income
o Low 766 34% 205 43% 220 53% 152 19% 189 32%
« Middle 959 42% 179 37% 173 42% 325 41% 282 48%
« High 544 24% 95 20% 21 5% 312 40% 116 20%
Marital status
« Single 590 26% 186 39% 154 37% 106 13% 144 25%
« Married/Cohabiting 1679 74% 293 61% 260 63% 683 87% 443 75%
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and five sets) in order to test for the possible effects of non-normal
distributions and the accuracy of inferences about the parameter
values (Rasbash, Steele, & Browne, 2003). Beta coefficients and 95%
confidence intervals are presented as measures of association. The
beta coefficients represent minutes/day.

Individual Walking for active transportation and individual
Walking for leisure were analyzed using a mixed-effects, mixed-
distribution model due to the excessive number of zeros in the
outcome variables (Tooze, Grunwald, & Jones, 2002). In total, 431
individuals (20%) reported zero regarding Walking for active trans-
portation while 657 (30%) reported zero regarding Walking for
leisure. The model is made up of two parts: the first is a logistic part
for occurrence of the outcome, which estimates the probability of
a positive value versus zero. The second is a linear part that models
the intensity (i.e. amount in minutes/week) of the response, given
that the response is greater than zero. The second (linear) part of
the model did not include those individuals who reported zeros
regarding Walking for active transportation or Walking for leisure. In
the second part of the mixed-effects, mixed-distribution model we
assumed a normal distribution. In order to justify this assumption,
we performed an ancillary analysis using bootstrap estimates in the
linear part. This yielded almost identical results as in the second
part in the mixed-effects, mixed-distribution model, supporting
our assumption of a normal distribution. The mixed-effects, mixed-
distribution model allowed us to interpret the occurrence of the
outcome presented as an odds ratio with a 95% confidence interval,
as well as the amount of the response presented as a beta coeffi-
cient (minutes/week) with a 95% confidence interval. A random
effect for the occurrence and a random effect for the amount were
included in the model to account for clustering of individuals
within neighborhoods. We developed two consecutive models for
each outcome. Model A included Neighborhood walkability and
Model B also included the individual covariates age, gender, income,
and marital status, as well as neighborhood-level income. This
allowed us to investigate whether inclusion of these characteristics
attenuated the association between Neighborhood walkability and
Walking for active transportation or Walking for leisure. The model
was estimated using SAS v. 9.2 (SAS Institute, Cary, NC, USA), with
the MIXCORR macro developed by Tooze et al. (Tooze et al., 2002).

To facilitate the interpretation of the variance at the neighbor-
hood level, we calculated the intraclass correlation (ICC) (Snijders &
Bosker, 1999). A large ICC would indicate that differences between
the neighborhoods account for a considerable part of the individual
differences in our studied outcomes. On the other hand, an ICC close
to zero would indicate that the neighborhoods exert only a small
influence on the total variance between individuals (Snijders &
Bosker, 1999). The ICC is the percentage of the total variance of the
individual outcome attributable to the neighborhood level.

ICC was calculated according to the following formula:

Va/(Vi + V2)

where V; = variance between individuals (first-level variance) and
V, = variance between neighborhoods (second-level variance).
However, in the logistic part of the mixed-effects, mixed-distribu-
tion model, the neighborhood level variance is measured on
a different scale than the individual level variance and hence they
are not comparable. We used the latent variable method to convert
the individual level variance from the probability scale to the
logistic scale (Goldstein, Browne, & Rasbash, 2002). This method
assumes that the unobserved individual variable follows a logistic
distribution with the individual variance equal to 3.29 (7%/3). The
ICC is then calculated according to Eq. (1).

A non-response analysis of 205 persons (interviewed by phone)
revealed that there were slightly more women among the
respondents than among the non-respondents. Respondents were

also slightly older than non-respondents. No statistical difference
was found in individual SES between respondents and non-
respondents. The study was approved by the Ethics Committee of
the Karolinska Institute, Stockholm.

Results
Descriptive statistics on the 2269 individuals

Table 1 shows that the median objectively measured MVPA of
SNAP participants amounted to 41 min/day (SD = 23 min). The
participants reported a median of 125 min/week of walking for
active transportation (SD = 275 min) and a median of 60 min/week
of walking for leisure (SD = 222). The proportion of female
participants was 55% and the proportion of married/cohabiting
participants was 74% of the entire study sample. Forty percent were
over 50 years old and 42% were found among those with middle
income. Differences in the income distribution between individuals
living in the four types of neighborhoods also appeared which
justifies the inclusion of, for example, individual income as
a covariate.

Models

Interaction tests included, for example, testing for possible
neighborhood-level SES interactions, but none were found. Table 2
shows the multilevel linear regression analysis for models
including MVPA as the outcome variable. Model A shows that
individuals living in highly walkable neighborhoods had 3.4 more
minutes of MVPA/day than individuals living in less walkable
neighborhoods, and this difference was statistically significant.
After including neighborhood-level SES and the individual-level
variables, the difference between highly walkable neighborhoods
and less walkable ones remained significant and decreased only
slightly to 3.1 min of MVPA/day. The calculation of ICC showed that
0.9% of the total variance was at the neighborhood level (both
models A and B).

Table 3 shows the mixed-effects, mixed-distribution model for
occurrence (logistic) and amount in minutes/week (linear),

Table 2

Multilevel linear regression for predictors of moderate-to-vigorous physical activity.
Numbers represent p—coefficients (with 95% confidence intervals) in minutes/day.
n = 2269.

Model A* Model B”

Walkability (High vs. Low) 34(0.8-58) 3.1(0.4-56)
Neighborhood SES 1.8 (-0.7-4.4)

(High vs. Low)
Male vs. Female 3.2(1.2-5.1)
Age (years)
*20-30 Reference
©31-40 —5.1(~8.5 to —1.6)
* 41-50 —5.2(-8.4to —1.9)
«51-66 ~6.7(~10.0 to —3.5)
Family income
o Low Reference
« Middle 0.9 (~1.1-29)
« High 3.4 (0.6-63)
Married/cohabiting 3.3(1.1-5.8)

vs. Single

Random effects

Variance individual 537 (506—566) 529 (498-556)
Variance neighborhood 4.7 (0.0-8.6) 4.7 (0.0-8.7)
Intraclass correlation 0.9% 0.9%

2 Model A only includes walkability.
b Model B also includes all other variables.
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Table 3
Mixed-effects, mixed-distribution models for predictors of Walking for active
transportation. n = 2269.

Table 4
Mixed-effects, mixed-distribution models for predictors of Walking for leisure.
n = 2269.

Model A Model B¢

Model A Model B¢

Occurrence (Logistic)*

Walkability 1.92 (1.40-2.63) 1.77 (1.30-2.41)
(High vs. Low)
Neighborhood SES 1.30 (0.96—1.76)

(High vs. Low)
Male vs Female
Age (years)

0.67 (0.53-0.83)

2030 1 (Reference)
*31-40 0.95 (0.60—1.50)
* 41-50 0.72 (0.47-1.11)
* 51-66 0.74 (0.49-1.12)
Family income

o Low 1 (Reference)

« Middle 0.83 (0.62—-1.09)
« High 0.97 (0.69-1.37)
Married/cohabiting 0.89 (0.65—1.20)

vs. Single

Random effects
Variance peighborhood 0.09 (0.00—0.18) 0.07 (0.00-0.15)
Intraclass correlation 2.6% 2.1%

Amount (Linear)”

Walkability 57 (26-88) 50 (20-81)
(High vs. Low)
Neighborhood SES 5(—-35-25)
(High vs. Low)
Male vs. Female —18(—45-8)
Age (years)
*20-30 Reference
*31-40 —14(-62-35)
* 41-50 17 (-29-63)
«51-66 52 (8-96)
Family income
o Low Reference
« Middle —36(—69 to —3)
o High —84(—124 to —44)
Married/cohabiting 39 (4-74)
vs. Single
Random effects
Variance individual 78 573 76 567 (71 436—81 697)

(73 278-83 867)
Variance peighborhood 507 (0—-1499) 297 (0-1198)
Intraclass correlation 0.6% 0.4%

2 Numbers in the fixed part of the regression are odds ratios (95% confidence
intervals).

b Numbers in the linear part of the regression are p-coefficients (95% confidence
intervals) in minutes per week.

© Model A only includes walkability.

4 Model B also includes all other variables.

including walking for active transportation as the outcome variable.
The logistic part shows that the odds for walking for active trans-
portation were 92% higher (reference = 1; CI = 1.40—2.63) among
individuals who lived in highly walkable neighborhoods than
among those living in less walkable neighborhoods (Model A). After
including neighborhood-level SES and the individual-level vari-
ables (Model B), the odds decreased to 1.77 (i.e. 77% higher odds)
but remained significant (CI = 1.30—2.41). The ICC was 2.1% in
Model B in the logistic part of the analysis.

Model A in the linear part of the analysis shows that individuals
who lived in highly walkable neighborhoods had 57 more minutes/
week of walking for active transportation than individuals who
lived in less walkable neighborhoods. In the adjusted model (Model
B), the difference between highly and less walkable neighborhoods
in minutes/week decreased to 50 min but remained significant. The
ICC was 0.4% in Model B in the linear part of the analysis.

Table 4 shows the results of the analysis of the association
between neighborhood walkability and walking for leisure, using

Occurrence (Logistic)
Walkability (High vs. Low)
Neighborhood SES

(High vs. Low)
Male vs. Female

122 (1.01-1.48) 1.28 (1.04-1.56)

1.22 (0.96-1.76)

0.67 (0.56—0.81)

Age (years)

*20-30 1 (Reference)

*31-40 0.92 (0.65—-1.30)

* 41-50 1.11 (0.80-1.54)

* 51-66 1.71 (1.24-2.36)

Family income

o Low 1 (Reference)

« Middle 1.14 (0.90-1.44)

o High 1.02 (0.77-1.35)

Married/cohabiting 1.00 (0.78-1.29)
vs. Single

Random effects
Variance neighborhood 0.00 (0.00—0.00) 0.00 (0.00—-0.00)
Intraclass correlation 0.0% 0.0%

Amount (Linear) ”

Walkability 18 (-8—45) 18 (-9-43)
(High vs. Low)
Neighborhood SES —3(-28-22)
(High vs. Low)
Male vs. Female —29(—54 to —5)
Age (years)
©20-30 Reference
«31-40 —7(~53-40)
*41-50 33 (-11-77)
* 51-66 63 (21-104)
Income
o Low Reference
« Middle ~40(~10 to ~71)
« High —58(—22 to —95)
Married vs. Single 33 (1-64)
Random effects
Variance individual 56 171 54 681 (50 743—58 618)
(52 118—60 225)
Variance neighborhood 352 (0-922) 44 (0-612)
Intraclass correlation 0.4% 0.1%

2 Numbers in the fixed part of the regression are odds ratios (95% confidence
intervals).

> Numbers in the linear part of the regression are B-coefficients (95% confidence
intervals) in minutes per week.

¢ Model A only includes walkability.

94 Model B also includes all other variables.

the mixed-effects, mixed-distribution model for occurrence
(logistic) and amount in minutes/week (linear). The logistic part
shows that the odds for walking for leisure were 22% higher
(reference = 1; CI = 1.01-1.48) among individuals who lived in
highly walkable neighborhoods than among those living in less
walkable neighborhoods (Model A). After including neighborhood-
level SES and the individual-level variables (Model B), the odds
remained significant and changed only slightly from 1.22 to 1.28
(CI = 1.04—1.56). The ICC in the logistic part was 0%.

Model A and Model B in the linear part of the analysis show that
individuals who lived in highly walkable neighborhoods had 18 more
minutes/week of walking for leisure than individuals who lived in
less walkable neighborhoods, but this difference was non-signifi-
cant. The ICC was 0.1% in Model B in the linear part of the analysis.

Discussion

The main findings of the present study of the association
between objectively measured neighborhood walkability, physical
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activity, and walking behavior, conducted in a Swedish context, are
mainly in agreement with previous research from the US.,
Australia, and Belgium. In the adjusted models, we found the
following statistically significant results among individuals living in
highly walkable neighborhoods, compared to those living in less
walkable neighborhoods: (1) 77% and 28% higher odds for walking
for active transportation and walking for leisure, respectively, (2)
50 min more walking for active transportation/week, and (3)
3.1 min more MVPA/day. No significant differences in minutes/
week of walking for leisure were found between highly walkable
and less walkable neighborhoods. There were no significant inter-
actions. The values of the ICC calculations ranged between 0.0% and
2.1% in the adjusted models, indicating that the proportion of the
total variance at the neighborhood level is low.

