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ABSTRACT
NINGQI HOU: Longitudinal associations between néigthood environmental factors

(gasoline price and street attributes) and indiaighinysical activity
(Under the direction of Barry Popkin and Penny Gorilarsen)

Background: Physical activity (PA) may be influenced by enwimeental factors. As part of
the socioeconomic environment, gasoline pricekeyacomponent of the cost of driving and
may influence individuals’ transportation modes &# as part of the built-environment,
street attributes such as connectivity are hypatedgo be supportive of PA, particularly
street-based PA (SBPAMethods: This research used secondary data from CARDIAystud
a prospective cohort of young adults (N=5115 aeliaes, 1985-86) followed through 2000-
01 with three repeated examinations. Based on hi§tAry questionnaire administered at
each examination, we calculated PA scores in eseeraits (EU) by intensity and frequency
of 13 PA categories, and characterized SBPA akftetguency of walking, bicycling, and
jogging/running. The individual-level CARDIA dat#ere spatially and temporally linked to
multiple environmental datasets by participantsigivarying residential locations, using
Geographic Information Systems technology. Thsselitation follows two aims. Aim 1
consists of analysis examining longitudinal asdomiabetween inflation-adjusted, county-
level gasoline price and PA, using a random-eff@agitudinal regression model and two-
part marginal effect models. Aim 2 is to investeglingitudinal association between
neighborhood street attributes (intersection dgnkitk-node ratio, and characteristics of

local roads) and SBPA, using the two-part margaflct modeling, by urbanicity and



genderResults: A $.25 increase in gasoline price was signifigaaisociated with an
increase of 11.6EU in total PA score (95% CI: 206862 Gasoline price was also positively
associated with jogging/running and non-strenu@asts that do not generally involve
driving, and inversely associated with bowling aadket sports that generally involve car
travel. A 1 standard deviation increase in intetise density (~15/kmadditional
intersections) was associated with a ~5% increaS8PA in low urbanicity areas, where
density of local roads was also positively assedatith SBPA, but null or negative in
middle/high urbanicity area€onclusions:Gasoline price was positively associated with
overall PA, suggesting some additional PA is donglace of driving. Characteristics of
neighborhood streets may influence SBPA of adsitents, particularly in rural areas. This

research may inform policy efforts to encouraged® population level.
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CHAPTER |
INTRODUCTION

I.LA. Overview

Physical activity (PA) is inadequate at the popafatevel, which has been a
public health issue with high priority. Owing toetminimal impact of behavioral
interventions to increase PArecent work has turned to environmental factsrs a
intervention targefs with some attention to dimensions of the buikiimnment that
support PA, such as walkifiy Environmental factors that have been shown ppert
walking behaviors include reduced urban spraand pedestrian or biking infrastructure
(e.g., sidewalks, bike lan@sand street connectivity®). While there has been some
study of the association between street attribsiesh as block size and numbers of street
intersections, the literature is dominated by ceesstional desigrs->or within single
metropolitan are&s*> > resulting in inconsistent findings across studidtso, while
diet research has begun to address economic fastais as food prices as they relate to
dietary intake and obestfy*’ very little research has addressed broader ecienom
factors likely to impact PA, such as gasoline prier has there been much research on
how community-level prices of gasoline affect oWieP#\ patterns as well as shifts in
types of leisure PA patterns (e.g., running, wajkamd bicycling) over time.

As part of the socioeconomic environment, gasqgbinee is a key component of
the cost of driving and may influence individudisinsportation modes and PA. As part

of the built-environment, street attributes mayli@te PA, particularly street-based PA



(SBPA), including walking, bicycling, and jogging.he purpose of this research project
is to investigate how changes in gasoline pricedrahges in street attributes are
associated with changes in overall PA as well angés in sub-PA, such as walking and
other forms of SBPA. Understanding longitudinatiemnment-PA association is a start
by providing evidences, and ultimately, practicaplications for neighborhood design
that may contribute making policy to modify envinsant to be friendly to PA and well

being.

|.B. Specific Aims

Aim 1: To investigate how changes in county-levagaine price is associated
with changes in overall individual-level PA as wad#l changes in subcategories of PA
(walking, cycling, etc.) that may substitute drigin

Aim 2: To investigate how changes in residentiededtattributes (street
connectivity and local roads) are associated widgmges in overall PA and change in

street-based PA, and how these associations vevgsagrban context and by gender



CHAPTER Il
CONCEPTUAL FRAMEWORK

[I.LA. Aim 1 conceptual framework

The overall framework for Aim 1 is shown in Figltdl. The price of gasoline is
directly related to purchase decisions. A lowécgomay promote purchasing, while a
higher price is likely to discourage it. With dimg being more expensive, people may
reduce driving and alternatively choose activedpamtation such as walking, bicycling,
or taking buses, which are cheaper than drivingpRemay also reduce trips that involve
driving, and stay at home, in the neighborhoodymto nearby places for leisure
activities. Therefore, their PA pattern may chamgeesponding to a rise in gasoline
price. Also, gasoline price should be considered@with income and overall cost of
living. For people who are wealthy and living ineady expensive areas, increased
gasoline price may be less of a concern, compardtbse with less money. Other
sociodemographics may also relate to purchase mrband PA behaviors, and should
thus be adjusted for. An ideal way to model theotjas price-PA relation is to learn how
a shift in gas price affects the selection of éaighto work or shopping and so on, and
look at the tradeoffs. However, to do this, we ldaweed data on mode of travel to
work, shopping and for other activities. In ture would look at how temporal shifts in

transportation modes are associated with overalligcand sub-categories. Ultimately,



we would want to measure car use, public trangf walking, and biking to work or

combinations of several of these at each time gerio

[I.B. Aim 2 conceptual framework

Figure 2.2. shows the overall framework for Aim&treet connectivity and local
roads are neighborhood-level street attributedividual-level walking, cycling, and
jogging/running are common forms of PA that areallgiconducted in streets. We
hypothesized that street attributes are positigesociated with PA, and that higher
connectivity and availability of local roads mayeat overall PA and particularly street-
based PA (SBPA: walking, cycling and jogging/rurg)inCharacteristics of the built
environment also relate to urbanicity, which maiei different types of urban form or
context, such as downtown, suburb, and rural avelasre street patterns may vary
greatly. We hypothesized that the level of urbigyimodifies the association between
street attributes and SBPA, because changes &t sttebutes may have different impact
on PA depending on the context. Gender is relatéth level and patterns, with men
usually being more active than women. We hypo#tgegender as another potential
effect measure modifier because different aspdaavaronmental attributes may be

differentially important to men vs. women.



Figure 2.1. Conceptual model for Aim 1 (county-llegasoline price and individual-level
physical activities)
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Figure 2.2. Conceptual model for Aim 2 (streetilatties and PA)
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CHAPTER 1l
LITERATURE REVIEW

lII.A. Physical activity
Problems of sedentary lifestyle and benefits of PA

In the United States, it was estimated that 200d#¥hs annually were related to
a sedentary lifestyl®. Physical inactivity has become the second leadiadifiable risk
factor for chronic disease after smoking, and dbutes significantly to total mortality in
western countrieS. The estimated annual cost in lives lost rangech #$200,000 to
$300,000, and the medical costs due to inactivity related consequences were
estimated to be $76 billion in 208%. Regular PA reduces the risk of premature death
and chronic diseases such as obesity, coronary disaase, type 2 diabetes, colon
cancer, osteoarthritis and osteopordsisData from the Framingham Heart Study show
that moderate and high, compared to low PA levalgase life expectancy for men at age
50 by 1.3 and 3.7 years, and results were sinolawbmen (1.5 and 3.5 years for

moderate and high PA compared to low A)

Low PA at population level
Most Americans have little or no PA in their ddiles. According to data from
the Behavioral Risk Factor Surveillance System (BBJ; in 2001, 26% of American

adults were sedentary, and only 45.4% of the WoBulation met the Centers for Disease



Control and Prevention (CDC) recommendations for(&Aeast 30 minutes of moderate
PA five or more days per week). Women, African-Aitens, Hispanics, older people
and those with lower incomes are more physicaligiive?®. From 1990 to 2000,
recreational activity was relatively stable or btig increasing, but all other types of
physical activities (occupation, transportatiorg &awme) declined. Promotion of PA is a
high public health priority. To correct the higrepalence of physical inactivity, many
individual- and community-level lifestyle intervéoris have been carried out to promote
PA among a wide range of the population, emphagizammon activities with mild to
moderate intensities that contribute to overall RAcreasing PA in population level has

been described as the “best buy” for improving jmuibéalth?.

Overall PA

Overall PA is a grand summary of all forms of aiti®s as far as they involve the
use of one or more large muscle groups and raieelsdart rate. Accurate measurement
of total daily energy expenditure is possible usiogbly-labeled water technique but this
is very expensive and thus not suitable for epidérgly studies that usually recruit large
population samples. Alternative approaches to RAsurements are based largely upon
guestionnaires that estimate PA in metabolic edeinta (METS), physical activity
scores, or values obtained from accelerometersedometers. In this research we used a
PA questionnaire and derived a total PA score. r@lVBA is usually measured and
included in most PA related research. All sub-gaties of PA contribute to overall PA,

and accumulating adequate PA overall is the ulengaial to provide health benefits.



Street-based PA

Street-based PA (SBPA), including walking, joggmghing and cycling, are the
most common forms of PA, and are usually performeateighborhood streets and public
open spaces. Public health policy literature hastifled walking as the PA behavior of
adults that should be the most amendable to infleewalking has been described as
near perfect exerci€é, and even walking at a moderate pace of 5km/Hgmilés/hour)
expends sufficient energy to meet the definitiomaiderate intensity PA . Walking,
together with cycling, is a healthy alternativeséhicle driving that contributes to traffic
congestion, air pollution and the risk of injurydagieath to road users. There have been
many behavior interventions aimed in promoting paton shift from using cars
towards walking and cycling, but only resulted ishéft of ~5% of all trips among the
motivated subgroupsIn other words, interventions targeting indivicsiabven’t shown
much effectiveness, and new strategies in promatizging and cycling are warranted.
Jogging and running are commonly performed aerexercises, and can be quite
vigorous. There has been epidemiological evidehaed lifelong habit of vigorous PA
results in a reduction of cardiovascular disédsRecreational running is also linked to

better weight contrdf®.

Other sub-categories of PA

PA questionnaires usually categorize different ®ohPA into sub-categories
based on their similarity in intensity and typesterad of asking for each of them
specifically. For example, varying kinds of sparés be grouped into strenuous sports

(such as basketball, football, skating, and skijiagy non-strenuous sports (such as



softball, shooting baskets, and ping pong). Thegmizations may vary by
guestionnaire. In this research, we used a PAtigumesire that contains 13 sub-

categories of PA, with details discussed in Chaler

[11.B. Environment attributes and PA levels

Factors that can be changed to influence PA hage blassified within several
domains: demographic and biological, psychologicadnitive and emotional,
behavioral attributes and skills, social and caltubuilt environmental, and PA
characteristics (perceived effort and intenditylVithin these domains, built environment
attributes is a new topic of research interestandng the least understood of the known

influences on PA.

