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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.
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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.

22



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.

AR

NI
S ‘%"“‘\ ‘
\\“\* D ONS
é‘»o?\\g/é‘)‘

) .
) I K\\V’=='.':‘X"' b

eeeeee

Buildings



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 modera