So far, objective results from only three countries have been
presented and therefore more research from different parts of the
world on the possible influence of the built environment on
physical activity is needed. The present study was therefore con-
ducted to allow for a more comprehensive comparison of findings
between countries. The finding of more MVPA in highly walkable
neighborhoods was in agreement with the NQLS from the US.
(Sallis, Saelens, Frank et al., 2009) and the BEPAS from Belgium (Van
Dyck, Cardon, Deforche, Sallis, Owen, De Bourdeaudhuij, 2010). The
finding of the association between neighborhood walkability and
walking behavior was partly in agreement with previous studies.
The NQLS (Sallis, Saelens, Frank et al., 2009) and the BEPAS (Van
Dyck, Cardon, Deforche et al.,, 2010) found positive associations
between neighborhood walkability and walking for active trans-
portation, as well as walking for leisure, whereas the PLACE Study
from Australia found an association with walking for active trans-
portation, but not with walking for leisure (Owen, Cerin, Leslie
et al,, 2007). Our study found that neighborhood walkability was
associated with walking for active transportation (yes vs. no) and
time spent on walking for active transportation as well as walking
for leisure (yes vs. no), but not with time spent on walking for
leisure. Although our findings were mainly in agreement with
previous studies, there were also differences. These differences
could be explained by differences in the built environment as well
as social and cultural differences between countries.

The similarities between countries are important to note, but
the observed differences between countries are also important to
keep in mind because every country’s policy agenda should be
based on available evidence from that country. For example, only
Australia had a significant interaction between SES and neighbor-
hood walkability (Owen, Cerin, Leslie et al., 2007), i.e. high-SES
Australian adults may benefit more from living in highly walkable
neighborhoods than low-SES adults. In contrast, residents living in
low-SES neighborhoods in the U.S., Belgium, and Sweden seem to
benefit to the same extent from a highly walkable environment as
residents living in high-SES neighborhoods. One possible expla-
nation for the absence of significant SES interactions in Sweden is
the relatively low level of income inequality in the country as
a whole. Future studies could examine possible interactions
between a broad array of individual sociodemographic character-
istics and neighborhood walkability.

The present study has several strengths. First, the assessment of
neighborhood walkability was based on objective GIS-based
measurements (Leslie, Coffee, Frank et al., 2007) rather than on
perceived subjective measurements (Panter & Jones, 2008). This is
a key strength because it is likely that the participants’ perception
of their neighborhood will vary in ways that affect their self-
reported behavior. In addition, previous research has demonstrated
correlates of non-concordance between perceived and objective
measures of walkability (Gebel, Bauman, & Owen, 2009). It is
important to note that the strength of using objective GIS-based

measurements depends on the accuracy of the data. However, the
data sources used in the present study were the best available to us
and largely similar to the data sources used in previous studies from
U.S., Australia, and Belgium. Second, the use of small geographic
units is another strength, because small neighborhood units are
more likely to reflect how the residents themselves define their
neighborhoods (Bond Huie, 2001; Smith, Gidlow, Davey, & Foster,
2010). Third, the study sample in the SNAP study was randomly
selected and included 2269 persons, which puts it in the position of
one of the largest studies to date. Finally, the assessments of
physical activity were based on both objective and self-reported
measures.

There are also limitations. First, residual confounding is
possible because SES cannot be measured fully and precisely.
Second, it is possible that a response bias exists if those who are
more physically active are also more prone to wear an acceler-
ometer and fill out a questionnaire. However, it is unlikely that
this bias would have a different magnitude across neighborhoods.
Moreover, there were no differences in SES between respondents
and non-respondents. Third, the association between neighbor-
hood walkability, physical activity, and walking behavior could be
an artifact, if neighborhood walkability simply reflects other
unknown neighborhood factors, or if choice of more walkable
residential areas depends on walking behavior and preferences for
walking. Moreover, it is a common approach in neighborhood
research to adjust neighborhood-level characteristics using indi-
vidual-level characteristics. However, it is possible that a certain
proportion of the association between neighborhood-level char-
acteristics and the studied outcome factors comes from the con-
founding effect of systematically neglected factors, including the
unknown influences between individual-level and neighborhood-
level factors. However, the consistent findings from the U.S.,
Australia, Belgium, and now Sweden indicate the existence of an
association between neighborhood walkability, physical activity,
and walking behavior, particularly for walking for active trans-
portation. Fourth, it is possible that the recruitment process
suffered from selection bias since some low-SES adults might not
have access to a telephone. However, not having access to a tele-
phone is unusual in Sweden. Fifth, the use of predefined admin-
istrative areas could have constituted a limitation because
predefined areas do not necessarily reflect a neighborhood in
social and cultural terms. Finally, the statistically significant find-
ings of the present study do not necessarily mean that they are
clinically meaningful.

Conclusions

The findings of this study show a positive association between
objective neighborhood walkability and physical activity outcomes
in a Swedish context. Although these average effects were signifi-
cant, the low values in the calculations of ICC indicate that the
variance at the neighborhood level is low; the largest proportion of
the total variance was at the individual level. Moreover, the
objective assessment of the individuals’ level of physical activity
showed a relatively slight difference of 3.1 min of MVPA/day
between individuals living in highly walkable and less walkable
neighborhoods. Therefore, possible policy implications of the
present study remain to be examined, preferably in interdisci-
plinary collaborations between health researchers, city planners,
economists, and decision-makers as physical redevelopments of
already existing urban neighborhoods are time-consuming and
expensive. Governmental initiatives should therefore be based on
context-specific empirical evidence, including multidimensional
correlates of physical activity.
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Abstract

Purpose: To investigate both the mean daily physical activity and the
hour by hour physical activity pattern across the day using accelerometry,
and how they are associated with neighborhood walkability and individual
income.

Methods: Moderate physical activity (MPA) was assessed by
accelerometry in 2,252 adults in the City of Stockholm, Sweden.
Neighborhood walkability (residential density, street connectivity, land use
mix) was objectively assessed within 1,000m network buffers around the
participants” residence and individual income was self-reported.

Results: Living in a high walkability neighborhood was associated with
more mean daily MPA compared with living in a low walkability
neighborhood on weekdays and weekend days. Hour by hour analyses
showed that this association appeared mainly in the afternoon/early
evening during weekdays, while it appeared across the middle of the day
during weekend days. Individual income was associated with mean daily
MPA on weekend days. On weekdays, the hour by hour analyses showed
that high income was associated with more MPA around noon and in late
afternoon/early evening, while low income was associated with more MPA
at the hours before noon and in the early afternoon. During the weekend,
high income was more consistently associated with higher MPA.

Conclusions: Hour by hour accelerometry physical activity patterns
provides a more comprehensive picture of the associations between
neighborhood walkability and individual income and physical activity and
the variability of these associations across the day.

Key words: Accelerometer, Geographic Information Systems, road
network buffers, moderate physical activity.



Introduction

Neighborhood walkability encompasses attributes of the built environment
that promotes physical activity, such as active transportation (23). Several
research groups have shown that neighborhood walkability, defined by
Geographic Information Systems (GIS), is positively associated with time
spent in moderate and vigorous physical activity (24, 27, 28). However, the
physical activity outcomes in previous studies only refer to the average
daily value. The influence of neighborhood walkability on physical activity
may vary across the day, and the use of the average daily value will
therefore not reflect this potential variability. One approach to overcome
this may be to use the time-stamped data collected by objective methods to
investigate the hour by hour physical activity pattern.

Since the start of this millennium there has been a tremendous increase in
the number of studies investigating physical activity using objective
methods (e.g. pedometers, accelerometers, heart rate monitors). The
accelerometers are commonly used and evaluated objective methods and
register the intensity of ambulatory physical activity. Calibration studies
have been performed to relate the accelerometer primary output (counts)
to the criterion measure of physical activity intensity derived from indirect
calorimetry, i.e. metabolic equivalents (METs), which is the quotient of
total energy expenditure during a specific activity and the resting energy
expenditure (3). Accelerometer cut-points for moderate and vigorous
physical activity intensity have been defined from MET-values and have
been used to assess time spent in moderate and vigorous physical activity
and compliance with physical activity recommendations. Physical activity
outcome measures from accelerometers used in research have almost
exclusively been average daily values. However, recent hardware and
software developments have rendered it possible to collect and store data
at a higher frequency and to more easily display and explore daily physical
activity patterns.

In neighborhood walkability studies, it has been shown that individual
socioeconomic status (SES) is associated with accelerometer outcomes (27,
28). However, there may be different patterns of physical activity across
the day depending on individual SES. While low individual SES may be
associated with more occupational physical activity (due to more manual
work) and less leisure physical activity, high individual SES may be
associated with less occupational physical activity and more leisure
physical activity. This has been shown in research on domain-specific
physical activity using self-report methods, i.e., questionnaires (4). Also,
more similar amounts of physical activity between SES levels have been
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shown when studying total physical activity from accelerometry compared
to when studying physical activity from self-report capturing only leisure-
time (11). Investigating hour by hour physical activity patterns with
accelerometers may provide a more detailed description of the influence of
SES on physical activity compared to using daily average values only.

The aim of the present study was to investigate both the mean daily
physical activity and the hour by hour physical activity using
accelerometry, and how they are associated with neighborhood walkability
and individual SES (i.e., income). To our knowledge this has not been done
previously.

Methods
Study design

The present study used data collected in the Swedish Neighborhood And
Physical activity (SNAP) study, a cross-sectional study in the City of
Stockholm, Sweden (2, 27). Data were collected on attributes of the built
environment, physical activity, and sociodemographic characteristics in
adults. The City of Stockholm is divided into 408 administrative areas,
each containing about 2,000 individuals. One hundred and twenty seven of
these areas were assigned to one of four categories based on their median
disposable family income (low/high) assessed from data delivered from
Statistics Sweden and walkability index (low/high) assessed by GIS. A
clustering procedure was performed among the high walkability
index/high income areas as they were rather small, resulting in a final
number of 32 neighborhoods (eight in each of the four categories) that was
used for sampling of participants (Figure 1). In the present study,
neighborhood walkability was recalculated within a polygon-based network
buffer using the participant’s geocoded residential address and
accelerometry data was explored as daily means and hour by hour.

Participants

Two hundred and fifty individuals were randomly sampled from each of
the 32 neighborhoods. 6,089 had a listed phone number and were included
in the recruitment procedure. An information letter was sent to each home
address, and a week later, a telemarketing company (Markor AB, Orebro,
Sweden) contacted each individual by phone. Data were collected between
November 2008 and November 2009. The inclusion criteria for
participation were as follows: 1) being able to read and write Swedish, 2)
living in the neighborhood for at least 3 months, and 3) having no serious
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difficulty in walking. Of the 4,747 individuals who were successfully
contacted, 4,369 met the inclusion criteria, and 3,226 agreed to participate
in the study (3,226/4,369; 74%). A non-response analysis of 205 randomly
selected non-participants (interviewed by phone) revealed that there were
slightly more women and older individuals among participants compared
to non-participants. There were no differences in socioeconomic
characteristics between these groups. An accelerometer, a logbook, a
questionnaire, and a prepaid return envelope were sent to the participants.
No data were collected during the Christmas and summer vacation periods.
We were able to review accelerometer-files from 2,669 participants.
Unavailable files were due to discontinued participation, lost
accelerometer, malfunction in the initiation of the accelerometer and error
when downloading data. Those with at least one weekday and one weekend
day were included for further analyses, which resulted in physical activity
data from 2,411 participants (2,411/4,369; 55%). The final number of
participants with complete data on all variables included in the present
study was 2,252, which corresponds to a 51% response rate (2,252/4,369).
The SNAP study was approved by the Ethics Committee of Karolinska
Institutet, Stockholm, Sweden. Written informed consent was obtained
from all participants.