Role of economic factors

Time cost and money cost are socioeconomic fatihatanay play a role in shifting
people’s activity mode. This dissertation focusegjasoline price, as it is a key
component of the cost of driving with which peoate usually concerned. We examine
how gasoline price is related to overall PA andd®mponents. While overall gas prices
remained moderately stable over time, there haea tsge variations spatially and
temporally within each area in the U.S. The cost ghllon of gasoline reflects several
different components, including the cost of crudefederal/state/local taxes, refining
costs and profits, distribution, marketing andistatosts and profits. In 2000, prices
varied by 15-20 cents per gallon with prices lowaghe Southeast and highest in the

West and Midwest, and in general, prices are highsummer and fall and lower in late
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winter 2°. On average, the price of a gallon of unleadedleggasoline has been
relatively stable in the 80s and 90s ranging frdn®8-1.25 including tax, however, since

the new millennium gasoline price has increasedtsmially to $3.26 in March 2008.

Figure 3.1. Average price of unleaded gasoline gadon), 1990 to 2008; data from U.S.
Energy Information Administration.
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Price elasticity of gasoline demand measures th&itegty of changes in gasoline
demand quantity with respect to changes in gasplilme. The short-run price elasticity
of gasoline demand in the United States durindl8#)s and 1980s has been studied
extensively, ranging between -0.21 and -0.34 ctersily from the literature. For the
period from 2001 to 2006 the price elasticity wasneated as -0.034 to -0.077, which is
significant though less elastic today than in presidecade¥.

As a key component of the cost of driving, gasopriee may influence
individuals’ transportation choices, including &etones such as walking and bicycling,
and inactive choices such as driving. As gasoloresamption is responsive to price
changes$ 3, any price increase would reduce driving and pdgsncrease other modes

of active commuting. There are studies on how Hiie i&§ mode of transport affects

11



incident obesity and weight gaifi*®. One European study showed significant inverse
association between gasoline price and prevalehobesity*’, which is contributed by
reduced PA. There is evidence from urban planntagature suggesting that a
combination of urban design, land use patternsi@m$portation systems that promote
walking and bicycling will help create active aneslthier communitie¥. However,
there is minimal research on how community-levetgs of gasoline affect overall PA
patterns as well as shifts in types of leisure B&guns (e.g., running, walking and
bicycling) over time. Walking and bicycling are @f®rms of active transportation that

may substitute inactive transportation when driviegomes less affordable.

Role of built environment factors

The built environment encompasses all buildingacep and products that are
created, or modified, by people. It includes honsebpols, workplaces, parks/recreation
areas, greenways, business areas and transpodgsiteams. Beyond the individual and
community level approaches, public health advocaée® now moved from the
traditional domains to include the societal andtlanvironments that have been largely
ignored in earlier studies, and environmental otterastics that correlate with improved
health have become a public health research prioritUnderstanding environmental
influences on PA is an important and challenging aesa of population health research
2. Environmental determinants are modifiable faziarthe physical environment that
impose a direct influence on the opportunity toagegPA, providing cues and facilities
for activities. Environmental changes that reinéofactors supporting physical activities

and reduce the barriers, may serve to promote Btvironmental interventions, such as

12



the design of more walkable neighborhoods, areappgebecause they have the
potential for sustained impact on populations nathan short-term impacts on
individuals®,

From a policy making perspective, to provide coafice for the advocacy of
making substantial and long-lasting environmentange as an important opportunity
making physically active choices easier, reseacleeded to determine whether the
environmental changes indeed increase the liketiledonore active behavioral choices
2. There has been evidence that supportive attshfteommunity physical
environments can be associated with increaseditgdgvel, and the availability of PA
equipment is convincingly associated with vigor&®4gsports and connectivity of trails
with active commuting. Studies in the 1960s and0sShowed an inverse relation
between recreation participation and the distamteden residences and a recreational
opportunity (Cicchetti 1969; Lindsay, 1970). Theg®nce of a positive association
between objective availability of resources andd€Bggests that improving spatial access
to resources is an appropriate strategy to incredsia population levef’.

Both perceived and objectively determined environtaleattributes (particularly
aesthetics, convenience and access) are assom#tegh increased likelihood of PA.
However, a review article indicated that most stadised cross-sectional designs with
limited measures of environments, thus no stromglosion has been drawn and more
research of better quality is needédlt is important to conduct research with clear
definitions of environmental attributes and PA witktronger study design, and the
predictive capacity of studies could be furtheramded if specific activities were studied

within clearly defined environments.
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Street attributes and street-based PA

Recent studies developed walkability models conmigirsieveral built
environment characteristics to optimally predictkireg °. A neighborhood is more
walkable if it has higher residential density, morixed land use, and greater street
connectivity. Saelens et al. found that livingaihighly walkable neighborhood was
associated with participants spending more timéwglfor errands and on breaks at
work or school, compared to those living in a loaikable neighborhoodl Frank et al.
found walking was consistently higher for all geridehnic groups in more walkable
neighborhood$. Residential density, connectivity, and land onie have all been
studied as predictors of walking or PA 38 444 byt results from these studies have
not been consistefit For example, residential density and connegtiaie associated
with walking or PA in some studig§ *°, but not in other§®*© Boer et al. found higher
levels of business diversity and higher percentagésur-way intersections were
associated with more walking, but housing density block length did not appear to be
associated with walkintf. There are unexpected but significant findings thare
walking or PA was observed in neighborhoods witlured access to shdp$® fewer
PA facilities™ *°, or poor sidewalk conditions. Discordance among studies may be due
to differences in populations, disagreement betwegoeptions and objective measures
of the environment, or environmental measuremeaggtegate levels that mask relevant
small-scale variatiods®
Previous research has either examined walkingjpoggginning, and cycling

separately, or study the overall PA with all adivdiategories combined. As out-door
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non-sport activities, walking, jogging and cyclisigare similar environmental
requirements such as street/sidewalk availabity @mmunity safety. Few studies have
considered the three popular activities togethércivmay together be influenced

through improving the built environment.

[11.C. Objective measurements for environmental fa¢ors

There are three main types of measurement metbaderitify environmental
attributes as independent variables: 1) microleathgs of relevant environmental
attributes in specific areas by trained obsen@ysglf-report measures of attributes such
as facilities, activity opportunities and aesthgtand 3) the use of GIS data to derive
spatial measures of particular environmental atteib in local areas. Several cross-
sectional studies have measured the built envirohoigectively using field surveys to
obtain measures of sidewalk continuity, street ectinity, ease of street crossing and
block length, but these measurements are eithgectiue or only applicable in small
study areas or samplings. There have been stusiieg perceived environment as the
exposure, which was assessed by questions on fiercepheavy traffic, lack of
crosswalks/sidewalks, as a measurement of oneghipeihood. It was found that
perceptions of an attractive, safe, and interestgighborhood to be associated with
walking for recreatiorf. However, the perceived measure is subjectikelyito be
biased, and less comparable across studies. &geable alternative, some researchers
have utilized the GIS to objectively measure thiét leavironment, such as residential
density, land use mix, access to attractive pudpen spaces, trails, linking with publicly

available street networks over large study areas.
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[11.D. Neighborhood definitions

To contextualize activities of interest, the saai¢he environment needs to be
studied, and a clear definition of ‘the neighbortt‘as required in terms of subjective and
objective measures of the environment. Althoughghitorhoods and their boundaries
may be obvious to local residents, it is more comnaofind considerable disagreement
on the size and contents of a neighborhodStudies that collect objective area-level
data vary enormously in terms of the scale of th@renment being measured or the
definitions of the neighborhood boundary. Measimekide: the quality of streetscapes
within the subject’s own street; urban form atttésiwithin 400m or 1km of the subject’s
home or the metropolitan area or county level;iapatcess to every facility within a
study area with distance weighted by a distanaeo@y parameter; road network
distance to a specific destination; or accessdititias within a buffer distance of the
subject’s home. In addition to the little agreemambut which boundary or scale to use,
the boundary to be used may differ for differenpylations, such as children, adults, and
older adults®®, and for type of PA. Existing travel surveys shixat most walking trips
are well under one mile. Jogging/running may takeyéer than walking, and trips by
bicycling may reach further but usually by lessitbamiles. In this research, 1, 3, 5, and
8km Euclidean buffers (circles with 1, 3, 5, andrBkadiuses surrounding each address)
were available. One kilometer buffers were sebbbiecause of the relatively small
territory typically covered on fobt > Also, we studied three types of street-based PAs

together (walking, jogging/running, and bicyclinghd a smaller buffer reflects
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street/neighborhood conditions where the trip stavhich is important in making

decisions in initiating the trip.

I.E. Summary

PA is inadequate at the population level and has laepublic health issue with
high priority. Gasoline price is a key factor st of driving, thus may play a role in
shifting transportation modes, overall PA, and sabyponents of PA that usually
involve driving. Walking is the most common forhRA, which is known to be an
important contributor to health. Along with jogginunning and cycling, the street-based
PAs are cheap alternatives for both commuting ersdite PA when driving is more
costly, and may be promoted by activity-supporaweironment attributes, such as well
connected neighborhoods and high density of watkeddds. Moreover, the
environment-PA literature has been dominated bgse®ctional studies, and
longitudinal research that allows studying changeg provide further evidences and

insights.
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CHAPTER IV
STUDY SAMPLE
IV.A. Overview
The Coronary Artery Risk Development in Young AdWICARDIA) Study is a

population-based prospective epidemiologic studynefevolution of cardiovascular risk
factors among young adults, and data have beegctedl on a variety of factors believed
to be related to heart disease. The CARDIA studyldeen used to answer a wide range
of research questions, leading to more than 100qations (listed at
http://www.cardia.dopm.uab.edu/p_bopm.htm).

At baseline (1985-6), 5,115 eligible participartged 18-30 years, were enrolled
with balance according to race, gender, educatigh(school or less and more than high
school) and age (18-24 and 25-30) from the popratof Birmingham, AL; Chicago,

IL; Minneapolis, MN; and Oakland, CA. Specific retment procedures were described
elsewher®. Seven repeated examinations were conducted: 89§Baseline), 1987-88
(Year 2), 1990-91 (Year 5), 1992-1993 (Year 7),32996 (Year 10), 2000-2001 (Year
15), and 2005-2006 (Year 20), with retention rate80%, 86%, 81%, 79%, 74%, and

72%, respectively.

IV.B. Individual-level Physical Activity
At each examination, self-reported PA was ascezthby an interviewer-

administered questionnaire designed for CARDIA d$tparticipants were asked about



frequency of participation in 13 different PA cateigs over the previous 12 months.
Vigorous activities included jogging (or running)gorous racquet sports, bicycling >10
miles/hour or exercising hard on an exercise [Blkemming, vigorous exercise classes
or vigorous dancing, vigorous job activities susHifling, carrying, or digging, home or
leisure activities such as snow shoveling, moviegy objects or weight lifting,
strenuous sports such as basketball, footballirgkadr skiing. Moderate activities
included walking (or hiking), bowling (or playingti), home exercise (or calisthenics),
non-strenuous sports (such as softball, shootisgdts, volleyball, ping pong, or leisure
jogging, swimming or biking), and home maintenaaregardening, including carpentry,
painting, raking or mowing). The reliability andligty of the instrument is comparable
to other activity questionnair®s

Because the participants were not asked explialiyut the duration of the
activity, the amount of each activity performedb@&sed on months of participation and an
assumption about the relative duration of the #gtier more versus less frequent
participation. More frequent participation wasuaged to be three times as great as the
duration of infrequent participation. For eachatyi frequency of participation was
calculated as (m3n), where i is each of the activity categories (wadk bicycling and
jogging/running), mis the number of months of less frequent partiayoga and nis the
number of months of more frequent participatiome Tutoff-point for more vs. less
frequent participation varies by activity, e.g.,|kiag >4hours/week, and bicycling or
jogging/running>2hours/week. The calculated frequency for eaclviactianged from 0-
36 units, with 36 representing more frequent pgodition of the activity for every month

of a year (3x12month). We calculated frequenc8BPA as a summary of frequencies
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of walking, bicycling and jogging/running{m;+3n), reflecting total amount of time
spent in those street-based activities.