Neighborhood walkability

Neighborhood walkability was objectively assessed by GIS and calculated
as an index comprised of three parameters: residential density, street
connectivity and land use mix. Walkability parameters were assessed
within a polygon-based network buffer which was created by following the
road network including bicycle paths and footpaths in all possible
directions for 1,000 meters from the residence and then drawing a line to
connect the endpoints. Buffers of 1,000 meters have often been used in
previous research as studies have found that it is a distance many people
are willing to walk in their daily life (15). Data on residential density were
delivered by Statistics Sweden, the Swedish Government-owned statistics
bureau, and calculated as the number of residential units per square
kilometer (excluding water bodies). Street connectivity was based on data
provided by the City Planning Administration in Stockholm and was
calculated as the number of “true” intersections (three or more “legs”) per
square kilometer. Two or more intersections closer to each other than 10m
were counted as one using a buffering function. Highways were not
included in the calculations. Cycle paths and footpaths were included if
they had an intersection with a street. Land use mix was assessed as the
evenness of the distribution of the five categories of residential,
commercial, and office developments (see below) and indicates the variety
of land use types in a certain geographic area. The five categories were: (1)
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Retail/ service, (2) Entertainment/physical activity, (3)
Institutional/health care, (4) Office/workplace, and (5) Dwellings. The
Herfindahl-Hirschman Index (HHI) was used as a numeric measure of the
level of land use mix and is calculated by summing the squared proportions
of each land use category (HHI= p.2 + p.2... + ps2). A high HHI indicates a
low level of land use mix. The calculations of the evenness in the land use
mix were based on geocoded point data. The data for the first four
categories in the land use mix were delivered by Teleadress, which is a
private company that was established when parts of the Swedish
government-owned Telecom were privatized. Data for the last category was
delivered by the City Planning Administration in Stockholm. Neighborhood
walkability index was calculated by the sum of the standard scores (z-
scores) of residential density, street connectivity and land use mix (z-score
of the reversed value of land use mix, as high values indicate low land use
mix) using an adjusted version of the formula in the Neighborhood Quality
of Life Study (8, 24):

Walkablhty index = Zgesidential density + 1.5 Zstreet connectivity + ZLand use mix

Retail floor area ratio has previously been included in the walkability index
and street connectivity has been weighted by 2 (8, 24). In the present
study, retail floor area ratio was not included as this data is not available in
Sweden. Street connectivity was then weighted by 1.5 as the index included
three instead of four components.

The neighborhood walkability was divided into tertiles. Participants in
tertile 1 and 2 were classified as living in low walkability neighborhoods
and participants in tertile 3 were classified as living in high walkability
neighborhoods, based on the distribution of the neighborhood walkability
values. The values of the walkability index were considerably higher in
tertile 3 than in tertile 1 and 2, which had more similar values of the index.

Individual income

Individual income was used as a measure of individual SES. It was
calculated by dividing the gross family income by the number of people
living in the household, both assessed from the study questionnaire, with
children/adolescents under the age of 18 being given a consumption weight
of 0.5. Individual income was then dichotomized at the median into low
and high.



Physical activity

Previous studies on walkability and objectively assessed physical activity
have included both moderate and vigorous physical activity in the outcome
(24, 27, 28). However, vigorous physical activity mainly corresponds to
activities of higher intensities than the walking intensity range of interest
for neighborhood walkability (1, 13, 29). As neighborhood walkability was
developed as a measure of environments promoting active transportation
(i.e. walking) (23), we only included MPA in the present study. ActiGraph
GT1M accelerometers (version 2 to 4, firmware 1 to 6) and ActiLife Data
Analysis Software 6 (ActiGraph, Pensacola, FL, USA) were used to assess
moderate physical activity (MPA). ActiGraph GT1M is highly reliable and
useful in assessing a variety of walking and running intensities in adults
(13, 25). The different versions of GT1M have shown to provide similar
outputs (13), and also in comparison to the earlier model 7164 (10, 14, 22)
used in previous walkability studies (24, 28). Participants were asked to
wear the accelerometer for seven consecutive days, except when sleeping or
bathing/swimming, and were given the opportunity to choose
accelerometer placement on the hip or lower back to increase compliance.
A study comparing accelerometer placement on the hip or lower back
under free-living conditions found no significant effect on the estimation of
time spent in moderate and vigorous physical activity (29). To further
increase the compliance, four text-messages were sent to participants” cell-
phone during the measurement period. The accelerometers were set to
register vertical accelerations and to accumulate data over 60-s periods
(epoch-time). Non-wearing time was defined as =60 min of no registered
physical activity (zero counts), which has shown to provide lower frequency
of misclassification compared to other protocols (20 min, 30 min) (5).
MPA was defined as 1,952-5,724 counts per minute (9). Days with >10
hours of wearing time were considered valid. As the number of valid days
may be related to socioeconomic factors (17) and we investigated the
influence of individual income on the outcome, we applied a less strict
inclusion criterion of at least one valid weekday and one valid weekend day
for further analyses.

The “eyeball test” indicated that the pattern of MPA was similar between
the five weekdays, and between the two weekend days, but that it differed
between weekdays and weekend days. Hence, for further analyses we
calculated the mean MPA of the weekdays and the mean MPA of the
weekend days for each participant. If a participant only had one weekday
or one weekend day, this single value was used in the analysis. The
calculations were performed on both daily and hourly values, representing
the daily (min-d*) and hourly (min-hr*) MPA of an average weekday or
weekend day.



Statistics

To investigate the influence of neighborhood walkability on mean daily and
hour by hour MPA, the participants were divided into four categories: 1)
high walkability/high individual income (HWHII), 2) high walkability/low
individual income (HWLII), 3) low walkability/high individual income
(LWHII), and 4) low walkability/low individual income (LWLII). During
the weekdays, we included MPA collected between 6:00 and 23:00 and
during the weekend days between 8:00 and 23:00 o’clock. Between these
time-points the majority of the participants contributed with wear time
(see results section).

The four walkability-income categories were compared for both the mean
daily and mean hour by hour MPA. We used a non-parametric bootstrap
approach because the physical activity data was skewed; especially the
hour by hour data had a large proportion of observations with zero values.
The bootstrap procedure was performed in the following way: for each
mean daily and hour by hour comparison, 10,000 samples were drawn,
with replacements, from the empirical distributions. For each drawn
sample the mean value was determined and thus, as we had 10,000
samples and a mean value in each sample, a sampling distribution of the
estimated mean was obtained. Bootstrap p-values were obtained from the
sampling distributions for the difference between the estimated means
(walkability-income categories). For the daily means we also present 95%
bootstrap confidence intervals. Because of the way the participants were
divided into high (1/3) and low (2/3) walkability, and that the variation of
the estimated mean is dependent on the sample size, the confidence
intervals and p-values for the mean difference between the two income
categories within the high walkability category (HWHII vs. HWLII)
becomes larger compared to the two income categories within the low
walkability category (LWHII vs. LWLII), even when the difference in
means appears similar. The statistical analyses were performed in the
statistical computing and graphical software R (21).

Results
Descriptive statistics on the study participants (Table 1)

The mean age of the entire study population was 46 years and 55% were
women. Around one quarter was single. The four walkability-income
categories showed no large differences in the amount of wear time and the
number of valid days. The mean wear time for all participants was 16 hours
during a weekday and 15 hours during a weekend day. All participants had
at least 3 valid days. In total, 94% had at least 6 valid days and 90% had
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two valid weekend days. On average, participants spent 40 min-d* in MPA
(42 min-d* on weekdays and 36 min-d* on weekend days).

Mean daily moderate physical activity (Table 2)

Bold type indicates results with a p-value <0.05. Living in a high
walkability neighborhood was associated with more MPA compared with
living in a low walkability neighborhood. For those participants with high
individual income, the p-value was <0.05 on weekdays as well as weekend
days (comparison B). However, for those participants with low income the
p-values were >0.05 when comparing high vs. low walkability (comparison
D), although a tendency was seen with a possible association between
neighborhood walkability and MPA (2.7 min-d* on weekdays as well as
weekend days). In both high walkability and low walkability
neighborhoods, high individual income was associated with more MPA
compared with low individual income on weekend days (comparison A and
E). The differences were 4.4 and 3.3 min-d, respectively. The largest
differences were found when comparing the high neighborhood walkability
and high individual income category with the other categories.

Hour by hour physical activity (Figure 2)

Figure 2 shows the mean MPA hour by hour for weekdays (Figure 2A) and
for weekend days (Figure 2B). The values are the accumulation of minutes
in MPA during the last hour. For example, the MPA at 9:00 is the
accumulation of MPA between 8:00 and 9:00. P-values are shown for each
hour by hour comparison in the upper part of Figure 2 if p <0.05. Mostly,
at least 90% of participants in each walkability-income category
contributed with physical activity data at each hour included, except for the
earliest hour in the morning where it could go down to 53%. To illustrate
the four neighborhood walkability-individual income categories, we used
circles to indicate high walkability and squares for low walkability, and
unfilled symbols to indicate high individual income and filled symbols for
low individual income. For example, an unfilled circle (O) represents the
high walkability-high individual income category.

Overall, differences between weekdays and weekend days in the physical
activity patterns appeared. A weekday had three sharp peaks of MPA: one
in the morning, one around noon, and one in the late afternoon/early
evening (Figure 2A). In contrast, a weekend day had only one broad peak
(Figure 2B).



Both high and low-income participants had more MPA across almost the
entire day (both weekdays and weekend days) in neighborhoods with high
walkability compared to low walkability (O vs. <, and ® vs. 4). During
weekdays, the difference between high and low walkability was more
pronounced during the afternoon and early evening and especially among
individuals with high income. High-income participants had higher
amount of MPA than low-income participants (O vs. ®, and < vs. @)
around noon and in the afternoon/early evening. In contrast, low-income
participants had higher amounts of MPA than high-income participants in
the time-periods between the three peaks. During the weekend, there was a
more consistent difference in MPA across the day between high and low-
income participants.

Discussion

We found that neighborhood walkability was associated with more mean
daily MPA on weekdays as well as on weekend days. High individual
income was associated with more mean daily MPA on weekend days. The
findings on mean daily MPA are in line with previous studies (24, 27, 28).

To the best of our knowledge, the present study is the first to use
accelerometry to investigate the influence of neighborhood walkability and
individual income on the hour by hour physical activity pattern across the
day. On weekdays, participants living in neighborhoods with high
compared to low walkability spent more time in MPA across the day. The
differences were most pronounced in the afternoon/early evening among
high-income participants and in the afternoon among low-income
participants. These findings are novel and are therefore not directly
comparable with previous research; up to this date, studies of the built
environment and hour by hour physical activity patterns across the day
have not been performed although there is an interest in studying hour by
hour physical activity patterns across the day. For example, a few studies
have explored the daily physical activity patterns in children (6, 12, 20, 26).
Some of these studies identified times of the day with more pronounced
differences between overweight and normal-weight children (6, 20).

The finding in the present study of a strong association between
neighborhood walkability and MPA in the afternoon/early evening
suggests an influence of neighborhood walkability on physical activity, as
this is a time where a large proportion of people are likely to be exposed to
their neighborhood environment. People living in neighborhoods with
higher walkability (most of them located in the dense inner city) are
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exposed to a variety of services and facilities within walking distance,
which they may reach by walking after working hours. In contrast,
participants living in neighborhoods with lower walkability (mostly
house/villa neighborhoods or suburban neighborhoods with multifamily
houses but low land use mix) have less availability of facilities within
walking distance and may be more prone to use a car for their errands after
work.

On weekend days, participants living in neighborhoods with high
compared to low walkability spent consistently more time in MPA across
the day and the most pronounced differences were found at the middle of
the day. Compared to weekdays, when many people work, participants may
spend more time in their neighborhoods during weekend days, which may
explain the smoother distribution of the association between neighborhood
walkability and physical activity across the day.

The influence of income on MPA differed across the weekday; high-income
participants were more physically active at lunchtime and during the late
afternoon/early evening whereas low income participants were more
physically active in the time-periods in between the three peaks (Figure
1A). This is in line with the findings of Bauman and -colleagues
investigating associations between income and domain-specific physical
activity (4). They found that high income participants were more physically
active during leisure-time but less active when at work compared to low
income participants. Low income may be associated with manual work and
thereby higher levels of work-related physical activity while high income
may be associated with sedentary deskwork. The higher levels of physical
activity during lunchtime among participants with high compared to low
income may be due to their better economical possibilities to buy their
lunch at nearby restaurants, and thereby obtain some transport-related
physical activity on the way to the restaurant and back. Furthermore,
optional exercise during the lunch break as part of occupational health care
programs may be more common among high-income workers in Sweden.
The higher level of physical activity during the late afternoon/early evening
is in line with previous research where income has been associated with
leisure-time physical activity (4, 16, 18). Participants with high compared
to low income were also more physically active across the weekend days,
giving further support to an association between individual income and
leisure-time physical activity.
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This study has several strengths. It is the first study to explore the
influence of neighborhood walkability and individual income on hour by
hour physical activity patterns across the day. Further strengths are the
large and randomly selected study sample and the high response rate,
compared to previous studies. The detailed data on the road networks
when creating the polygon-based network buffers is an additional strength.
In contrast to most previous studies, where buffers often are based on the
street network only, we included the street network as well as the bicycle
paths and footpaths. This may provide a better picture of the “true” area of
exposure. A novel strength of this study includes the use of objectively
assessed MPA as an outcome instead of a combination of moderate and
vigorous physical activity, which has been used as an outcome in previous
studies although vigorous physical activity mainly corresponds to activities
of higher intensities than walking for transportation (24, 27, 28).