PA scores were expressed in exercise units (Ed)seores for each activity
category were computed by multiplying frequencyaiticipation by intensity of the
activity. For each activity, the score was caltedaas x(mi+3n), where bis the
intensity level, while (n#+3n) reflects frequency of participation, as describadier .
For example, walking scores ranged from 0-144 Eith ®44 EU roughly approximate
to regular walking at4hours/week over 12 months at 4 MET; biking scoaeged from
0-216 EU, with 216 EU representing regular, vigarbicycling at2hours/week over 12
months at 6 MET, whereas moderate bicycling walsided in non-strenuous sports and
was thus not examined. The calculated scores lfdBatategories of PA were then

summarized for a total PA score.

IV.C. Environmental data

Community-level environmental data are availablebfaseline, exam year 7, 10
and 15. Residential street addresses of CARDIAgnaants were collected at each
exam year and geocoded using a national geocodmgs. Thus, we were able to link
time-varying residential location of participanting GIS technology with externally
derived data on environmental and economic factursh) as gasoline price, census-level
sociodemographics, and street attributes. All gdes were linked to time-varying
spatial polygons for U.S. Census Aggregate area<aninties to derive community-

level measures. Specific measures will be disclissmethod sessions in later chapters.
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IV.D. Relocation over time

There was a substantial percentage of the samgisiowed residential
movement. We had the following proportions movio@ new state from exam Year O
to 7 (10%), from Year 7 to 10 (14%) and from Ye@rtd 15 (5%), and moving to a new
county from year 0 to 7 (19%), from Year 7 to 10%@ and from year 10 to 15 (11%).
Despite starting at baseline in the four U.S. mmdhtan areas, by 2000-01 the CARDIA
participants were located in 48 states, 1 fedesalict, 1 territory, 529 Counties and

3,805 Census Tracts. The spatial variability esagyr
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CHAPTER V
LONG-TERM PHYSICAL ACTIVITY INCREASES WITH LONGITUD  INAL

TRENDS IN GASOLINE PRICE: THE CARDIA STUDY

V.A. Abstract

Background: Gasoline price is part of the socioeconomic emvinent that may
influence individuals’ PA, yet research on thisitopas been scarc®bjective: To
investigate the long-term association between conitydlevel gasoline price and PA.
Methods. We used prospective data over 8 years from 3 exarthe Coronary Artery
Risk Development in Young Adults (CARDIA) study N888 black and white
participants aged 25-37 at 1992-93, followed iM@@01. From questionnaire data, a
total PA score was summarized in exercise units) (k8ded on intensity and frequency
of 13 categories of PA including vigorous (e.gnming), moderate (e.g., walking), and
household activities (e.g., chores). Using Geogralpiiormation Systems, participants’
residential locations were linked to county-levatgline price data (inflation adjusted
using BLS Consumer Purchase Index) derived fronCitvencil for Community &
Economic Research Cost of Living Index data anthéirto individual CARDIA data.
We used a random-effect longitudinal regressionehtlexamine associations between
time-varying gasoline price and time-varying PAreceontrolling for time-varying age,

race, gender, education, marital status, househotame, county cost of living, county



bus fare, census block-group poverty, urbanicitydator, and baseline study center.
Results Holding all controlled variables constant, a gea25cent) increase in
inflation-adjusted gasoline price was significardBsociated with an increase of 11.6EU
in total PA score (95%CI: 2.5-20.6)onclusion Gasoline price was positively

associated with overall PA, suggesting some additi®A done in place of driving.

V.B. Introduction

Recent research has focused on environmentalfestelrs that may support
active living, and thus potentially influence oltgsEnvironmental factors that have been
shown to support walking behaviors include redusdxn spraw?, pedestrian or biking
infrastructure (e.g., sidewalks, bike lafieend street connectivity®). While diet
research has begun to address economic factorsasifood prices as they relate to
dietary intake and obestfy/*’, very little research has addressed broader ecienom
factors likely to impact travel behaviors, suctgasoline price. Nor has there been much
research on how community-level prices of gasdaddiffiect overall PA patterns as well as
shifts in types of leisure PA patterns (e.g., ragnwalking and bicycling) over time.

The price of gasoline is a key component of the cbdriving and thus may
influence individuals’ transportation choices, imting active modes of transit, such as
walking and bicycling, versus inactive choices,sas driving. As gasoline consumption
is responsive to price changés®, any price increase could theoretically reduceilig
and possibly increase modes of active commuting) a8 walking and biking. There are
studies on the association between mode of trandibbesity*3°. One European study

showed a significant inverse association betwesnlgee price and prevalence of
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obesity’. Yet, gasoline price would not be assumed to affbesity directly. However,
research on how price may influence PA is scargetotate, there is only one cross-
sectional study on gasoline price and suggestadlanece of cycling is higher in areas
with higher gasoline pricés

In this chapter, we investigate the longitudinaaasation between community-
level gasoline price and overall leisure PA as waslspecific types of PA theoretically
most likely influenced by gasoline price (e.g., kiuag) and bicycling). We capitalize upon
8-year time-series data from the CARDIA study, ugithg time-varying PA data as well
as time-varying community-level gasoline price datked to the time-varying

residential location of study participants using@chnology.

V.C. Methods
Main Exposure: Gasoline price

The Council for Community & Economic Research (C2BMw.c2er.org, was
founded in 1961 as the American Chamber of CommiResearch Association,
ACCRA) provided the only price data available & #imallest geographic unit in the US,
which are widely used by researchers in the fi€lHanomics, particularly in studies of
tobacco pricing and smoking behavidf° . Researchers have found high correlation
between C2ER data and the Bureau of Labor Statistinsumer price index data, which
is collected at much larger aggregate US ré§iorCounty-level Gasoline Price (USD
per gallon) for each participant was part of Cddtieing Index (COLI) data compiled
and reported on a quarterly basis by the C2ER .ola&sprice data were linked to each

individual participant by their residential counég,each exam year. When gasoline price
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was collected, the season (1-4 quarter of a yeas)also recorded. For those counties
that gasoline prices were unavailable, imputaticatagies were applied to replace the
missing data. A gasoline price dummy indicates Wegasoline price was imputed: 1)
Not imputed: gasoline price was as originally octibel in county or averaged across the
residential Metropolitan Statistical Area (MSA); [B)puted: gasoline price was imputed
using state averages or data from other seasom@s {Y80%; Year 10: 16%; Yearl5:
15%). We did not use gasoline price data from Yegiven that at baseline, participants
lived in close geographic proximity to the studytegs, resulting in very little variation
in gasoline price. Therefore, we used data froameyear 7, 10 and 15 only for analysis.
For comparability across time, we inflation adjasgiasoline price data using
Bureau of Labor Statistics Consumer Price Index\CFPI estimates changes in the
prices paid by urban consumers for a representbtisket of goods and services over
time. The inflation-adjusted gasoline price waswated by dividing actual gasoline
price by concurrent CPI when the price was colcieen multiplying by the anchor
CPIin 2001 first quarter. We used the inflatiojuated gasoline price as our main

exposure variable.

Covariates (control variables)

Individual-level covariatesincluded race, gender, age, educational attainment
marital status, household income, and baseling/stenter.

Community-level covariates: From C2ER we used county-level COLI and bus
fare. COLI was designed to compare cost of lidifferences among urban areas based

on price of consumer goods and services consisfisgk major categories including
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grocery items, housing, utilities, transportatibealth care, and miscellaneous goods and
services. County-level bus fare (one-way, 10 milefects the cost of public
transportation.

From U.S. Census data, which are available for X680temporaneous to Year
7:1992-93 and Year 10: 1995-96) and 2000 (conteam@wmus to Year 15: 2000-01) for
the time frame that CARDIA data were collected,used aggregate unit Census block
group (BG) level poverty (i.e. in participant’s igential BG, % households that were
>200% poverty level), BG-level means of transpastato work for workers >=16 years
of age (i.e. in participant’s residential BG, % wens travel to work by walking or
cycling), BG-level distance to work (i.e. in paifiant’s residential BG, % workers that
take >=30min travel time to work), and BG-level amkxity indicator of living in MSA or
out (urban vs. rural). These variables reflectimunity characters where the

individual participants resided.

Statistical Analysis

All statistical analyses were conducted using Statesion 10.1, College Station,
TX). Descriptive statistics were computed for gasoprice, PA scores, and covariates.
We used longitudinal data with repeated measumessandividuals, which could
theoretically result in correlation of observati@hge to time invariant unobservable
factors. To address this correlation, we used BamBffect (RE) longitudinal regression
models, which cluster on individuals and incorperabth between- and within-
individual variation. We controlled for season agriwhich gasoline prices were

collected, individual-level variables (age, gendacge, education level, marital status,
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inflation-adjusted household income, and baselindyscenter), as well as community-
level variables (county-level COLI, BG-level infian-adjusted bus fare, BG-level
poverty, urbanicity, and a dummy indicator for ingmligasoline prices). We tested
gender, race, and household income for interagtiinthe main exposure by including
the appropriate cross-product terms in the modeleamploying the likelihood ratio test.
We observed no statistically significant effect siga modification.

In addition to modeling overall PA, we modeled wadkand bicycling separately
given the potential for substitution in transpadatmodes (from driving to walking or
bicycling). Given the considerable (>10%) propmmtof participants who reported no
walking or bicycling, we used a two-part margintééet model (MEM). Two-part MEM
models are appropriate when examining outcomeshthad a large proportion of zero
values (i.e., no activity) while the remaining veduare positive and continudis In the
two-part MEM, we estimated two separate decisi@pshe decision to conduct the
activity (a probit regression model using maximukellhood estimation to estimate
probability of conducting a given activity); andt®e amount of activity, conditioning on
the decision to conduct said activity (an ordinl@gst square regression model
conditioned on only those who conducted the giwaivigdy). We multiplied the two
point estimates from each part, resulting in a Weid mean of the association between
gasoline price and score of the given activity. The parts were estimated separately
before deriving unconditional estimates and boapgied standard errors (using 1000
replications, each clustered on individual). Welpd data across three exam years and
used robust standard errors to correct for muliyblgervations on individuals. We

included all individual- and community-level covates as in the RE models, plus two
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additional community-level measures (proportiompopulation walking or bicycling to
work, and proportion of population who travel 03&min to work). In addition to
walking and biking, we also ran two-part MEM modfsall other 11 PA sub-categories
to understand how each of the 11 sub-categori®fafontributed to total PA change.
As a sensitive analysis, we ran all models byudiclg body mass index and
smoking (smoker, ex-smoker, vs. non-smoker) astiaddi control variables, but the

estimations have minimal change.

V.D. Results
Descriptive Characteristics

The analysis sample reflects CARDIA sampling toiewh a race (black and
white), gender, and education balanced mix of ydongid-aged adults; our sample
reflects thigTable 5.1) Over the eight years of follow-up, average letwadd income
has significantly increased even after inflatiojuatinent (average $44.9+25.6K at year
7, and $71.6+47.6K at year 15). Individual-levebtd®A, walking, and bicycling scores
remained stable across exam years

Inflation-adjusted gasoline prices decreased frO82193 to 1995-96, and then
significantly increased at 2000-OIgble 5.2. The majority of the sample was from
urban areas (<4% from rural areas), and gasolieegwere significantly higher in urban
areas compared to rural areas in year 7 and 150p¥p CARDIA participants lived in
areas where almost half of the population reparieeling at least half an hour to work,
where approximately 5% of the population walkedl(kss than 1% bicycled) to work.

As is typical of the US, CARDIA participants comrerh communities where the
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proportion of the population that walked to wor§grsficantly decreased over time

(p<0.001).

Random-effect Longitudinal Models

Using the random-effect longitudinal regressiordeigredicting total PA as a
function of gasoline price, we observed a signiftqaositive association between
gasoline price and total PA, after controlling felevant covariatesable 5.3. A one
quarter (25 cents) increase of inflation-adjustasiajjne price was associated with 11.6
EU increase in total PA score (p=0.01), which wasuh 4% of total PA score and can be

translated as, for example, an equivalent of amtthli 20min walking per week.

Two-Part Marginal Effect Modeling

Using walking score as the outcome, the two-pardehresults suggested a
positive association (although not statisticallyngiicant) between gasoline price and
walking, where one quarter (25 cents) increaseasbline price was associated with 1.5
EU increase of walking score (95% CI: -0.5, 3.5 [pE0.2) after controlling for all
related covariated=(gure 5.1). The 1.5 EU increase of walking score can hesteded
as an additional 3 min of walking per week. Th&es no association between bicycling
and gasoline price (beta=-0.2, p=0.8). Amongater 11 PA sub-categories, four sub-
categories were significantly (p-value<0.05) asstad with a 25 cent increase in
inflation-adjusted gasoline price (jogging/runninggorous racket sports, non-strenuous

sports, and bowling).
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Table 5.1. Individual-level characteristics ofpapants in the CARDIA study, 1992-93

to 2000-01
Year 7 Year 10 Year 15
% or mean(SE) 1992-93 1995-96 2000-01
(N=3,968) (N=3,866) (N=3,617)
Sociodemographics
Black % (vs. White) 48.1% 48.5% 47.1%
Female % (vs. Male) 54.8% 55.3% 55.7%
Age in years 32.0(0.06) 35.0(0.06) 40.2(0.06)
Education %
<=High School 28.8% 29.4% 23.1%
>High School; <=College 53.1% 51.2% 56.4%
>College 18.1% 19.4% 20.6%
Married % (vs. unmarried) 44.3% 49.4% 60.2%
Household Income
Actual Household Income in $K 36.3(0.3) 41.4(0.4) 71.3(0.8)
Inflation-adjusted Household Income in $K 44.9(0.4) 47.2(0.4) 71.6(0.8)
Physical Activity in EU®
Walking Scor@ 46.9 (0.8) 46.8 (0.8) 48.9 (0.8)
Bicycling Scoré 29.6 (0.8) 29.0 (0.8) 27.3(0.8)
Total PA scork 338.6 (4.4) 331.5 (4.4) 346.6 (4.7)

@Actual household income was the original incoméeotéd before any adjust.
®Inflation-adjusted household income = actual hoakemcome/(CPI/anchor CPI). Anchor CPI = average

CPl in 2001 first quarter.

abBoth actual and inflation-adjusted household inedrave increased significantly across time (T-tegts
pair with Bonferroni correction, all p-values<=0010.

‘EU=exercise units, calculated using frequency atehsity of activity

%Walking score was not significantly different beemeany two exam years (T-tests by pair with

Bonferroni correction).

®Bicycling score was not significantly different aeten any two exam years (T-tests by pair with

Bonferroni correction).

"Total PA score was not significantly different beem any two exam years (T-tests by pair with

Bonferroni correction).
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Table 5.2. County-level gasoline price (actual erfldtion-adjusted), and community-
level covariates in the CARDIA Study, 1992-93 t®Q@@1.

Year 7 Year 10 Year 15
Mean (SE) 1992-93 1995-96 2000-01
(N=3,968) (N=3,866) (N=3,617)

Gasoline Price (Unleaded, $/gallon)
Actual gasoline price

Inflation-adjusted gasoline prite
Urban
Rural
County-level Covariates
Cost of Living Index
Inflation-adjusted one-way bus fare §)
Census BG-level Covariates
Rural residence % (vs. urban)
% Poverty level >200%
% population distance to work >=30min
% population walk to work
% population bicycle to work’

1.16 (0.0014)

1.44 (0.0017)
1.44 (0.0017)
1.39 (0.014)

1.12(0.0021)
1.33(0.0028)

1.64%
66.3% (0.35%)
45.5% (0.20%)
5.33% (0.14%)
0.77% (0.033%)

1.20 (0.0.0016)

1.37 (0.0018)
1.37 (0.0018)
1.35 (0.012)

1.14(0.0039)
1.37 (0.0060)

1.64%
70.6% (0.35%)
45.0% (0.20%)
4.04% (0.12%)
0.66% (0.029%)

1.60 (0.0031)

1.61 (0.0032)

1.61 (0.0032)
1.51 (0.012)

10.8047)
1.31 (0.0060)

3.35%
72.4% (0.34%)
47.3% (0.20%)
3.04% (0.10%)
0.64% (0.028%)

@Actual gasoline price is the original before anjuatient.
®Inflation adjusted using Consumer Price Index (CRfjation-adjusted gasoline price = actual gasli
price/(CPl/anchor CPI). Anchor CPI = average ClBlear 2001 first quarter.
“Inflation-adjusted bus fare = actual bus fare/QRif@r CPI. Anchor CPI = average CPI in 2001 first

quarter.

" Significantly different between any two exam ye@rs0.0001; T-tests by pair with Bonferroni

correction).

" Statistically higher in urban areas than in ruraba (p<0.001) by t-tests.
™ Significantly different between any two exam ye@rs0.001; T-tests by pair with Bonferroni

correction)

" Significantly decreased from year 7 to year 10 Bhidp<0.01; T-test by pair with Bonferroni

correction).
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Table 5.3. Predictors of total physical activityngsrandom-effect longitudinal
regression modeisthe CARDIA Study 1992-93 to 2000-01.

All study centers
Predictors Coeff 95% CI P-value

Inflation-adjusted gasoline price, per 25 cents 11.6 2.5,20.6 0.01
Age in years -2.7 -3.8,-1.5 <0.001
Black vs. White -17.1 -32.3,-1.9 0.03
Female vs. Male -162.0 -175.7, -148.3 <0.001
High school vs. <High school 24.5 11.2,37.7 <0.001
>=College vs. <High school 21.6 2.8,40.5 0.03
Married vs. Unmarried -28.7 -40.0, -17.5 <0.001
Inflation-adjusted household income in $K 0.7 0.5,0.8 <0.001
Oakland vs. Birmingham 49.9 23.9,75.8 <0.001
Chicago vs. Birmingham 55.2 329,775 <0.001
Minneapolis vs. Birmingham 53.2 33.1,73.3 <0.001
Cost of Living Index -11.7 -45.2,21.7 0.5
Inflation-adjusted Bus fare, $ 3.6 -12.8,19.9 0.7
% population > 200% poverty level 0.2 -0.08, 0.5 2 0.
Rural residence vs. urban 18.7 -19.1, 56.6 0.3

2Controlling for season that gasoline prices wetected, individual-level variables including age,
gender, race, education level, marital statusaiiofh-adjusted household income, baseline study
center; and community-level variables including,mty-level cost of living index, BG-level inflatien

adjusted bus fare, BG-level poverty, dummy indicatiourbanicity, and dummy indicator of imputed
gasoline prices.
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Figure 5.1. Predicted changes of total physicaviae ® and its 13 sub-categoriBsper
25 cents increase of inflation-adjusted gasolineepamong participants from the
CARDIA Study, using two-part marginal effect moaeliwith bootstrap.

Home maintenance/gardening
Home exercise/calisthenics
Bowling
Non-strenuous spo °
Strenuous spond
Snow shovelin ¢
Vigorous job activitie
Exercise class/dancing
Swimming
Racket sports
Jogging or Running
Bicycling (vigorous only)
Walking (or hiking)
Total PA

-5

*p<0.05

@ By random-effect longitudinal regression modell{[Eeb.3).

® By two-part models controlled for season that imsgrices were collected, individual-level varied
including age, gender, race, education level, mgeristatus, inflation-adjusted household incoraseline
study center; and community-level variables inahgdicounty-level cost of living index, county-level
inflation-adjusted bus fare, BG-level poverty, B&«l % workers age >=16 travel 30+min to work, BG-
level % workers walk to work, BG-level % workersygle to work, dummy indicator of urbanicity, and
dummy indicator of imputed gasoline prices. Thenpggormed Bootstrap with 1000 replications to
estimate standard error for the derived point estm

¢ Non-strenuous sports such as softball, shootisgdia, volleyball, ping pong, or leisure jogging,
swimming or biking (moderate intensity)

4 Strenuous sports such as basketball, footbattinskaor skiing

© Snow shoveling or moving heavy objects or weidftint at home

"Vigorous job activities such as lifting, carryiray, digging

33



V.E. Discussion

Using a quality time-varying measure of gasolinegand excellent longitudinal
PA data, we found a positive long-term associabietween gasoline price and total PA.
Essentially, a one quarter (25 cents) increaseflation-adjusted gasoline price was
associated with 11.6 EU increase in total PA (pt)).@hich averaged from 331-347 EU
(x274-282 EU) and the average remained stablesrcthort during the examined time
period over weight years. As 144EU represent magublking at four or more hours per
week (4x60min=240min walking), 11.6EU is about 161244EU that is
240min/12=20min walking. Thus in rough terms, thergy expenditure of 11.6 EU was
approximately equivalent to 20 min additional watkiper week. On a population-level
this increase would have substantial impact.

Gasoline price is a key factor in cost of drivingn average, the price of a gallon
unleaded regular gasoline was relatively stabtbén80s and 90s ranging from $1.06-
1.25 including tax, and since the new millenniuraaj@e price has increased
substantiall§’. Relative to many other countries/places, gasgiiices are considerably
lower in the US, and there is clearly room to cleatige gasoline price in this country. In
addition to the overall trend of gasoline pricegsmoime, there have been large variations
spatially and temporally within each area in the WW&soline price may influence
people’s driving and transportation behaviors, ali as PA and its components. Here we
studied whether PA changed in relation to locab@ias prices over local times. We
hypothesized that increased gasoline price wowdadirage car driving, and promote
active commuting methods like walking and bicyclimdnich contribute to total PA.

According to the two-part MEM model results, the@sation between gasoline price
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and walking was weak without statistically sigrglince, and the association for bicycling
score appeared null.