There are also some limitations of this study. It is a cross-sectional study
and causality can therefore not be determined. An important limitation is
that we could not discriminate physical activity performed within the
neighborhood of residence from that performed outside the neighborhood
of residence. A combination of accelerometry and GPS has been suggested
for the assessment of location-specific physical activity and, indirectly,
domain-specific physical activity (7). However, the present technical
limitations of GPS interfere with intact data collection (19), which
decreases its usefulness. Finally, no adjustments for multiple testing were
made. As each comparison was made individually, the issue of multiple
testing needs to be considered in the interpretation of the overall results.

Conclusion

The present study of the hour by hour physical activity patterns provides a
more comprehensive picture of the associations between neighborhood
walkability and individual income and physical activity and the variability
of these associations across the day. These findings may be useful for
potential interventions among individuals with different income levels in
different types of neighborhoods. Future studies should use objective
methods to further explore location- and domain-specific activities.
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Abstract

Background: Neighborhood walkability has been associated with physical activity in several studies. However, as
environmental correlates of physical activity may be context specific, walkability parameters need to be investigated
separately in various countries and contexts. Furthermore, the mechanisms by which walkability affects physical
activity have been less investigated. Based on previous research, we hypothesized that vehicle ownership is a
potential mediator. We investigated the associations between walkability parameters and physical activity, and the
mediating and moderating effects of vehicle ownership on these associations in a large sample of Swedish adults.

Methods: Residential density, street connectivity and land use mix were assessed within polygon-based network
buffers (using Geographic Information Systems) for 2,178 men and women. Time spent in moderate to vigorous
physical activity was assessed by accelerometers, and walking and cycling for transportation were assessed by the
International Physical Activity Questionnaire. Associations were examined by linear regression and adjusted for
socio-demographic characteristics. The product of coefficients approach was used to investigate the mediating
effect of vehicle ownership.

Results: Residential density and land use mix, but not street connectivity, were significantly associated with time
spent in moderate to vigorous physical activity and walking for transportation. Cycling for transportation was not
associated with any of the walkability parameters. Vehicle ownership mediated a significant proportion of the
association between the walkability parameters and physical activity outcomes. For residential density, vehicle
ownership mediated 25% of the association with moderate to vigorous physical activity and 20% of the association
with the amount of walking for transportation. For land use mix, the corresponding proportions were 34% and
14%. Vehicle ownership did not moderate any of the associations between the walkability parameters and physical
activity outcomes.

Conclusions: Residential density and land use mix were associated with time spent in moderate to vigorous
physical activity and walking for transportation. Vehicle ownership was a mediator but not a moderator of these
associations. The present findings may be useful for policy makers and city planners when designing
neighborhoods that promote physical activity.
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Background

The interest in environmental determinants of physical
activity behavior has been rapidly increasing over the
past few years. Ecological models are often used as a
basis to describe the multi-component influence of indi-
vidual factors, the social environment and the physical
environment on physical activity [1-3]. Objective mea-
sures of neighborhood walkability, a construct com-
monly including residential density, street connectivity
and land use mix, have been associated with physical
activity in several studies [4-7]. For example, partici-
pants from the Swedish Neighborhood and Physical
Activity (SNAP) study living in highly walkable neigh-
borhoods spent more time in moderate to vigorous
physical activity (MVPA) and reported more walking
for leisure and walking for transportation compared to
participants living in less walkable neighborhoods [6].
That study investigated the association between an
overall walkability index and physical activity, but it
did not stratify the analyses by the different compo-
nents of walkability (residential density, street connect-
ivity, and land use mix). As associations between the
environment and physical activity are context-specific,
it is of interest to investigate the effects of the separate
walkability parameters on physical activity under vari-
ous conditions. To our knowledge, no previous study
has investigated the association between objectively
assessed walkability parameters and physical activity in
a northern European context.

Previous cross-sectional studies have found negative
associations between neighborhood walkability and
motor vehicle ownership (further referred to as vehicle
ownership) [8] and vehicle miles traveled [9,10]. This
implies that dense, well connected areas with diverse
land use could support a less car-dependent living. Ve-
hicle ownership and vehicle use are, in turn, negatively
associated with physical activity [8,11]. We hypothesize
that vehicle ownership may lie in the causal pathway be-
tween neighborhood walkability and physical activity. To
our knowledge, no previous study has investigated the
hypothesized mediating effect of vehicle ownership on
the association between objectively assessed walkability
parameters and physical activity.

Vehicle ownership may also moderate associations be-
tween the physical environment and physical activity. A
recent study found a positive association between con-
venience of bus services and physical activity in non-
drivers, but not in drivers [12]. Furthermore, a Belgian
study found significantly more steps per day among par-
ticipants with a preference for passive transport living in
highly walkable neighborhoods compared to participants
with the same preference living in less walkable neigh-
borhoods. This difference was not found in participants
with a preference for active transport, but their number
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of steps per day was generally higher [13]. To examine
potential moderators of the relationship between the en-
vironment and physical activity is the most frequently
suggested direction for future research outlined in
reviews on environment and physical activity research
[14].

The first aim of this study was to investigate the asso-
ciations between objectively assessed residential density,
street connectivity, and land use mix and physical activ-
ity outcomes, i.e. time spent in MVPA, walking for
transportation and cycling for transportation. The sec-
ond aim was to investigate the hypothesized pathway be-
tween walkability parameters and physical activity
through vehicle ownership using mediation analysis. The
third aim was to test whether the associations between
the walkability parameters and physical activity are
modified by vehicle ownership.

Methods

Study design

The present study uses cross-sectional data from the
Swedish Neighborhood and Physical Activity (SNAP)
study, collected between November 2008 and Novem-
ber 2009 in Stockholm. Stockholm municipality covers
188 square kilometers and has a population of about
850,000 inhabitants. It is the central city in a metro-
politan area with about 2.1 million inhabitants. Partici-
pants for the SNAP study were recruited from
neighborhoods differing in walkability assessed by Geo-
graphic Information Systems (GIS) and neighborhood-
level income as described below. A full description of
the design of the SNAP study has been provided else-
where [6].

The city of Stockholm is divided into 408 administra-
tive areas, with about 2,000 people living in each area.
These areas were used as a basis for the calculations of
the neighborhood-level variables. Neighborhood walk-
ability was calculated as an index comprising of the
sum of z-scores of residential density, street connectiv-
ity and land use mix. Some previous studies included
retail floor area ratio as one of the components of their
walkability measure and weighted street connectivity by
2 [15]. In this study, where information of retail floor
area ratio was not available, street connectivity was
weighted by 1.5. Administrative areas within the first to
fourth deciles of walkability index were considered to
be less walkable and the seventh to tenth deciles were
considered to be highly walkable. Neighborhood-level
income was calculated as the median family income,
taking the age and numbers of family members into
account. The second to fourth deciles of neighborhood-
level income were considered as low neighborhood-
level income and the seventh to ninth deciles were con-
sidered as high. The first and tenth deciles were
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excluded to avoid outliers in neighborhood-level in-
come. A total of 127 administrative areas were classified
into the following four categories: high walkability/high
income, high walkability/low income, low walkability/
high income or low walkability/low income. Adminis-
trative areas in the high walkability/high income cat-
egory located in the city center were rather small.
Therefore, some areas in this category were merged to
create study neighborhoods. A total of 32 neighbor-
hoods, eight in each of the four categories, were in-
cluded in the study.

Study sample

A total of 8,000 individuals (250 from each neighbor-
hood) aged 20 to 65 were randomly selected. Of these,
6,089 had a listed landline or cell phone number and
were included in the recruitment procedure. A week
after an information letter was sent to the individuals, a
telemarketing company (Markér AB, Orebro, Sweden)
called them to recruit participants and to answer any
questions that they might have. To be included in the
study, participants had to meet three inclusion criteria:
1) being able to read and write in Swedish, 2) having no
serious impaired ability to walk and 3) having lived in
the neighborhood for at least three months. Of the 4,747
individuals who were reached by phone, 4,369 met the
inclusion criteria and 3,226 agreed to participate in the
study. Recruitment was done concurrently in all 32
neighborhoods and data were collected throughout the
year except for weeks 50 to 2 and weeks 25 to 33, corre-
sponding to the Christmas and summer holidays. Lists
of enrolled participants were delivered to the research
group on a weekly basis. A package containing an accel-
erometer, an accelerometer logbook, a questionnaire and
a pre-paid return envelope was sent to the participants.
After participation, the participants received a pedom-
eter, movie tickets or lottery tickets at a value of about
100 SEK (1 SEK=0.11 EUR or 0.15 USD). A total of
2,178 participants had complete GIS, accelerometer and
self-report data and were included in the analyses.

Neighborhood walkability parameters

Neighborhood walkability parameters were objectively
measured using GIS. Each participant’s residential ad-
dress was geo-coded and 1,000-meter polygon-based
network buffers were created around the residences
using the Network Analyst extension in ArcGIS/ArcInfo
9.2 (ESRI Inc., Redlands, California, USA). Network buf-
fers, compared to predefined administrative areas or cir-
cular buffers, may better reflect a “true” area of
exposure. Polygon-based network buffers (further re-
ferred to as buffers) were created by following the road
network including bicycle paths and footpaths in all pos-
sible directions for 1,000 meters from the residence and
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then drawing a line to connect the endpoints, thus creat-
ing a polygon shaped area (a buffer) surrounding the
residence. Buffers of 1,000 meters have often been used
in previous research as studies have found that it is a
distance many people are willing to walk in their daily
life [16]. Detailed network data were delivered by the
City Planning Administration in Stockholm and included
the road network as well as bicycle paths and footpaths.
Highways were excluded from the data.

Residential density was based on data obtained from
Statistics Sweden and calculated as the number of resi-
dential units (in ten thousands) per square kilometer.
Street connectivity was based on the same network
data as when creating the buffer zones. That is, the data
was delivered by the City Planning Administration in
Stockholm, and it included the road network, bicycle
paths and footpaths. Highways were excluded from the
calculations. Bicycle paths and footpaths that run paral-
lel with roads often result in multiple intersections
within one “true” intersection. Therefore, a buffering
procedure was employed where two or more intersec-
tions closer to each other than 10 meters were counted
as one. Street connectivity was calculated as the number
of intersections per square kilometer. Land use mix was
calculated as the evenness in distribution between five
categories of land use: 1) retail/service, 2) entertainment/
physical activity, 3) institutional/healthcare, 4) office/
workplace, and 5) dwellings. Categories 1 to 4 were
based on data delivered by Teleadress, a company
founded when the government-owned telecom sector
was privatized. The Teleadress database is updated con-
tinuously and it includes businesses and services with a
registered phone number, as well as those who actively
have provided information about their business. The
fifth category was based on data obtained from the City
Planning Administration in Stockholm. The level of
land use mix was based on point data and calculated by
the Herfindahl-Hirschman Index (HHI). The HHI is cal-
culated by summing the squared proportions of each
land use category (HHI= p} + p3... + p2). A high HHI
indicates a low level of land use mix. In this study, how-
ever, the HHI-values were reversed (multiplied by -1) to
facilitate interpretation of results (making a higher HHI
correspond to a higher level of land use mix). We then
divided the HHI-values by 10,000. This was done in
order to make the unit in the explanatory variable and
the regression coefficients easier to interpret, represent-
ing a meaningful difference in the neighborhood envir-
onment. For example, one increase in the unit of
residential density used in the analyses (10,000 dwell-
ings per square kilometer), corresponded to a shift from
the lowest density to a mid-range density in this sample.
The ranges of the explanatory variables are shown in
Table 1.
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Table 1 Descriptive statistics on the 2,178 individuals
included in the study

Median or Interquartile Min; max
percent range

Residential density 0.23 0.14; 043 0.06; 1.77

(residential units x 10°%/km?)

Street connectivity 864 734;102.1 30.5; 1553

(intersections/km?)

Land use mix -0.76 —0.86; -0.36 —098; -0.24

(HHI x 10 x (=1))°

Age:

20-30 11%

31-40 21%

41-50 28%

51-66 40%

Gender ( females) 55%

Income:

Low 19%

Middle 56%

High 25%

Marital status 75%

(married/cohabiting)

Vehicle ownership:

0 18%

1 48%

22 34%

Moderate to vigorous 413 271,579 0.1;183.7

physical activity (min/day)

Walking for active 125 30; 300 0; 1260

transportation (min/week)

Cycling for active 0 0; 20 0; 1260

transportation (min/week)®

?In this study, a higher Herfindahl-Hirschman Index correspond to a higher
level of land use mix.
bObservations collected between April and October (n=906).

Time spent in moderate to vigorous physical activity

The time spent in moderate to vigorous physical activ-
ity was objectively assessed with Actigraph GT1M
accelerometers (ActiGraph, Pensacola, FL, USA). Acti-
graph GT1M is uni-axial and registers acceleration in
the vertical plane. The accelerometers were set to sum
the physical activity (counts) within 60-second periods
(epoch) and participants were asked to wear them dur-
ing all waking hours for seven consecutive days and to
only remove them when engaging in water activities.
Participants were given the opportunity to choose ac-
celerometer placement on the hip or lower back to in-
crease compliance. A study comparing accelerometer
placement on the hip or lower back under free-living
conditions found no significant effect of the placement
on the estimation of time spent in moderate to vigor-
ous physical activity [17]. Four text messages were sent
to participants during the seven-day period to further
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increase compliance. Non-wear time was defined as
260 continuous minutes of zero counts. A minimum
of ten hours of wear time was required to constitute a
valid day and participants with six or more valid days
were included in the analysis. Variance analysis of our
own data was performed to determine the number of
valid days required to capture habitual physical activity
[18]. Time spent in MVPA was defined using Free-
dson’s cut-off as 21,952 counts per minute [19].

Walking and cycling for active transportation

The amount of walking for transportation and cycling
for transportation in minutes per week was assessed by
the long self-administered version of the International
Physical Activity Questionnaire (IPAQ). The IPAQ has
shown good reliability and fair to moderate validity
when using accelerometers as the criterion [20]. The fre-
quency and duration of walking and cycling for trans-
port purposes during the past seven days are reported.
Data were cleaned and scored according to the official
IPAQ scoring protocol (sites.google.com/site/theipaq/
scoring-protocol). Due to the low proportions of par-
ticipants reporting cycling during November-March
(7-13%), the analyses on cycling for transportation
only included observations collected between April
and October where 20-32% of participants reported
cycling for transportation during the past seven days
(n=906).

Vehicle ownership

The numbers of vehicles in the household were based
on information from the study questionnaire in which
participants were asked: “How many roadworthy motor
vehicles do you have in your household?” Vehicle owner-
ship was categorized into three levels: no vehicle, one
vehicle and two or more vehicles.

Socio-demographic information

Socio-demographic data were based on self-report. Age
was categorized into four levels: 20-30 years, 31-40
years, 41-50 years, and 51-66 years. Marital status was
dichotomized into either married/cohabiting with a part-
ner or living without a partner. Income was calculated
by dividing the gross family income by number of people
living in the household, with children/adolescents under
the age of 18 being given a consumption weight of 0.5.
Income was then categorized into three levels: low
(<150,000 SEK/year), middle (150,000-349,999 SEK/year)
and high (2350,000 SEK/year). One SEK equals about
0.11 EUR or 0.15 USD (August 2012).

Statistical analysis
We investigated the association between three differ-
ent walkability parameters (residential density, street
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connectivity and land use mix) and three different
outcomes (MVPA, walking for transportation and cyc-
ling for transportation). Further, we investigated
whether these associations were mediated and/or
moderated by vehicle ownership. Figure la illustrates
a potential direct effect of X on Y, while Figure 1b
illustrates the mediation design where the product of
a and b (a*b) is the potentially mediating effect of M
on the association between X and Y. Walking for
transportation and cycling for transportation were
investigated both as dichotomous variables (yes/no)
and as log transformed variables (with individuals that
had a value higher than 0).

Linear regression was used to investigate the associa-
tions between the walkability parameters and the phys-
ical activity outcomes. To investigate the mediating
effect of vehicle ownership on these associations we used
an approach described by Preacher and Hayes [21]. This
approach uses bootstrapping, a nonparametric resam-
pling procedure, to generate confidence intervals for the
indirect effect. We also calculated the proportion
mediated, by dividing a*b with c. To check the robust-
ness of our results, we also performed non-parametric
analyzes using PROC GENMOD in SAS v. 9.2 (SAS In-
stitute, Cary, NC, USA) with the identity link and speci-
fied the variance to be binomial as well as using
ordinary logistic regression. The mediated proportions
in these control results were very similar to the results
shown in the tables. For all outcomes we also investi-
gated the potential interaction between vehicle owner-
ship and the different walkability parameters.

Models

In all models we first investigated the association be-
tween the different walkability parameters and the phys-
ical activity outcomes. Thereafter we included the socio-
demographic characteristics in the models in order to
investigate if the association was confounded by individ-
ual characteristics (full model).
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Non-response analysis

A telephone-based non-response analysis of 205 persons,
randomly selected from those who were reached by
phone but declined participation, was performed. There
was no difference in income between participants and
non-participants but the proportion of females was
slightly higher among participants and participants were
slightly older than non-participants.

Ethics

Ethical approval for this study was granted by the Ethics
Committee of Karolinska Institutet, Stockholm. Written
informed consent was obtained from all participants.

Results

Participants had a median of 86.4 intersections per
square kilometer (Interquartile Range, IQR=73.4-102.1;
Range=30.5-155.3), 2,300 dwellings per square kilometer
(IQR=1,400-4,300; Range=600-17,700) and an HHI of
7,600 (IQR 3,600-8,600; Range=2,400-9,800) within their
buffer zones, as shown in Table 1. As described in the
methods section, residential density was divided by
10,000 and HHI was divided by 10,000 and multiplied by
-1 to facilitate interpretation of results. The study sample
consisted of 55% females, 75% were married/cohabiting,
68% were over the age of 40 and 19% were in the low in-
come group. The median value of time spent in MPVA
was 41.3 minutes per day (IQR=27.1-57.9) and the me-
dian for walking for transportation was 125 minutes per
week (IQR=30-300). Individuals participating in the
study between April and October had a median of 0 min-
utes per week of cycling for transportation (IQR=0-20).

Walkability parameters and MVPA

Table 2 shows the associations between the different
walkability parameters, vehicle ownership and MVPA as
well as the mediating effects of vehicle ownership. A
paths illustrate the associations between walkability
parameters and vehicle ownership; b paths illustrate the

X

Y

(Walkability parameter)

(Physical activity outcome)

a (Vehicle ownership) b

X

Y

(Walkability parameter)

Figure 1 a and b The associations between X and Y without (Figure 1a) and with a mediator (Figure 1b). X represents the explanatory
variables; residential density, street connectivity or land use mix. Y represents the outcome variables; MVPA, walking for active transportation or
cycling for active transportation. M represents the potential mediator; vehicle ownership.

(Physical activity outcome)
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Table 2 Walkability parameters, vehicle ownership and MVPA. Numbers represent regression coefficients (95%

confidence intervals)

a paths b paths® c paths c’ paths Indirect effects Proportion
(a paths*b paths) mediated

Residential density -053 -3.05 6.81 520 161 24%
(-0.60; -0.46) (=4.50; -1.59) (4.35;9.27) (263;7.77) (0.81; 248)

Residential density —049 —295 586 442 144 25%

(Full model®) (-0.56; -0.42) (—4.45; -1.46) (3.37;835) (1.84;7.01) (0.69; 231)

Street connectivity n/a n/a 0.02 (-0.02; 0.07) n/a n/a n/a

Street connectivity n/a n/a n/a n/a n/a n/a

(Full model®)

Land use mix -1.00 -3.07 1030 7.24 3.06 30%
(-=1.11;-0.88) (—4.55; -1.60) (6.25; 14.35) (2.95;11.53) (1.56; 4.67)

Land use mix -0.90 =3.11 813 533 2.80 34%

(Full model®) (-1.02; -0.78) (—4.62; -1.60) (3.94;12.32) (0.94; 9.72) (1.32; 4.25)

a paths: Associations between walkability parameters and vehicle ownership.
b paths: Associations between vehicle ownership and MVPA (minutes/day).

¢ paths: Associations between walkability parameters and MVPA (minutes/day).
¢’ paths: ¢ paths adjusted for vehicle ownership.

b paths are not based on the walkability parameters.

bAdjusted for age, gender, income and marital status.

n/a: Not applicable (as no significant association was found between the walkability parameter and the physical activity outcome).

associations between vehicle ownership and MVPA
(note that the walkability parameters are not included in
the b paths); c paths illustrate the associations between
walkability parameters and MVPA, and ¢’ paths repre-
sent ¢ paths adjusted for vehicle ownership.

The results of the regression analyses show that resi-
dential density and land use mix was positively asso-
ciated with time spent in MVPA. An increase of
residential density of 10,000 dwellings per square kilo-
meter was associated with 6.8 (CI=4.4-9.3) more minutes
per day of MVPA. This association remained significant
when adjusting for age, gender, marital status and in-
come (full model). For land use mix, an increase of the
HHI by 10,000 was associated with 10.3 (CI=6.3-14.4)
more minutes per day of MPVA and this association
remained significant in the full model (c paths). No sig-
nificant association was found between street connectiv-
ity and time spent in MVPA. There were negative
associations between residential density as well as land
use mix and vehicle ownership (a paths). There were
also negative associations between vehicle ownership
and time spent in MVPA in both models (b paths). Ve-
hicle ownership mediated 25% of the association be-
tween residential density and time spent in MVPA in the
full model and this mediating effect was statistically
significant. For land use mix, the corresponding figure
was 34%.

Walkability parameters and walking for transportation
Table 3 shows the logistic regression analyses and
Table 4 shows the linear regression analyses of the

association between the walkability parameters, vehicle
ownership and walking for transportation as well as
the mediating effects of vehicle ownership. Residential
density and land use mix were significantly and posi-
tively associated with reporting walking for transpor-
tation (yes/no) and with the amount of walking for
transportation (log transformed minutes per week) in
the full models. Street connectivity was significantly
and positively associated with walking for transporta-
tion in the linear regression analysis (c paths). There
were negative associations between vehicle ownership
and walking for transportation in both the logistic
and the linear regression analyses (b paths). Vehicle
ownership mediated 20% of both the logistic and the
linear associations between residential density and
walking for transportation in the full models. For
land use mix, the corresponding figures were 22%
and 14% for the logistic and linear associations, re-
spectively, and these mediating effects were statisti-
cally significant.

Walkability parameters and cycling for transportation

(not shown in tables)

None of the walkability parameters were associated with
reporting cycling for transportation (yes/no) or with the
amount of cycling for transportation (log transformed
minutes per week).

Effect modification by vehicle ownership
Table 5 shows the results from the interaction tests
between the walkability parameters and vehicle
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Table 3 Walkability parameters, vehicle ownership and walking for transportation (yes/no). Numbers represent
regression coefficients (95% Cl)

a paths b paths® c paths c’ paths Indirect effects Proportion
(a paths*b paths) mediated

Residential density -053 -0.06 0.14 0.11 0.03 22%
(-0.60; -0.46) (-0.08; -0.03) (0.10; 0.18) (0.07;0.15) (0.02; 0.04)

Residential density -049 -0.05 0.13 0.10 0.03 23%

(Full model®) (-0.56; -0.42) (-0.08; -0.03) (0.09;0.17) (0.06; 0.15) (0.01; 0.04)

Street connectivity n/a n/a 0.0003 n/a n/a n/a

(-=0.000; 0.001)

Street connectivity n/a n/a n/a n/a n/a n/a

(Full model®)

Land use mix -1.00 -0.06 0.23 0.18 0.06 26%
(=1.11;-0.88) (-0.08; -0.03) (0.16; 0.30) (0.10; 0.25) (0.03; 0.08)

Land use mix -0.90 —0.05 0.21 0.16 0.05 24%

(Full model®) (-=1.02; -0.78) (-0.08; -0.03) (0.14; 0.28) (0.09; 0.24) (0.03; 0.07)

a paths: Associations between walkability parameters and vehicle ownership.

b paths: Associations between vehicle ownership and walking for active transportation (dichotomous, yes/no).

¢ paths: Associations between walkability parameters and walking for active transportation (dichotomous, yes/no).