While strengths of our study include rich indivithevel and community-level
data, our study also had several limitations. tFirss important to recognize that while
CARDIA has outstanding leisure PA data, no spedaifiormation on commuting patterns
were collected longitudinally (e.g. the questiom@ajuestions did not explicit if walking
includes those for commuting purposes), thus thasome used in our study might be
confined to leisure time walking and bicycling onlyhich may be influenced by
gasoline price to a lesser extent than commutBigycling score captured vigorous
bicycling (speed >10 mile/hr, on stationary or othieycle), thus may omit non-
strenuous forms of bicycling that could be useliaycle commuting. To understand
how sub-categories of PA contributed to the incedasrerall PA, we examined all other
PA sub-categories comprising overall PA along widiking and bicycling. Among the
11 PA sub-categories, we found two were positiaslgociated with gasoline price:
jogging (or running) and non-strenuous sports, ¢(Wwito not generally involve driving),
while two were inversely associated (racket spants bowling: generally involve car
travel). In addition, the category of non-stremsigports incorporated multiple activities,
including leisure bicycling, which we cannot separand which may distill results for
vigorous bicycling. Another concern is potentiaioes in self-report PA. Questionnaire
respondents may face cognitive difficulties in aately understanding and reporting PA
frequency and intensity, resulting in misreportiig

Second, the gasoline price data were missing fosiderable proportion of our

data. We overcame this limitation by using impuatstrategies widely used in the
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literature®® °*°> Further, price data were only available for &rgounty-level units. It

is possible that within county price variations teabut there is no research on this topic.
It is also possible for some degree of county mtsman individuals who moved
residences shortly before measurement. One adaeplexity was the lack of variation

in geographic area for the baseline CARDIA samplach required exclusion of

baseline data. The baseline (1985-86) exam recrpiarticipants living in close
geographic proximity to the study centers, so thas little variation in gasoline price
after controlling for baseline study center, andoaanot utilize data from the baseline
examination.

Generalizability is limited in one sense. The CAR[Participants come from
four U.S. cities at baseline. However, over tilme participants have moved across the
U.S. so that by the latest follow-up the CARDIA fog@pants were located in 48 states, 1
federal district, 1 territory, 529 Counties and@®&ensus Tracts. On the one hand, this
movement across America provided substantial veitiabAt the same time, the fact
that we have considerable residential movement tawey, resulting in small numbers of
individuals residing in shared geographic unitsamehat we were unable to cluster the
participants by geographic unit in our statisticaeddels. The bulk of the sample
continued to reside in primarily urban areas. Urtigncould be a potential effect
measure modifier as theoretically, people livindgiss urbanized areas may be likely
have to travel further to work and may rely morawiky on driving due to less
convenient public transit. Unfortunately given #mall number of rural residents (<5%),

we were unable to test the potential modificatibnrbanicity. We don’t yet have data
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on environmental factors such as specific urbamadével and street network that may
be correlated with gasoline price.

Ours is the first study to examine gasoline price BA longitudinally with great
geographical variations using objectively measucedimunity-level gasoline price data,
which were contemporaneously and geographicalketinto individual participant’s
residential locations using GIS technology. Theajjae price data available with the
C2ER data are the most detailed time-varying deadlable and have been found to be
closely correlated with the Consumer Price Intfefurther, we had excellent
longitudinal data with standardized measures ofmay activity from an instrument with
known reliability and validit}?, and objectively measured gasoline prices thaewer
linked to individuals by residential location. Tassociation of gasoline price with PA
cannot be attributed to long term time and agedsen PA, because, unlike the decrease
in PA previously reported for years 0 througff,7mean PA in CARDIA participants has
been stable between years 7 and 15. We used pdveerflitudinal models, including a
two-step model to examine gasoline price in refatomwalking, bicycling, as well as
other sub-categories of overall PA.

We found a positive association between gasoliiee @nd total PA, where the
energy expenditure is roughly equivalent to 20 rreawf additional walking per week
(per 25 cents increase in gasoline price). Thowgjlreacommuting cannot be examined
explicitly in this study, our findings provide soraeidence for the relationship between
gasoline price and PA, suggesting increased gasptioe may promote PA in the long
run. As the world’s largest consumer of gasolthe,U.S. has lower gasoline prices

compared with most other western countries whikolyae price largely reflects national
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pricing policy (mainly fuel taxes). Policy changeat introduce a significant elevation

in gasoline price may positively impact PA at tlopplation level.

38



CHAPTER VI
LONGITUDINAL ASSOCIATIONS BETWEEN RESIDENTIAL STREE T

ATTRIBUTES AND PHYSICAL ACTIVITY: THE CARDIA STUDY

VI.A. Abstract

Background: While street attributes, such as interconnectetivealkable streets,
are hypothesized to be supportive of physical @gtieross-sectional studies in
homogeneous environmental settings predominatkténature.Objective: To
investigate differential association between residé street attributes and street-based
physical activity (SBPA) by urbanicity and genddethods: We used prospective data
from 4 repeated exams including 5,115 young adatisiited in 1985-86, followed
through 2000-01. Self-report SBPA was a total detpy of walking, bicycling, and
jogging/running. Using Geographic Information Sysse we spatially and temporally
linked time-varying residential locations to stradtibute data (street connectivity and
local roads) in a 1 Euclidean km residential bufi#®e performed two-part marginal
effect modeling to examine longitudinal associatibetween street attributes and SBPA,
by urbanicity and gender, controlling for time-viauy individual- and census-level
covariatesResults A 1 SD increase in intersection density (~15/kaiditional
intersections) was associated with a ~5% increaS8PA in low urbanicity areas,
where density of local roads was also positivegoamted with SBPA, but null or

negative in middle/high urbanicity areaSonclusion Characteristics of neighborhood



streets may influence SBPA of adult residents,i@adrly in rural areas. This research

may inform policy efforts to encourage physicahatt.

VI.B. Introduction

Owing to minimal impact of behavioral interventiams increasing physical
activity (PA)', recent work has turned to environmental facasrintervention targets
with some attention to dimensions of the built-eanment that support street-based
physical activity (SBPA), such as walkify The majority of this research has focused
on characteristics of residential stre€t&® ®’ with the idea that better street connectivity,
indicated by more intersections, less dead endtstrenore streets, and smaller blocks,
leads to more SBPA, generally by reducing travetagice and providing a wide range of
possible route® "2 While there is a lack of national data on sidésjaroad size and
type has been used as an indicator of walkafifity

We focus on two dimensions of residential streaisnectivity of streets, and
density of local roads (generally, designated agisdor local traffic with a single lane of
traffic in each directiod}" * Although there has been some study of the zasoTi
between SBPA and residential street attributed) asdlock size and numbers of street
intersections, the literature is dominated by csesgtional design$™, and single
metropolitan are&s** > with inconsistent findings across studies. Intcast, there are
very few studies that have focused on the relatipnisetween road size and type and
physical activity occurring in and around stré&ts

Further, given the lack of national data on thEdas well as studies with

diverse geographic range and coverage, therglésuinderstanding of how the
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relationship between residential street attribate$ SBPA varies across diverse
environmental contexts. Urban, suburban, and areds may have different land use and
street patterns, ranging from urban gridded strieetsiburban cul-de-sac design, which
may differentially impact SBPA. Yet, few studiessreahe geographic variation
necessary to capture differences in SBPA acrose ttiéferent environmental settifgs
Further, it is likely that such relationships mayywby gender. One cross-sectional study
on environment and obesity in later life, suggésas economic and social environment
aspects are important for men, whereas built enxiient factors are more salient for
women’® A Canadian study suggests that metropolitan sp@afined relative to
population characteristics, was associated withéti@M|I for men only”. Yet findings
are mixed and all are cross-sectichil

We aim to better understand the relationship batwesidential street attributes
and leisure SBPA and how this relationship var@ess urbanicity and gender. We
capitalize upon 15-year longitudinal data from @wonary Artery Risk Development in
Young Adults (CARDIA) study, including longitudin®A data as well as longitudinal
street attribute data that are spatially and tealpolinked to time-varying residential

location of study participants using Geographiotnfation Systems (GIS) technology.

VI.C. Methods

The analysis sample includes only participants wiiimplete and acceptably
measured data without significant physical disabgi Among 20,460 observations
across the four exam years, 19.0% (obs=3,900) @earieded from analysis, mostly due

to sample attrition during follow-up (obs=3,643)iseing outcome data (obs=146),
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missing environmental data (obs=2) or statisticatml variables (obs=109). A
substantial percentage of the sample showed régtlarovement. Percentages moving
to a new state were 10% from exam Year O to7, 4% fyear 7 to 10 and 5% from
Year 10 to 15. Percentages moving to a new couetg W9% from year 0-7, 27% from

Year 7 to 10 and 11% from year 10 to 15.

Main Exposure: residential street attributes withibh km Euclidean buffer

We selected a 1 km Euclidean buffer (circle of 1radius) for each residential
point at each time period for each participant bheeaof the relatively small territory
typically covered on foot* **and the 1 km buffer has been empirically determioeoe
an easy walking distanc¢®& " Attributes for street connectivity were extratfeom
StreetMap 2000 data (for exam years 0, 7, andddfram the enhanced product
StreetMap Pro 2003 data (for exam year 15) by ERBdllands, CA. Attributes for
local roads were extracted from TIGER/line™ filé¢e describe these measures below
and provide examples Figure 6.1

Street connectivity Higher street connectivity is defined as high nemtf
intersections, few dead end streets, more straetssmaller blocks. We hypothesized
greater SBPA in areas with greater street conngctivsing the StreetMap data, we
identified intersections and based connectivitylmnumber of unique street
connections at each intersection. We measured itwergsions of street connectivity: 1)
intersection density is calculated as number of intersections with &ore unique
intersecting streets (true intersections) in buffieided by buffer area (3.14Kn and 2)

link-noderatio is an index of connectivity and equals to the nendj links divided by
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the number of nodes in buffer, where links = stesgiments (continuous street without
interruption of intersection or cul-de-sac); noddatersections or cul-de-sadsdure
6.1). Higher values of intersection density and Imdde ratio reflect higher level of
street connectivity, largely through the provis@irmany possible direct routes (links)
across the possible intersections (nodes) witheriltkm buffer. We hypothesize that
higher street connectivity is positively associatéth higher SBPA®,

Characteristics of local roads:We measured local roads reflect as an indicator
of more walkable roads relative to highways anaptiehicle-friendly roads. We
hypothesized that higher density of local roadslagter proportion of local relative to
total roads would be positively associated withheigSBPA. We separated local roads
from the total roads that include 7 major categoakroad types: 1) road with major
category unknown (A00-A08); 2) primary highway witimited access, such as interstate
highway (A10-A18); 3) primary road without limitextcess, such as U.S. and State
highway (A20-A28); 4) secondary and connecting reath as State and county
highways (A30-A38); 5) local, neighborhood, andatupads, designated for local traffic
usually with a single lane of traffic in each diiea (A40-A48); 6) vehicular trail that is
passable only by four-wheel drive vehicles (A50-B%8d 7) road with special
characteristics, such as traffic circle and accasgp (A60-A65). Detailed descriptions

can be accessedhdtp://www.census.gov/geo/www/tiger/appendxe.asc

We focused on the major A4x category ‘local, nemthlood, and rural roads’,
which we refer to as ‘local roads’ in contrasthie temaining categories, which we refer
to as ‘non-local’ roads. We characterized locald®in two dimensions: Hensity of

local roads: as total length of local roads within the 1kmflufand 2)proportion of
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local relative to total roads: as the proportion of local road length relativedtal road
length in the 1km buffer.

We defined non-local roads by summarizing relatefonroad categories (AOx-
A3x, A5x, and A6x) and then calculated length aedsity of non-local roads as well as
total roads within the 1km buffeFigure 6.1). In models using density of local roads as
main exposure, the density of non-local roads skagea control variable, because both
local and non-local roads are related to behawndrreon-local roads may confound the
association between local roads and PA. This ifbgnas to what is done in energy
partitioning modef’ Density of total roads served as a control végiabmodels using
proportion of local relative to total roads as maxposure, because it is a proportion
measure and total roads can be a potential conésurihis is analogous to what is done
in nutrient density modefs.

In Figure 6.1, we provide examples of each of the connectiwignels A & B)
and road type (Panels C & D) measures. For illtisggurposes, a low connectivity area
would have <15 3 or more-way intersections pef &nl <1.5 link-node ratio, which
would be typical of a rural isolated area, wher@asigh connectivity area would have
>50 3 or more-way intersections per4amd ~2.0 link-node ratio, typical of a dense city
with a system of gridded streets (for illustratugposes we include a small number of 3
or more-way intersections so as to not clutter spak typical rural area might have less
than 15 km of local roads within a 1km buffer anddl roads might account for 60-100%
of total roads. A typical urban area might have entian 30 km of local roads within a

1km buffer and local roads might account for 70-96P#otal roads.
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Effect Measure Modifiers

Given our primary hypothesis that association betwsreet attributes and SBPA
varies by level otirbanicity , we tested effect measure modification by urb&pievhich
we defined using a combination of urban boundaty dad population density.

Urban boundary was defined using Census-tract led@ator of living in vs. out of
Metropolitan Statistical Areas (MSA). We derivedpptation density from proportion of
Census geography population and area within tha bikffer for each participant. Each
exam year was contemporaneously matched with USuSeand GIS data (exam year O:
1980 county/Census tract; exam year 7 and 10: C&9B3us block-group; exam year 15:
2000 Census block-group). County/Census tractémak group populations were
adjusted proportional to the percent of the co@ewsus tract/block group area that fell
within the participant buffer. These proportionalculations were summed to produce
total buffer population and area calculations.

As CARDIA participants were originally recruitedfn four U.S. major cities,
most of them resided in an MSA, with only ~5% fraunal areas. To refine our measure
of urbanicity, we categorized Census tract-levgdypation density in tertiles among
participants living in an MSA, representing lowdliading rural), middle, and high
urbanicity. The average population density in loanicity areas was 1,087/&km
similar to density in low population-dense stateshsas South Dakota or New Mexico.
In middle urbanicity areas, the average density 2@83/knf, similar to Staten Island,
New York City’s most suburban borough. In high umis@ty areas, the averaged
population density of 7,348/Knis close to that in Queens, part of the most pmymsibrea

in NYC &%,
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Our secondary hypothesis is that residential sattgbutes and SBPA vary by
genderacross level of urbanicity. We hypothesized thabhrand women may respond
differently to the street attributes, perhaps fety or other reasons, Investigation of
differences in street attributes in predicting pbgkactivity across urbanicity has not
been well addressed in the literature. While wéuithed urbanicity and gender as effect
modifiers, we did not consider effect modificatioyrace for conceptual reasons. Our
rationale was that in terms of potential policyoef$ targeting environmental changes in
street attributes, our findings would inform wheteech changes would be relatively
more or less important in rural versus urban sgitifor example, and such efforts would
target the full population in those areas, regasite# race. Nonetheless, we tested race

for effect measure modification, purely for empatipurposes.

Covariates (control variables)

Individual-level covariatesincluded age, gender, race, educational attainment
marital status, and baseline study center

Census-tract level covariates:Using U.S. Census data (1980, 1990, and 2000)
contemporaneous to CARDIA exam years, we linkect tevel variables that reflected
neighborhood characteristics where the individ@atipipants resided: 1) proportion of
residents in the tract who walk to work, i.e. imtpapant’s residential tract, % workers
(>16 years of age) travel to work by walking. Thisiabale should indicate if
neighborhoods have a sufficient mix of residerdarad employment land uses to make
walking feasible and attracti¥e and it was reported to be inversely associatéid BMI

and risks of overweight/obesify 2) Median age of houses in the residential tract
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Residents of older neighborhoods generally reporerwalking®. 3) Proportion of white
residents in the residential tract, reflecting ahcomposition in neighborhood. 4) Median
household income in the residential tract, as ayod neighborhood socioeconomic
status and was inflation-adjusted using Bureauadidr Statistics Consumer Price Index,

for comparability across time.

Statistical Analysis

We conducted all statistical analyses using Stagesion 10.1, College Station,
TX). We computed descriptive statistics for therfstreet attribute main exposure
(intersection density, link-node ratio, densityiafal roads, and proportion of local relate
to total roads), the outcome measure of SBPA fregueand all covariates. We
performed separate models for each of the fouetsattribute main exposures to estimate
the association between each type of street atitridnod SBPA frequency.

A considerable proportion of participants repomedSBPA, resulting in
positively skewed distributions on the outcome atalie (12.4% zero values, the
remainder positive and continuous). The type af@me distribution is common in
health economics literature (e.g. medical costd)tha prevailing strategy in such
contexts is to use the two-part MEM to properlylgnathese datd®. Using the two-
part MEM, a zero value of outcome is interpretea aseaningful zero characterized by
lack of participation in a given activity. The tvpart model allows flexibility of separate
decisions (in contrast to a traditional one-stemltudinal regression model), and is a
more realistic approximation to the way people behalative to our central hypothesis:

street attributes that support PA will increaseltkelihood for individuals to engage in
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SBPA. This type of model is recommended in cases wher@toportion of zero
outcomes i& 5%, and has been recently used in the publicthétgtature®® 8%

In the two-part MEM, we made separate estimation$wo separate decisions:
first, the decision to conduct SBPA, and seconel cttnditional frequency, thus resulting
in estimates conditioned on whether or not SBPA emslucted. Programming of the
two-part MEM model includes (1) a probit model ygsmaximum likelihood estimation
as the first part to estimate probability of cortthgg SBPA, and (2) an ordinary least
square regression model conditioned on only thdse ®nducted SBPA as the second
part, to predict frequency of participation conaling on any SBPA. The two parts have
the same specifications and the equations are damated below:

(1) Pr(ConductSBPA) =vyo+ yiStreetAttributg + y,StreetAttributexUrbanicity

+ ysUrbanicity; + Zy,Covag; + p; + vt

(2) SBPAfreg|ConductSBPA $,+ 0,StreetAttribute +

0,StreetAttributexUrbanicity+ 6sUrbanicity; + 6,Covag; + pi + vit

Where the subscriptdenotes an individual aridlenotes time.

We pooled data across four exam years and rolarsiatd errors were used to
correct for multiple observations on individualfieltwo parts were estimated separately
during programming before deriving unconditiondireates (a weighted mean by
multiplying estimates from the two parts) and btasped standard errors (using 1000
replications, each clustered on individual). Watoalled for individual- and Census
tract-level covariates for both parts of the motéé included density of non-local roads
as an additional control when density of local ®adrved as main exposure, and we

included density of total roads as an additionaltiad when proportion of local relative
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to total roads served as main exposure. We testedieg and urbanicity separately for
effect measure modification by including appropaietoss-product terms (e.g.,
urbanicity by intersection density) and likeliho@dio testing at p<0.05. Both were
statistically significant modifiers. Therefore weadified all regression models by gender,
and in each gender group we entered a productdeurbanicity with each main
exposure variable. In addition, we tested effectlffication by race by including a cross-
product term of race by each main exposure, wigthich gender strata with urbanicity
interactions, and followed by a likelihood ratistte Race did not modify the association
between street attributes and SBPA in men (p>08)did in women (p<0.001).
However, results from the race-stratified model&amen were remarkably similar in
effect and direction, albeit with reduced powevési our conceptual rationale described
earlier as well as statistical power concerns, resgnt non-race- stratified results for
females. We also conducted a sensitivity anatgsassess our measure of street-based
physical activity. We re-ran our models with fregag of additional (non-street-based)
forms of PA as an additional control variable.

As the four main exposures have very different @aland distributions, al unit
change in value can vary greatly across measuiess, we present model estimations
associated with a 1 SD change in each main exposimeexample, in low urbanicity
areas, a 1 SD change in intersection density wasiitersections per kima 1 SD
change in link-node ratio was 0.2; a 1 SD chandedal road density was 8.3 km local
roads in the 1 km buffer; and a 1 SD change in qntogn of local relative to total roads

was 11.0%.
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VI.D. Results
Descriptive Characteristics

The analysis sample reflects CARDIA sampling toiewh a race (black and
white), gender, and education balanced mix of ydongid-aged adults as shown in
Table 6.1 SBPA frequency was significantly higher at bemeglwhile remaining
relatively stable across years 7, 10, and 15. s also temporal variation across the
environment exposures, street connectivity and deasity. Neither street connectivity
nor road density differed significantly by gender &ny exam year.

Mean values for intersection density, link-nodeoseind density of local roads
were significantly higher with higher urbanicityhie the proportion of local relative to
total roads was significantly lower with higher aricity (Table 6.2. For the Census
tract-level covariates, the proportion of tractdeats who walk to work and median age
of housing were higher with higher urbanicity , ieHow urbanicity areas had a higher

percentage of white residents (p-values=0.0001).

Statistical modeling results

We examined the association between street agshand SBPA using two-part
marginal effect models, stratified by gender, wiitteractions between urbanicity and
each main exposurddble 6.3.

In low urbanicity areas, intersection density was positively associated with
SBPA, for both men and women. A 1 SD increaseon Biore-way intersection density

was associated with a 1.0-1.3 unit increase in SBBguency. This translates to

50



approximately 15 additional 3 or more-way interget per 1 kriwith an approximate
5% increase in SBPA. Similarly, density of locahds was positively associated with
SBPA, though only in men: a 1 SD increase in locatl density was associated with a
1.0 unit increase in SBPA frequency. This transladeapproximately 8 km additional
local roads per 1 km buffer with an approximate iG&ease in SBPAN middle
urbanicity areas, we observed no significant association betweerisattributes and
SBPA.In high urbanicity areas, we observed inverse associations between loadbkro
and SBPA in women. A 1 SD increase in local roausdg (approximately 6 km
additional local roads per 1 km buffer) was asdediavith a 1.3 unit lower SBPA
frequency, or approximately 5-6% of mean SBPA qrapimately 6 minutes per week
of SBPA. A 1 SD increase in proportion of locaktele to total roads was associated

with a 1.4 unit decrease in SBPA frequency (~6%vefage SBPA).
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Table 6.1. Individual- and neighborhood-level euderistics in the CARDIA study, 1985-86 to 2000-01

Year O Year 7 Year 10 Year 15
% or mean = SD 1985-86 1992-93 1995-96 2000-01
(N=5,015) (N=4,001) (N=3,898) (N=3,646)
Sociodemographics
Black % 52.0% 48.1% 48.5% 47.1%
Female % 54.5% 54.8% 55.3% 55.8%
Age in years 24.8 £3.7 32.0£3.6 35.0 £3.7 40.5+3
Married % 22.1% 44.2% 49.3% 60.3%
Education %
<=High School 40.0% 28.9% 29.4% 23.0%
>High School; <=College 50.4% 53.0% 51.2% 56.3%
>College 9.6% 18.2% 19.4% 20.7%
Street-based Physical Activity (SBPA)
SBPA frequency 25.9+21.4 21.519.9 21.220.4 22.1+20.8
1 km radius buffer level variables
Street Connectivity
Intersection density/kfn 52.2+14.4 46.8 +18.5 41.5 +20.0 44.7 +21.7
Link-node ratio 1.8 +0.2 1.7 +0.2 1.7 +0.3 1.6 +0.2
Local roads
Local road density (km in 1 km buffer) 36.5 7.6 33.249.7 30.6 +10.9 30.2 +10.5
Proportion of local relative to total roads (%) 49%.18.7% 78.7% +9.8% 79.9% + 10.7% 77.7% +11.8%
Census Tract-level variables
Population density per Km 4,555+3,450 4,092 +3,814 2,802 +3,011 2,760 +3,161
Proportion of residents walk to work (%) 7.7%+95% 5.4%+8.1%  4.0% +6.4% 3.1% +5.6%
Median age of houses in years 43.4+11.3 41.7+14.6 41.3+15.9 41.8 £17.0
Proportion of residents of white race (%) 54.3%.8%8 58.7% +34.7%  65.8% +33.7% 59.6% +32.1%
Inflation-adjusted median household income 23,480,451 38,158 +17,156 38,557 +18,383 50,278 + 23,974