¢’ paths: ¢ paths adjusted for vehicle ownership.

?b paths are not based on the walkability parameters.

°Adjusted for age, gender, income and marital status.

n/a: Not applicable (as no significant association was found between the walkability parameter and the physical activity outcome).

ownership. There was no significant effect modification — Discussion

by vehicle ownership on any of the associations be-  The aim of this study was to investigate the associations
tween the walkability parameters and the physical ac- between three walkability parameters (residential dens-
tivity outcomes. ity, street connectivity and land use mix) and physical

Table 4 Walkability parameters, vehicle ownership and walking for transportation (amount*)

a paths b paths? c paths c’ paths Indirect effects Proportion
(a paths*b paths) mediated

Residential density —049 -0.11 0.26 021 0.05 19%
(-0.56; -041) (-0.18; -0.03) (0.14; 0.38) (0.08;0.33) (0.02; 0.09)

Residential density -045 -0.11 028 0.24 0.05 18%

(Full model®) (-0.53;-0.37) (-0.18; -0.03) (0.16; 0.40) (0.12; 0.36) (0.02; 0.08)

Street connectivity —0.002 -0.137 0.003 0.002 0.0003 1%
(-0.004; -0.001) (-0.207; -0.067) (0.000; 0.005) (0.000; 0.004) (0.0001; 0.0007)

Street connectivity n/a n/a 0.002 0.002 n/a n/a

(Full model®) (0.000; 0.005) (—=0.000; 0.004)

Land use mix -098 —-0.09 053 044 0.09 17%
(—1.12;-0.86) (-0.16; -0.02) (033;0.74) (0.23; 0.66) (0.02; 0.16)

Land use mix -0.87 -0.09 0.58 0.50 0.08 14%

(Full model®) (-1.00; -0.74) (-0.17; -0.02) (037,079 (0.27;0.73) (0.02; 0.15)

Numbers represent regression coefficients (95% Cl).

*Only individuals that have reported some walking are included and values are log-transformed.

a paths: Associations between walkability parameters and vehicle ownership.

b paths: Associations between vehicle ownership and walking for active transportation (log-transformed min/week).

c paths: Associations between walkability parameters and walking for active transportation (log-transformed min/week).

¢’ paths: ¢ paths adjusted for vehicle ownership.

b paths are not based on the walkability parameters.

bAdjusted for age, gender, income and marital status.

n/a: Not applicable (as no significant association was found between the walkability parameter and the physical activity outcome).



Eriksson et al. International Journal of Behavioral Nutrition and Physical Activity 2012, 9:123

http://www.ijbnpa.org/content/9/1/123

Table 5 Interaction analysis between walkability
parameters and vehicle ownership

Residential Street Land
density connectivity use mix
MVPA 0.806 0.112 0.589
Walking for 0.266 0.809 0918
transportation (0/1)
Walking for 0.889 0575 0953
transportation (log)
Cycling for 0.091 0.647 0.124
transportation (0/1)
Cycling for 0429 0.547 0.555

transportation (log)

Values are p-values for the interaction term.

activity and to analyze the mediating and moderating
effects of vehicle ownership on these associations. The
results showed that residential density and land use mix,
objectively assessed within 1,000 meter network buffers
around participants’ residences, are positively associated
with time spent in MVPA and walking for transporta-
tion. This is in line with previous research investigating
objectively assessed residential density and land use mix
as separate measures [22] or when incorporating these
measures in indexes of overall walkability [5-7].

Street connectivity was weakly associated with the
amount of walking for transportation, but it was not
associated with any of the other physical activity out-
comes in this study. The lack of associations between
street connectivity and physical activity outcomes is in
contrast to some earlier findings from other studies. For
example, Frank et al. found street connectivity to be sig-
nificantly associated with moderate physical activity [22].
The non-significant association between street connect-
ivity and physical activity in this study could be
explained by a relatively high level of connectivity. The
median number of intersections per square kilometer
was 87 in this Swedish study, compared to a mean of 37
intersections per square kilometer found by Frank and
colleagues in North America [22]. The lack of associ-
ation between street connectivity and physical activity
found in this study is, however, in line with the conclu-
sions of a review by Saelens and Handy on environmen-
tal correlates of walking [23]. They found that while
residential density and land use mix were consistently
associated with walking for transportation, the findings
for street connectivity were more equivocal.

We did not find any significant associations between
walkability parameters and cycling for transportation.
Even though we included the cycling infrastructure in
our data, walkability was developed as a measure of sup-
portive environments for walking and not cycling. Fur-
thermore, a 1000-meter buffer may be too small to
capture the area of exposure for cyclists. A study
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conducted in Stockholm investigating route distances in
110 street-recruited bicycle commuters found a mean
commuting distance of 6.7 and 8.0 kilometers for
women and men, respectively [24]. However, even smal-
ler buffer zones (450m) have been used in previous re-
search on environmental correlates of cycling for
transportation [25]. Furthermore, it may be more com-
mon for cyclists to commute from residences in low
walkable neighborhoods to workplaces in dense inner
city areas than the opposite scenario, in order to avoid
traffic congestions and parking problems. This would at-
tenuate an association between neighborhood walkability
and cycling for transportation. Future studies could ex-
plore this hypothesis using measures of walkability
parameters around participants’ workplaces as well as
their homes.

Previous studies have found positive associations be-
tween neighborhood walkability and active transport
(walking + cycling) [10,26]. Other studies have examined
the association between wakability and cycling for trans-
portation alone. For example, participants in the Belgian
Environmental Physical Activity Study living in highly
walkable neighborhoods (walkability assessed within ad-
ministrative areas) reported 40 minutes more cycling for
transportation per week compared to participants living
in less walkable neighborhoods [7]. Results from a study
by Winters and colleagues showed positive associations
between objectively assessed population density, street
connectivity and land use mix and cycling for transpor-
tation [25]. Furthermore, Titze et al. found a positive as-
sociation between perceived street connectivity and
cycling for transportation [27].

Vehicle ownership mediated a statistically significant
proportion of all the significant associations between
walkability parameters and physical activity outcomes.
For example, 34% of the association between land use
mix and time spent in MVPA were mediated by vehicle
ownership. To our knowledge, no previous studies have
investigated vehicle ownership as a mediator between
objectively assessed walkability parameters and physical
activity outcomes. Therefore, our results are hard to
compare with the currently available knowledge base.
However, our results are in line with the findings of a
study by Sehatzadeh et al. in which fewer vehicles were
owned by households in walkable environments and
where the number of vehicles in the household was
negatively associated with frequency of walking [8]. This
is also supported by results from a longitudinal study by
Mumford and colleagues, where participants reported
more walking and less automobile use after moving to a
community with a high land use mix [28].

We did not find any significant effect modification
by vehicle ownership on the associations between
walkability parameters and physical activity outcomes.
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Participants living in dense areas with a mixed land
use spent more time in MVPA and reported more
walking for transportation compared to participants
living in areas with lower residential density and land
use mix, regardless of vehicle ownership. This is in
contrast to some previous findings where vehicle own-
ership, or similar vehicle-related measures, moderated
the relationship between the environment and physical
activity. For example, driving status modified the asso-
ciation between convenience of bus services and phys-
ical activity in a Japanese study [12] and preference for
passive transport modified the association between
walkability and numbers of steps per day in a Belgian
setting [13]. However, the present study and the stud-
ies by Kamada et al. and Van Dyck et al. used differ-
ent explanatory as well as outcome measures. For
example, preference for passive transport may have a
different influence on the association between walkabil-
ity parameters and physical activity compared to ve-
hicle ownership.

This study has some limitations that should be consid-
ered. It is a cross-sectional study and therefore causality
cannot be determined. Self-report measures of walking
and cycling for transportation may include bias due to
social desirability and difficulties to recall activities dur-
ing the past seven days. Accelerometers, on the other
hand, do not suffer from these biases and provide an ob-
jective measure of physical activity on a moderate to vig-
orous intensity level. Strengths of this study also include
the large number of participants (n=2,178) and the ob-
jective measures of walkability parameters using network
buffers. The network buffers were based on detailed net-
work data, including the road network as well as bicycle
paths and footpaths. This provides a more relevant area
of exposure for cyclists and pedestrians compared to
network buffers based solely on the road network. Fi-
nally, participants were recruited from neighborhoods
with a wide range of walkability and neighborhood-level
SES, which is an additional strength.

Conclusions

The present study showed a positive association between
two out of three walkability parameters (residential
density and land use mix but not street connectivity)
and time spent in moderate to vigorous physical activity
and walking for transportation. Significant proportions
of these associations were mediated by vehicle owner-
ship. Interaction tests suggested that residential density
and land use mix are favorable for physical activity re-
gardless of vehicle ownership status. Our findings may
be useful for policy makers and city planners when
designing physical activity promoting neighborhoods.
We welcome future evaluations of the parameters
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incorporated in environmental indices, such as the walk-
ability index, in different countries.
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Abstract

Background: Exercise facilities may have the potential to promote physical activity among residents, and to
support an active lifestyle throughout the year. We investigated the association between objectively assessed
availability of exercise facilities and objectively assessed physical activity outcomes, and whether time of year had a
modifying effect on these associations.

Methods: A total of 2,037 adults (55% females) wore an accelerometer for seven days. Time spent in moderate to
vigorous physical activity (minutes per day) and meeting the physical activity recommendations (yes/no) were used
as outcome variables. Availability of exercise facilities was measured within 1,000-meter line-based road network
buffers around participants’ residential addresses using Geographic Information Systems. Socio-demographic
variables and time of year were included as covariates in the analyses.

Results: Participants with 24 exercise facilities within their buffer zones spent 5.4 (confidence interval (Cl) =2.3-8.5)
more minutes in moderate to vigorous physical activity per day, and had 69% higher odds (OR=1.69; Cl=1.39-2.05)
of meeting the physical activity recommendations, compared to those with no exercise facilities within their buffer

zones. Time of year had no modifying effect on these associations.

Conclusions: Our results show that objective availability of exercise facilities was associated with
accelerometer-assessed time spent in moderate to vigorous physical activity and the odds of meeting the
recommended levels of physical activity. Neighborhoods may be a logical and potentially significant venue for
policy interventions aimed at increasing physical activity in the overall population.

Background
Although physical activity is known to influence human
health [1-3], large proportions of populations worldwide
do not meet recommended levels of physical activity
[4,5]. According to the World Health Organization, in-
sufficient levels of physical activity are one of the top
contributors to global mortality [6]. It is therefore a
highly important public health priority to increase the
proportion of physically active people.

Interventions aimed at increasing levels of physical ac-
tivity have, however, had varying success [7,8]. Recently,
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Center for Primary Health Care Research, Lund University, Skdne University
Hospital, CRC, Building 28, Floor 11, Entrance 72, S-205 02, Malmg, Sweden
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considerable efforts have been made to implement eco-
logical models for physical activity behavior. These eco-
logical models often include attributes of the built
neighborhood environment [9-11].

Specific attributes of the built neighborhood environ-
ment that may have the potential to promote physical
activity among residents include neighborhood availabil-
ity of exercise facilities. Studies examining the associ-
ation between availability of exercise facilities and
physical activity have, however, produced varying results.
A review from 2008 found little or no evidence for an
association between availability of physical activity facil-
ities and walking for transportation or recreational walk-
ing [12]. In contrast, a study from the U.S. found an
association between density of exercise facilities and

© 2012 Eriksson et al,; licensee BioMed Central Ltd. This is an Open Access article distributed under the terms of the Creative
Commons Attribution License (http://creativecommons.org/licenses/by/2.0), which permits unrestricted use, distribution, and
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exercise prevalence in study participants from three
areas with widely varying population densities [13]. This
association was modified by income and race/ethnicity,
being stronger among those with low incomes and non-
Hispanic Black and Hispanic participants compared to
their high-income and non-Hispanic White counter-
parts. Income was also found to be an effect modifier in
another study, which detected an association between
number of gyms per square kilometer and physical activ-
ity in low-income women but not high-income women
[14]. Hence, associations between exercise facilities and
physical activity may be influenced by individual charac-
teristics. If this is the case, it is possible that neighbor-
hood characteristics aimed at increasing people’s
physical activity may not reach all population groups to
an equal extent.

A majority of previous studies were based on self-
reported physical activity and/or self-reported neighbor-
hood availability of exercise facilities. Same-source bias
may generate spurious associations if the neighborhood
characteristic and the outcome are collected by self-
report, as different variables collected from the same
source may not be independent from each other. In
addition, self-reported measures of physical activity are
often biased by over-reporting, social desirability and
other factors [15]. These types of biases can be avoided
if physical activity is measured objectively, for example
by accelerometry.

Different methods exist to objectively assess the avail-
ability of exercise facilities, and the choice of method
may influence the accuracy of neighborhood assess-
ments. A crude method of objectively measuring avail-
ability of exercise facilities is to assess neighborhood
availability of exercise facilities within administrative
areas, such as census tracts or provinces [14,16,17]. All
residents living within these administrative areas are
considered to have the same availability of exercise facil-
ities. To obtain a more individualized measure of neigh-
borhood availability of exercise facilities, a buffer
zone may be created around each individual’s residential
address [13,14,18]. Circular buffer zones are easy to
create but may include areas that are not accessible to
participants due to, for example, rivers and other nat-
ural and unnatural barriers. Buffer zones based on the
road network may provide a more accurate picture of
the neighborhood facilities that are actually available to
residents [19].

The present Swedish study represents a novel contri-
bution because both the predictor variable (neighbor-
hood availability of exercise facilities) and the outcome
variable (physical activity) were measured objectively.
Moreover, Sweden is particularly well suited for this kind
of study due to its temperate climate. In countries with
temperate climates, where the four seasons are well
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defined, time of year may have an impact on people’s
physical activity. Previous studies have shown an associ-
ation between time of year and physical activity, with
lower levels of physical activity occurring during winter
[20-22]. It has been hypothesized that exercise facilities
could be of importance in supporting a physically
active lifestyle throughout the year [23]. This suggests
a stronger association between availability of indoor
exercise facilities and physical activity during the
winter than during the summer. To our knowledge, no
previous study using objective measures of availability of
exercise facilities and physical activity has explored this
hypothesis.

The main aim of this study was to investigate the asso-
ciation between objective availability of exercise facilities,
measured within line-based road network buffer zones
around participants’ residences, and objectively assessed
physical activity outcomes. We also aimed to investigate
the possible effect of socio-demographic variables and
time of year on this association (effect modification).

Methods

Design and study sample

The data used in this cross-sectional study were col-
lected between November 2008 and November 2009 in
Stockholm, Sweden as part of the Swedish Neighbor-
hood and Physical Activity (SNAP) study. The SNAP
study was originally designed to investigate the associ-
ation between neighborhood walkability and physical ac-
tivity [24]. A total of 32 neighborhoods were sampled
based on walkability (based on data provided by Statis-
tics Sweden, the City Planning Administration in
Stockholm and the company Teleadress) and neighbor-
hood income (based on data provided by Statistics Swe-
den) in order to ensure variation in neighborhood-level
walkability and socio-economic status. Data were col-
lected throughout the study period, except between 9
December 2008 and 12 January 2009 and between 16
June and 17 August 2009 (these two time periods cor-
respond to the winter and summer holidays in Sweden,
respectively).

The sampling procedure has been described in detail
elsewhere [24]. Briefly, neighborhood walkability and in-
come were calculated for all 408 basic areas (neighbor-
hoods) in the city of Stockholm. Geographic Information
Systems (GIS) were used to calculate walkability as an
index comprising z-scores for residential density, street
connectivity and land use mix. Neighborhoods in the first
to fourth walkability index deciles were considered less
walkable, and those in the seventh to tenth deciles where
considered highly walkable. Neighborhood income in each
area was calculated as the median disposable family
income, taking the number and age of family members
into account. Neighborhoods in the second to fourth
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neighborhood income deciles were considered to be of
low income, and those in the seventh to ninth deciles of
high income. Four neighborhood categories were created:
high walkability/high income, high walkability/low income,
low walkability/high income and low walkability/low in-
come. A total of 32 neighborhoods (eight from each
category) were sampled for the study.

The SNAP study aimed to recruit 75 participants from
each of the 32 neighborhoods, i.e. 2,400 in total. Simple
random sampling of 8,000 individuals aged 20 to 65 (200
from each neighborhood) was performed by the Stock-
holm Office of Research and Statistics. Immigrants who
had arrived in Sweden after 2003 were excluded since
knowledge of Swedish was an inclusion criterion (see
below). A total of 6,089 individuals had a listed landline
or mobile phone number and were included in the re-
cruitment procedure. Of the 4,747 individuals who were
reached, 4,369 met the three inclusion criteria: (1) being
able to read and write Swedish, (2) having lived in the
neighborhood for at least three months, and (3) having
no serious impaired ability to walk. The final study
population for analyses, after exclusion due to missing
data, consisted of 2,037 individuals, which gave a re-
sponse rate of 47% (2,037/4,369). Recruitment of partici-
pants was performed concurrently in all included
neighborhoods by the telemarketing company Markor
AB (Orebro, Sweden). Markoér AB has previously been
involved in the recruitment of participants for large-
scale research studies. Lists of enrolled participants were
delivered to us on a weekly basis and a package contain-
ing an accelerometer, an accelerometer logbook, a ques-
tionnaire and a prepaid return envelope was sent to the
residential address of each participant.

Availability of exercise facilities

Availability of exercise facilities was objectively measured
using GIS. To assess area of exposure, neighborhoods
were defined by creating a buffer zone originating from
the residential address of each participant using the Net-
work Analyst extension in ArcGIS/Arcinfo 9.2 (ESRI
Inc., Redlands, California, USA). Data on the road net-
work, including cycle paths and footpaths, was obtained
from the City Planning Administration in Stockholm.
Line-based network buffer zones were created by follow-
ing the road network in all possible directions from each
residence for 950 meters, and then creating a 50-meter
buffer zone in all directions from the center of the road
(Figure 1). 1,000-meter buffer zones are likely to repre-
sent areas that can be reached in daily life by a large ma-
jority of the adult population and have been used to
define neighborhoods in previous research [25,26]. Data
from 2008 on the locations and business names of exer-
cise facilities were provided by Teleadress, a company
created when the government-owned telecoms agency
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Figure 1 Line-based network buffer zone. Example of a line-
based network buffer zone (950 + 50 meters).

was privatized and one of the leading providers of geo-
coded data on businesses and private individuals in Swe-
den. The data from Teleadress included privately and
publicly owned exercise facilities that have a registered
telephone number and/or those that had provided infor-
mation about their existence to Teleadress. The database
is updated continuously and inclusion is free of charge.
The data included nine categories of exercise facilities:
“gym/fitness center”, “sport facility”, “tennis court”,
“dance class center”, “public ice rink”, “squash court”,
“sports hall”, “public baths” and “badminton court”.
Most facilities were indoor facilities; only a few in the
category “tennis court” were outdoor facilities. A vast
majority of the exercise facilities were charged. Exercise
facilities located within buffer zones were manually
screened to identify those that did not offer exercise to
the adult population. These facilities, as well as those
not offering any exercise opportunities on site, were
excluded. We identified 341 exercise facilities; 58 of
these were excluded because they did not offer exercise
to the adult population on site. Individual exercise facil-
ities offering more than one activity received a count for
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each activity. For example, an exercise facility listed in
both the “gym/fitness center” and “squash court” cat-
egories was counted as two facilities. The category “sport
facility” was often present as a general description to-
gether with a more specific category. For example, gyms
often appeared in both the “sport facility” and “gym/
fitness center” categories. “Sport facility” was thus only
counted when the only category present, and not when
accompanied by another exercise facility category.

Time spent in moderate to vigorous physical activity
Actigraph GT1M accelerometers (ActiGraph, Pensacola,
Florida, USA) were used to objective measure partici-
pants’ physical activity. Participants were asked to wear
the accelerometer on the hip or lower back for 7 con-
secutive days and to remove it only when sleeping or en-
gaging in water-based activities. A study comparing
placement of accelerometers on the hip or lower back
under free-living conditions found that the position of
the accelerometer had no effect on the estimation of
time spent in moderate to vigorous physical activity [27].
Four standardized text messages were sent to each parti-
cipant’s cell phone during the 7-day measurement period
to improve compliance. The Actigraph GT1M measures
acceleration in the vertical axis at a frequency of 30
times per second (30 Hertz). These accelerations are
summed within 60-second periods (epoch) and the out-
put is referred to as “counts”. Non-wear time was
defined as 30 or more consecutive minutes with zero
counts, and 10 h of wear time was required to constitute
a valid day. Accelerometer wear time was calculated by
subtracting non-wear time from 24 h. Variance analysis
of our own accelerometer data showed that 6 or 7 valid
days were required for inclusion in the analysis [28].
Time spent in moderate to vigorous physical activity was
determined using Freedson’s cut-off point for accelerom-
eter counts [29], which is >1,952 counts/min. This cut-
off was applied to each minute of wear time for the valid
days. The mean time per day spent in moderate to vigor-
ous physical activity during all valid days was used as the
outcome variable.

Meeting physical activity recommendations

According to the global physical activity recommenda-
tions of the World Health Organization, adults should
engage in >150 min of moderate physical activity or >75
minutes of vigorous physical activity per week, or an
equivalent combination of the two. Activities should be
performed in bouts of 210 min [30]. In the present
study, participants were considered to have met these
recommendations if they accumulated >150 min of
moderate to vigorous physical activity in bouts of
>10 min within a week. Bouts of moderate to vigorous
physical activity were identified as 10 or more
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consecutive minutes with >1,952 counts per minute.
During each bout of physical activity, the number of
counts per minute was permitted to dip below this cut-
off for 1-2 min. This approach, which allows for brief
pauses in physical activity (for example when stopping at
a red light or tying a shoelace), is recommended [31]
and has been used previously [5]. Bouts of physical activ-
ity were identified during wear time on valid days as
defined above. Weekly time spent in bouts of moderate
to vigorous physical activity for participants with 6 valid
days were extrapolated to 7 days using the mean of the
six valid days (mean value for the 6 valid days multiplied
by 7).

Time of year

The year was divided into four periods: January-March,
April-June, July-September and October-December. The
Swedish climate offers substantial weather variation.
According to the Swedish Meteorological and Hydro-
logical Institute (www.smhi.se/en/services), daily mean
air temperature varied between -7°C and +19°C in the
city of Stockholm during the data collection period.
January-March was the coldest period with a daily mean
temperature of -1°C.

Socio-demographic information

Participants’ socio-demographic information was based
on self-report. Age was categorized as 20-30 years, 31-
40 years, 41-50 years and 51-66 years. Marital status was
dichotomized as married/cohabiting or single. Income
was calculated by dividing the gross family income by
number of people living in the household, with children
under the age of 18 being given a consumption weight
of 0.5. Income was then categorized as low (<150,000
SEK/year), middle (150,000-349,999 SEK/year) and high
(=350,000 SEK/year).

Statistical analysis

The association between availability of exercise facilities
and time spent in moderate to vigorous physical activity
was analyzed by linear regression. Non-parametric clus-
ter bootstrap estimates with 1,000 replications were ap-
plied due to the skewed distribution of the physical
activity data. It is a method that constructs a number of
resamples of the original dataset, each obtained by ran-
dom replacements of the original dataset and assuming
an identically distributed population. Bootstrapping
techniques have been used in previous studies of the as-
sociation between environmental attributes and physical
activity [24,32]. Two models were created: a crude
model including only availability of exercise facilities and
physical activity, and a full model also including sex, age,
income, marital status and time of year. The full model
was also adjusted for accelerometer wear time since it
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was found to be a potential confounder (inclusion of this
variable in the model resulted in a 10% change of the re-
gression coefficients). Standard errors were corrected for
clustering effects as the data were collected within 32
neighborhoods. The regression coefficients represent dif-
ferences in minutes per day compared to the reference
group. Interactions and multicollinearity between the ex-
planatory variables in the full model were examined.

The association between availability of exercise facil-
ities and whether or not participants met the physical
activity recommendations (yes/no) was analyzed by lo-
gistic regression. Two models were created: a crude
model including only availability of exercise facilities,
and a full model also including sex, age, income, marital
status and time of year. Accelerometer wear time was
not a confounder and was not included in this model.
Standard errors were corrected for clustering effects in
the data. Interactions between explanatory variables in
the full model were examined. Goodness of fit was esti-
mated by the Hosmer-Lemeshow test [33].

All statistical analyses were performed using STATA
10.1 (StataCorp, College Station, Texas, USA) and statis-
tical significance was determined at o« < 0.05.

Non-response analysis

Results from a telephone-based non-response analysis of
205 randomly selected non-responders showed that the
proportion of females was slightly higher among partici-
pants compared to non-participants. Participants were
slightly older than non-participants. There was no sig-
nificant difference in income between participants and
non-participants.