#SBPA frequency = walking frequency + bicycling foeqcy + jogging/running frequency
Kruskal-Wallis rank tests with Bonferroni correcti{p<0.5/6=0.0083)

“Significantly different from any other exam years

" Significantly different between year7&15



Table 6.2. Neighborhood-level exposures and relededriates in the CARDIA Study by
neighborhood level of urbanicity, at baseline 1885-

Urbanicity
Mean +SD Low Middle High
Main Exposures: 1 km radius buffer level
Street Connectivity
Intersection density, 3+ intersectionsfkm 37.6 +14.7 53.7 +11.2 57.2 +12.3
Link-node ratio 1.6 0.2 1.8 +0.2 1.9 +0.1
Local roads
Local road density (km in 1 km buffer) 28.6 +8.3 37.7+45.8 38.9+6.3
Proportion of local relative to total roads (%) 3% +11.0% 78.2% +8.7%  77.7% +7.4%
Covariates: Census Tract-level
Population density (per Kn 1,087 +405 2,893 +671 7,348 £3,320
Proportion of residents walk to work (%) 5.4% +95%  6.3% +7.5%  9.8% +10.4%
Median age of houses in years 32.7+104 4434110 47.2 +8.7
Proportion of residents of white race (%) 64.9% 136 51.1% +31.8% 52.6%+33.6%
Inflation-adjusted median household income 23,800,823 23,082+9,870 23,641 +8,278

Kruskal-Wallis rank tests with Bonferroni correcti¢p<0.5/6=0.0083)

“Significantly different from any other two columns
" Significantly different between low and high urbzity.
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Table 6.3. Associations between residential sattgbutes and street-based physical activity feeqy using two-part marginal effect
model$, the CARDIA Study 1985-86 to 2000-01.

Urbanicity
Low Middle High
Main Exposures (per 1 SD increase) /] 95% ClI  P-value| # 95% ClI  P-value| p 95% Cl  P-value
Street-Based Physical Activity(SBPA) frequency
Men
Street connectivity
Model A: Intersection density, 3+ intersections fkm | 1.0 0.04,1.9 0.04 -0.6 -1.5,0.2 0.2 -0.2 -1.1,06 0.6
Model B: Link-node ratio -04 -1.2,05 0.4 0.6 -0.7,1.80.4 -0.1  -0.9,07 0.8
Local roads
Model C: Local road density (km in 1 km buffer) 1.0 0.1,2.0 0.03 -0.4 -1.3,0.6 0.4 -0.7 -1.7,04 0.2
Model D: Proportion of local relative to total roads (%) .60 -0.2,1.4 0.2 -0.1 -1.0,0.7 0.7 -0.1 -1.0,08 0.8
Women
Street connectivity
Model A’: Intersection density, 3+ intersections fkm| 1.3 0.6,2.0 0.001 | -0.3 -1.0,04 0.4 -0.6 -1.3,01 0.1
Model B': Link-node ratio -0.1 -0.8,0.6 0.8 0.1 -0.8,1.00.8 0.2 -0.5,09 0.6
Local roads
Model C’: Local road density (km in 1 km buffer) 0.7 -008, 0.07 -0.7 -1.5,0.04 0.06 |-1.3 -2.2,-0.3 0.007
Model D’: Proportion of local relative to total roads (%0)0.2 -0.8,0.4 0.5 -0.07  -0.9,0.7 0.9 -1.4  -2.3,-0.6 0.001

& The two-part MEM model includes a probit modelhgsiaximum likelihood estimation as the first ste@stimate probability of conducting SBPA. The
second part is an ordinary least square regressoatel conditioned on only those who conducted SBR?e coefficients are the marginal effect (weighted
average) from the point estimates from both pdrte@equation. Models control for individual-le\ade, race, education level, marital status, baeseli
study center, Census tract-level % white residémtigtion-adjusted median household income, %dersis walk to work, and median age of houses.



Figure 6.1, Panels A-D. lllustrative examples afteaf the four street attribute measures:
(A) intersection density, (B) link-node ratio, (G¢nsity of local roads, and (D)

proportion of local relative to total roads, witHirkm Euclidean buffer from residential
location. Hypothetical examples for relatively higgrsus relatively low values are
presented for each of the four street attributesmess, with high values hypothesized to
be positively associated with SBPA. These hypothétilustrations do not reflect real
values of street attributes.

Panel A: Intersection Density (density of 3 or maay intersections)

High Low
Number of>3-way intersections = 15 Number of>3-way intersections = 2
Intersection density = 15+ 3.14 km Intersection density = 2 + 3.14 km
=4.8/knf = 0.6/km

Panel B: Link-node Ratio [ratio of streets (links)intersections (nodes)]

High Low
Number of links = 32 mMer of links = 6
Number of nodes = 15 Nemof nodes = 4
Link-node ratio = 32+15 = 2.1 Linkd®ratio = 6+4 =1.5
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Panel C: Density of Local Roads (roads with a gnghe of traffic in each direction)
based on total length of local roads

D &

High Wwo
Density of local roads =~ 8 kim1 km buffer Density of local roads =~ 4 kim1 km buffer

Panel D: Proportion of local roads (roads with wvanore lanes of traffic in each
direction) to total roads

& &

High Wwo
100% local roads in buffer 098local roads in buffer

A Residential location

@ True intersection43-way intersection)

O Two-way intersection

@ Node (any intersection, including cul-de-sac)

— Link (continuous street segment without interruptity intersection or cul-de-sac)

— Local road, generally with a single lane of trafficeach direction [(TIGER/Line™ Files, 1992, Cesisu
Feature Class Codes (A4x category ‘local, neighbadh and rural roads’)]
Indicates non-local roads, such as state and cdugityvays, generally with two or more lanes offtcaf
in each direction [(TIGER/Line™ Files, 1992, Cenfaature Class Codes (major road categories (AOx-
A3x, A5x, and A6x)]
NOTE: all examples feature local roads except PBrghw example)
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VI. E. Discussion

Using unique time-varying, GIS-derived environmeéata, we observed variation
in the association between residential streetaties and street-based physical activity
across varying environmental contexts and by genbtelow, but not in middle and high
urban areas, higher density of intersections acal lmads were associated with higher
SBPA frequency in males, whereas higher intersectensity was associated with SBPA
in females. In contrast, in high urbanicity areesobserved negative associations for
local road density and proportion of local roadsvomen. Thus overall, residential
street attributes were positively associated wBIPA in low urbanicity areas, but in
middle and high urbanicity areas, these positigaasations became null (in men) or
even inverse (in women).

Street attributes differ across environmental casteGenerally higher urbanicity
areas have higher intersection density and linkerratio, which reflect greater street
connectivity, largely through the provision of mgmyssible direct routes across space.
Modern suburban neighborhoods, characterized negated land uses and cul-de-sacs
are hypothesized to constrain SBPA, thus SBPA levedsidents of less urban areas
tend to be lower than in neighborhoods that areemsompact with higher population
density and traditional gridded streetd® While cross-sectional findings suggest that
urbanization is a significant effect modifier irethssociation between obesity and
perceived neighborhood barriers for BAhere is little research in this area. In contras
in our study, we characterized urbanicity usingmbination of living outside versus
inside an MSA and population density, which we thategorized into tertiles roughly

representing low, middle, and high urbanicity are®é& observed differential
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associations between street attributes with SBRAvnurban areas, while in high urban
areas, these associations became null or negative.

The magnitude of the observed associations is somtipared to cross-sectional
studies. For example, one study reported oddssrédiowalking for transport ranging
from 1.3 (top quartile, 95% CI: 0.95-1.7) and 128 quartile, 95% CI: 1.2-2.0) of street
connectivity®>. However, considering the contrasts across enriental settings (e.g.,
low urbanicity areas with rapid population growtidadevelopment), the associations we
observed in our study have potential magnitude. ekample, with a 1 SD increase in
intersections (about 15 additional 3 or more-wagrisections per kfna ~40% increase)
in low urbanicity areas, we observed a 1.0-1.3 umgcitease in SBPA frequency in men
and women, which was about 5% of the averaged SiBftfuency. As an estimate
(using 4 MET for walking, as an example), the iasein 1.0-1.3 unit SBPA frequency
has the equivalent energy expenditure of an adiditis-9 minutes of walking per week.
Also, the 1.0-1.3 unit increase in SBPA could badditional 3-7 minutes of bicycling
or jogging/running per week. At the populationdevhese increases could translate to
meaningful PA over time. The fact that we obseragsbciations in lower urbanicity
areas could reflect the importance of interconriestesets and local roads in areas
devoid of other environmental supports for physazlvity.

Gender has also been reported to modify the relstip between environmental
factors with obesity and PA. In our study, we fduhat gender modified the association
between street attributes and SBPA. Though stoeetectivity was positively associated
with SBPA in men and women in low urbanicity areas, findings suggest inverse

associations between local roads and SBPA amongewdimng in high urbanicity
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areas. This inverse association was in contrastitdypothesis. It is possible that high
urbanicity areas, such as urban cores, may featare local roads but also have greater
barriers to PA, such as poorer aesthetics and haghee rates. In such areas, women
may prefer to engage in SBPA in areas with majoraughfares (i.e., more than two
lanes in the opposite direction). Crime and aegthetay be particularly salient for
women. Though aesthetics and crime data were dablafor this study, we found
density of local roads and tract-level median hbokkincome were negatively
correlated particularly in high urbanicity areas-(r.28), suggesting poorer
neighborhoods with less aesthetic surroundingshagiter crime rate may have more
local roads.

The observed decrease in intersection and locdldeasity over time parallels
the shifts in CARDIA study population over time. RBIA participants were recruited
from four major metropolitan areas at baseline,dwatr time a considerable proportion of
the sample moved to new residential locations sthéynost recent follow-up the
CARDIA participants have widely spread across thentry with great geographic
variation. Many participants moved from the fourjonanetropolitan areas to more
suburban areas as they moved from early to midtaoldi. These residential relocations
over time provide considerable environmental vamtwhich is an advantage of our
study.

There are several other strengths of this studyadtition to rich, longitudinal
individual-level data, we obtained objectively ma&a&sl neighborhood environmental
data for each participant with three follow-up meas, providing a study time frame of

fifteen years and a unique opportunity to reseéinab-varying associations between

59



environmental factors and individual-level behaal@mutcomes. We used multiple
measures to capture residential street attributelsiding street segments (links), the
number of intersections (nodes), and street lend8usther, our modeling strategy of
using two-part marginal effect modeling is usefuéliminating bias by properly
handling the outcome that have large proportiongeod values with remaining of the
values being positive and continuous. In additeur,analysis stratification by
urbanicity and gender are unique to the study a@himrhood effects. We relied upon a
sophisticated measure of urbanicity, incorporal®A definitions in combination with
population density.