Ethics

Ethical approval for this study was granted by the Ethics
Committee of Karolinska Institutet, Stockholm. Written
informed consent was obtained from all participants.

Results

General results

Descriptive statistics for the study participants are
shown in Table 1. The overall median time spent in
moderate to vigorous physical activity was 42 min per
day (interquartile range = 28-58 min). The median time
spent in moderate to vigorous physical activity among
participants with 0, 1-3 and >4 exercise facilities within
their buffer zones was 41, 41, and 47 min/day, respect-
ively. The corresponding median time spent in 10-min
bouts of moderate to vigorous physical activity was 14,
13 and 18 min/day, respectively. Overall, 35% of partici-
pants met the physical activity recommendation of
>150 min of moderate to vigorous physical activity per
week (31, 33 and 44% of participants with 0, 1-3, and >4
exercise facilities within their buffer zones, respectively).
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55% of the participants were females; 77% were married/
cohabiting. 57% were in the middle income group and
40% were over the age of 50.

Time spent in moderate to vigorous physical activity
Results from the crude linear regression model (Table 2,
model A) show that participants with >4 exercise facil-
ities within their buffer zones spent 5.4 more minutes
per day in moderate to vigorous physical activity than
those with no exercise facilities within their buffer zones
(regression coefficient = 5.4, CI =2.2-8.5). This difference
remained statistically significant when sex, age, income,
marital status, time of year and accelerometer wear time
were included in the model (Table 2, model B). There
was no significant difference in time spent in moderate
to vigorous physical activity between participants with
1-3 exercise facilities within their buffer zones and
those with no facilities. Single participants spent more
time in moderate to vigorous physical activity than their
married/cohabiting counterparts and participants aged
20-30 spent more time in moderate to vigorous physical
activity than those over the age of 30. Neither time of
year nor any of the other explanatory variables modified
the association between availability of exercise facilities
and time spent in moderate to vigorous physical activity
(i.e., there was no effect modification).

Meeting physical activity recommendations

The crude logistic regression model shows that having
>4 exercise facilities within the buffer zone was asso-
ciated with 70% higher odds of meeting the recommen-
dations compared to having no exercise facilities within
the buffer zone (OR=1.70, CI=1.39-2.08) (Table 3,
model A). This difference remained significant after ad-
justment for sex, age, income, marital status and time of
year (OR =1.69, CI =1.39-2.05) (Table 3, model B). None
of the explanatory variables modified the association be-
tween availability of exercise facilities and meeting the
physical activity recommendations.

Discussion

The main findings of this study were that participants
with four or more exercise facilities within 1,000-meter
road network buffer zones surrounding their residences
spent more time in objectively assessed moderate to vig-
orous physical activity, and were more likely to meet the
physical activity recommendations, compared to partici-
pants with no exercise facilities within their buffer zones.
This association was independent of sex, age, income,
marital status and time of year.

Our findings are in accordance with the results of a
previous study, which showed a significant association
between objectively assessed density of exercise facilities
within circular buffer zones and self-reported frequency
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Table 1 Descriptive statistics for the 2,037 individuals included in the study

Availability of exercise facilities
All 0 1-3 >4
n=964 n=626 n=447
Median (IQR) Median (IQR) Median (IQR) Median (IQR)
Moderate to vigorous physical activity (min/day) 42 (28-58) 41 (27-57) 41 (28-58) 47 (32-63)
Accelerometer wearing time (min/day) 861 (814-902) 862 (819-903) 863 (813-906) 855 (803-893)
n (%) n (%) n (%) n (%)

Physical activity recommendations met

- Yes 704 (35) 303 (31) 205 (33) 196 (44)

-No 1333 (65) 661 (69) 421 (67) 251 (56)

Gender

- Male 912 (45) 457 (47) 272 (43) 183 (41)

- Female 1125 (55) 507 (53) 354 (57) 264 (59)

Age (years)

- 20-30 214 (11) 87 (9) 71011 56 (13)
31-40 415 (20) 205 (21) 130 (21) 80 (18)
41-50 590 (29) 270 (28) 197 (31) 123 (28)
51-66 818 (40) 402 (42) 228 (36) 188 (42)

Income
Low 383 (19) 174 (18) 137 (22) 72 (16)

- Middle 1159 (57) 570 (59) 351 (56) 238 (53)

- High 495 (24) 220 (23) 138 (22) 137 (31)

Marital status

- Married/cohabiting 1560 (77) 765 (79) 472 (75) 323 (72)

- Single 477 (23) 199 (21) 154 (25) 124 (28)

Time of year

- January-March 576 (28) 254 (26) 194 (31) 128 (29)

- April-June 597 (29) 288 (30) 177 (28) 132 (30)

- July-September 257 (13) 136 (14) 73 (12) 48 (11)

- October-December 607 (30) 286 (30) 182 (29) 139 (31)

IQR: Interquartile range.

of exercise [18]. Another study from the U.S. that inves-
tigated the association between density of exercise facil-
ities within circular buffer zones of different sizes and a
range of self-reported physical activities [13] reported
similar results, although the association for the smallest
buffer zones (radius 0.5 miles/805 meters) was not sta-
tistically significant. In contrast, a Spanish study found
no association between numbers of exercise facilities per
10,000 inhabitants and self-reported physical activity
[17]. That study measured, however, the availability of
exercise facilities at the province level, and the large geo-
graphic areas used may explain the lack of association. A
further study from the U.S. found no association be-
tween objectively assessed availability of exercise facil-
ities and leisure time physical activity, as assessed using
the International Physical Activity Questionnaire [34].

That study was based on relatively small circular buffer
zones (radius 400 meters) and a dichotomized measure
of availability of exercise facilities (yes/no).

In contrast to some previous findings [13,14], none of
the socio-demographic variables included in this study
(sex, age, income or marital status) modified the associ-
ation between availability of exercise facilities and phys-
ical activity. In a Swedish urban setting, where
differences in socioeconomic status may be less pro-
nounced than in, for example, the U.S., individuals with
different incomes seem to benefit to the same extent
from exercise facilities.

Several studies have reported seasonal differences in
physical activity, with higher levels of physical activity
during spring and summer and a decline in activity dur-
ing the colder months [20-22]. A review of the effect of
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Table 2 Linear regression analysis of predictors of
moderate to vigorous physical activity
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Table 3 Logistic regression analysis of predictors of
meeting physical activity recommendations

Model A’ Model B Model A’ Model B

Availability of exercise facilities Availability of exercise facilities

-0 Reference Reference -0 Reference Reference

-1-3 05 (-14-24) 03 (-1.5-2.1) -1-3 1.06 (0.86-1.31) 1.07 (0.86-1.33)

.24 54 (2.2-8.5) 54%(23-85) .24 1.70% (1.39-2.08) 1.69* (1.39-2.05)

Gender Gender

- Male Reference - Male Reference

. Female -24 (-5.2-03) . Female 1.04 (0.86-1.26)

Age (years) Age (years)

-20-30 Reference - 20-30 Reference
31-40 -6.0% (-10.2- -1.7) - 31-40 0.78 (0.56-1.07)
41-50 -7.0% (-114--2.8) - 41-50 0.88 (0.66-1.18)
51-66 -81%(-127--35)  .51-66 1.09 (0.83-1.43)

Income Income

- Low Reference - Low Reference

- Middle 09 (-20-3.8) - Middle 1.18 (0.92-1.50)

- High 30 (-08-6.8) - High 1.08 (0.79-1.48)

Marital status Marital status

- Married/cohabiting Reference - Married/cohabiting Reference

- Single 3.5%(0.8-6.2) - Single 1.05 (0.87-1.26)

Time of year Time of year

- January-March Reference - January-March Reference

- April-June 0.1 (-23-2.5) - April-June 1.00 (0.82-1.24)

- July-September -08 (-4.3-2.8) - July-September 0.90 (0.66-1.23)

- October-December -1.7 (-45-1.0) - October-December 0.82 (0.65-1.03)

"Univariate linear regression.

Multiple linear regression including all variables and adjusted for
accelerometer wearing time in min/day.

*P<0.05.

Numbers represent regression coefficients (with 95% confidence intervals) in
minutes/day, n=2,037.

season on physical activity from 2007 concluded that
availability of exercise facilities could increase the oppor-
tunities to be physically active all year round in cold and
wet climates [23]. However, we found no significant
interaction between time of year and availability of exer-
cise facilities in any of our analyses, suggesting that
availability of exercise facilities is of equal importance
for physical activity throughout the year.

The present study has some limitations that should be
considered. It is a cross-sectional study and causality
cannot therefore be determined. In addition, there may
be unmeasured confounders for which we did not con-
trol for in the present study (i.e., residual confounding
may exist). We cannot exclude the possibility that gyms
and other exercise facilities may be established in neigh-
borhoods where physically active people live, or that
people who like to exercise move to neighborhoods with

"Univariate logistic regression.

“Multiple logistic regression including all variables.

Goodness of fit indices for model B: Hosmer-Lemenshow = 0.27.
*P<0.05.

Numbers represent odds ratios (with 95% confidence intervals), n=2,037.

good availability of exercise facilities. This, together with
the fact that our sample was recruited from a large
urban region, may to some extent affect the
generalizability of our results. It is also important to
recognize that the physical activity recommendations are
based on evidence from studies of self-reported physical
activity and health outcomes. It is possible that mis-
classification occurred when assessing by accelerometry
whether the physical activity recommendations were
met. Another limitation is that we only measured the
availability of exercise facilities around participants’ resi-
dences and not around their workplaces or their route
to and from work, where they may spend a considerable
amount of time [35,36]. Accelerometers may also under-
estimate the intensity of some physical activities per-
formed at exercise facilities (e.g. resistance training,
spinning and swimming) due to lack of mid-bodily
movement and the device being non-water resistant.
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Compared to another population-based Swedish sample
[4], our sample spent more time in moderate to vigorous
physical activity (median time 42 versus 31 min/day).
The other study was conducted in 2001 and its sample
also included rural participants. In contrast, our sample
was exclusively urban and was recruited in the capital of
Sweden. However, our non-response analysis showed
small or no differences in socio-demographic factors be-
tween participants and non-participants, which means
that any selection bias was most likely non-differential.

The present study also has several strengths. We were
able to use detailed road network data including not
only roads, but also cycle paths and footpaths. There
were considerable differences when visually comparing
the road network alone and the road network combined
with cycle paths and footpaths. The use of these detailed
network data to produce line-based buffer zones around
participants’ residences likely gave a good picture of the
areas that are actually accessible to participants. By using
objective data on availability of exercise facilities we
were able to exclude the possibility of same-source bias
(i.e, physically active persons reporting a higher avail-
ability of exercise facilities compared to their less active
counterparts). Furthermore, accelerometers, unlike self-
report, do not suffer from bias due to social desirability
and recall problems [37], although it is possible that
accelerometers may create some reactivity to wearing
the device. However, any such bias is most likely non-
differential, i.e., equal in all types of neighborhoods.

The association between availability of exercise facil-
ities and physical activity that was identified in this study
could be explained by a number of possible mechanisms.
Having a large number of exercise facilities near one’s
home may increase the chance of finding a mode of ex-
ercise that is attractive in terms of type of activity, cost
and social atmosphere. This may explain why partici-
pants with >4 exercise facilities within their buffer zones
were more physically active compared to those with no
facilities, while participants with 1-3 facilities were not.
The mere presence of exercise facilities could, by putting
physical activity in the minds of passers-by, also increase
the overall levels of physical activity and not just exercise
performed at these facilities. In agreement with this hy-
pothesis, Sallis et al. showed that the presence of exer-
cise facilities close to the individuals’ homes did not
seem to be associated with participation in the specific
activities offered at those facilities, but rather with an
increased overall exercise frequency [18].

Conclusions

Our results show that objectively measured availability
of exercise facilities is associated with accelerometer-
assessed time spent in moderate to vigorous physical ac-
tivity and the odds of meeting recommended levels of
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physical activity. Time of year had no modifying effect
on these associations. Neighborhoods may be a logical
and potentially significant venue for policy interventions
aimed at increasing physical activity in the overall popu-
lation as they have the potential to affect many people
over long periods of time. In future studies, we suggest
researchers to improve causal inferences by performing
longitudinal studies and assess the availability of exercise
facilities around people’s workplaces. Future studies are
also encouraged to assess location-specific physical ac-
tivity to discriminate physical activity performed within
the neighborhood from that performed outside the
neighborhood.
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