Our study also has limitations. First, it is im@ot to recognize that while
CARDIA has outstanding PA data, we only have terapdata on leisure PA, so were
unable to model SBPA for commuting purposes. Sactrough using radial buffer-
defined neighborhoods has the advantage of asgasdfian form around each
household, the radial buffer can be arbitrary withtaking into account other types of
neighborhood definitions such as route-based batesland does not exclude water,
natural or agricultural surfaces from the bufféve chose a 1 km Euclidean radius buffer
to describe residential street attributes in themediate residential neighborhood to
capture pedestrian activity >* Third, one disadvantage of using GIS across large
geographic range is the lack of detailed infornrata factors such as sidewalks and
walking paths® %°. Thus, although we observed modest associabietveeen street
attributes and SBPA, we were unable to fully chizname environment-level pedestrian
supports, such as sidewalks, cross-walks, and pedesignage. Further, using GIS,

CARDIA patrticipants’ residential addresses werdtstlirandomly within a 100 meter
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buffer to maximize identity protection and elimiagdossibility that a single residence
could be identified, which may introduce noiselte &nalysis. Fourth, , link-node ratio
does not reflect the length of the links, and tleasure may be less intuitive and thus less
attractive as a policy tol A recent instrument, space syntaxvhich incorporates
urban design parameters with topological factoisy e an appropriate alternative
measure, but was not feasible for our nationalystwk used a broad category of
“walkable” roads from the TIGER/line™ files and tloeal road type (category A40-
A48). Aroad in the local road category is typigaised for local traffic, with a single
lane of traffic in each direction. The local rodsre varying types, from neighborhood
roads in urban areas to short distance roads congdle smallest towns in rural areas,
and even other types such as scenic park roaftb, thie benefits of built environments
may be offset by social characteristics, such athatics and safef§ * which were not
incorporated into the present analysis. While gassible that the observed inverse
association between local roads and SBPA in higanicity areas in women is due to
exercise occurring outside of the residential neaghood, we included other forms of
exercise as a control variable in our statisticatliets in an additional sensitivity analysis,
finding a similar pattern and magnitude of assammst (results not shown). Finally, the
two-part MEM does not have a fixed-effect optioattban be a useful strategy to reduce
self-selection bias, though comparing to whichttade-off of better approximating PA
behavior was relatively more important in this case

In summary, we found positive associations betwetsnsection density and
density of local roads with SBPA in low urbanicéseas but not in middle or high

urbanicity areas, and local roads were negativedpaated with SBPA among urban-
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living women, suggesting additional research retpsitreet attributes and SBPA by strata
of urbanicity and gender. While both factors miedifthe association between street
attributes and SBPA, with some indication of faladeanfluence of street attributes on
PA in low urbanicity areas, the overall pattermaddification was mixed. Moreover, the
size of the observed associations was modest.rd-tggearch with additional

information such as neighborhood safety and aesthehore specific categories of road
types and greater detail regarding the attributesdreets that are most supportive of
SBPA are needed. Our results suggest that a rdtaeratic change in 3 or more-way
street intersections (plus ~15 per4imexurban areas) would be associated with ~5%
increase in SBPA. At a population level this cowéthslate to substantial magnitude, yet

the observed associations were less dramatic tiggested by cross-sectional studies.
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CHAPTER VI
SYNTHESIS
VII. A. Introduction
In this chapter, data regarding the environmentpbsures addressed, gasoline price
and street attributes, and outcomes that inclugeathPA, street-based PA, and other sub-

categories of PA that have been presented in thequs chapters are synthesized.

VII.B. Context and contribution

Adequate PA is essential in maintaining healthyghand well-being, but the
majority of Americans do not get enough PA to ntestlth recommendations outlined by
the Surgeon General’'s report on Physical Activitg &lealth. With PA level low in
population level and the short sustainability dfig@aoral interventions, promoting PA at
environmental and policy level is attractive ananeuous authoritative reports have
identified environmental and policy interventiorsstae most promising strategies for
creating population-wide improvements in not on#y; But also diet and obestfy),
including reports by the U.S. Surgeon GenétaWorld Health Organizatidff, Institution
of Mediciné®, Center for disease control and preverifirand International Obesity Task
Forcé®. Though evidence is growing rapidly that theilatties of built environments such
as neighborhood design are associated with PAiténature is dominated by cross-sectional

studies and findings are inconsistent. In additehuilt environment attributes, economic



factors may also influence obesity-related behayisuch as diet and PA. There has been
price research suggesting price elasticity of dehfanfood, e.g., higher levels of fruit and
vegetable consumption were associated with lowstr &nd venerable pricE8. However,
research on how price may influence PA is scame t@a date, there is only one cross-
sectional study on gasoline price suggesting peexa of cycling is higher in areas with
higher gasoline pricés Prospective studies and economic studies wemmaended to fill
the research gap and advance the field, whictsesthke primary motivation for this

dissertation work.

VII. C. Overview of findings

The overall objective of this research is to inigege longitudinal associations
between two aspects of environment (gasoline @mckstreet attributes) and PA in overall
as well as sub-types, using data from a prospecttert with 15 years of follow-up and
objectively measured environmental data. We tablaatage of this rich, high quality, time-
varying database on detailed individual-level d&tks-derived neighborhood price and
street attributes data, as well as Census datptbade much information on neighborhood
characteristics.

The first aim focused on the gasoline price exposund PA. We inflation-adjusted
all related price and income measures includingroanity-level gasoline price, bus fare,
and household income, to make them comparablesatims. Using time-varying PA as the
outcome, we examined overall PA and each of itsulcategories such as walking,
bicycling, running, home exercise, and so on, latien to time-varying gasoline price, using

a random-effect longitudinal model (for overall P#&jd two-part marginal effect models (for
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sub-categories of PA that contain large proportibrero scores, which may introduce bias
using regular RE model).

The second aim focused on street attributes andRd\studied how urbanicity and
gender may modify this association. Two main atspeftstreet attributes, street
connectivity and local roads that are hypothestaddcilitate street-based PA (walking,
bicycling, and jogging/running) as well as ove, were examined separately across
degree of urbanicity by gender. While the measafeeighborhood street connectivity
have been researched previously, environmentahreséeéhat examined neighborhood local
roads, which reflect street connectivity from amsthspect that complement the connectivity
measures, is rare. In this work, we were ablébtaio measures of local roads, which were
categorized based on TIGER/Line™ files from sixentinajor categories that are vehicle
friendly roads such as different levels of highwayge used a two-part marginal effect
model for the associations between street attrsbamel street-based PA (walking, bicycling,
and jogging/running) to properly handle sub-PA outes that include considerable fraction
of zeros that can introduce bias by regular lomtyital models. For each model, we

interacted the main exposure with urbanicity teytwith gender stratification.

1. Long-term physical activity increases with longudinal trends in gasoline price
Hypothesizing that higher gasoline price may disage driving and promote
alternative transportation, thus influencing PAdisy we used prospective data over eight
years from three exams of the CARDIA study, witlotal of 8,451 observations of black and
white young adults. Excellent gasoline price deg¢ae obtained from C2ER that provided

price data at the county, the smallest availabteyggphic unit in which we have comparable
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data across the U.S., and were linked to each CARdatticipant by their residential county
at each exam year. We inflation adjusted priceguBiureau of Labor Statistics CPI Index
that estimates changes in the prices for a repta@sanbasket of goods and services over
time. Overall PA score was summarized from thirtegb-scores that were calculated for the
thirteen PA sub-categories, based on self-repequiency of participation and intensity of
each activity. We used a random-effect longitudinadel for the association between
gasoline price and overall PA, and a two-part MENUe for the associations between
gasoline price and each sub-category of PA to plppandle the considerable proportion of
zero scores in those sub-categories with the rengagtores being positive and continuous.
As presented in Chapter five, we found a positssoaiation between gasoline price and
overall PA, where the energy expenditure is rougljyivalent to 20 minutes of additional
walking per week (per 25 cents increase in gasg@iiee). Gasoline price was also
positively associated with jogging/running and rsdbrenuous sports that do not generally
involve driving, and inversely associated with biogland racket sports that generally
involve car travel. Though active commuting canm®examined explicitly due to data
limitation, these findings provide some evidencethe relation between gasoline price and
PA, suggesting increased gasoline price may proAta the long run. The U.S.
consumes large amounts of gasoline, which has pp@@noted in a degree by the low,
affordable prices. The gasoline price largelyeet national pricing policies such as fuel
taxes, and policy changes that significantly elexae gasoline price may reduce vehicle

driving and promote PA at population level.
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2. Longitudinal associations between neighborhoodrset attributes (connectivity and
local roads) and physical activity

To fill the gap in literature that is lacking lomgglinal evidence for the relation
between street attributes and PA, we took advardBGARDIA data that are linked to
contemporaneous environmental data derived froariassof public and commercially
available databases such as TIGER/Line™ Files &RIEWe hypothesized that street
attributes, including street connectivity and locsds that are relatively walking-friendly
compared to other road types such as highwayqasigvely associated with overall PA and
street-based PA (walking, bicycling, and jogginghing). We defined neighborhood as a 1
km Euclidean radial buffer from the residentialdton, which is typically covered by foot.
Street connectivity was measured by density of inndly intersections as well as link-node
ratio, a relative measure that is calculated byntlmaber of streets segments (like a block that
contains no intersection) divided by the numbentdrsections in a unit area. Local roads
contain a major category of local, neighborhood mamdl roads, which was separated from
other vehicle friendly roads (highways) based oBHR/Line™ Files. We calculated
density of local roads in the neighborhood, whiakams length of local roads within a 1 km
buffer, and also calculated the proportion of looalds among all types of roads in the
neighborhood to reflect its relative availability.

Most studies on street attributes and PA negleatlbdn context, which can be
reflected by urbanicity level or population densityrban, suburban, and rural contexts are
likely to have different land use and street pageranging from urban gridded network
streets to suburban cul-de-sac design with sephvadek, living, and shopping areas.

Changes in street attributes may impact PA diffgyen different urban contexts, which are
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part of a macro-environment that reflects largeaafearacteristics, while street attributes are
in the micro-environment level. Limited researded simple, binary measure of urbanicity,
and to refine this measure, we created a more stigated measure of urbanicity by
incorporating the indicator of urban vs. rural omtbination with population density. We
also hypothesize differential relations by gentecause street attributes may have different
importance in men vs. women. Related findingsterdture are mainly cross-sectional and
inconsistent.

We calculated frequency of SBPA as a summaryeafuencies of walking, bicycling
and jogging/running, which were derived from theresponding categories in the physical
activity questionnaire. Thus, the SBPA measurectdlthe amount of time in physical
activities that usually take place in streets. A®asiderable proportion of participants
(12.4%) reported no SBPA, resulting in a positivatgwed distribution on the outcome
variable with a mass point of zeroes, we used apgaro MEM model that allows flexibility
of separate decisions (decision to conduct SBPA dacision to conduct amount of SBPA)
to have a more realistic approximation of the wagpe behave. Models included
interaction term between each street attributewatbdnicity, and were stratified by gender.

We found the level of urbanicity and gender diddmfyothe association between
street attributes and SBPA, with positive assammtiobserved between intersection density
and SBPA in low but not in middle and high urbatyi@reas, and local roads were
unfavorably related to SBPA particularly in urbaridg women. Size of the associations is
modest. However, if environmental changes occuatedhigher level, which may happen in
exurban areas where population growth and develophas often occurred at a rapid pace,

our observed findings could become meaningful.dx@ample, a rather dramatic change in
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street intersections (plus 10 perim low urbanicity areas) would be associated it

equivalent of 5-9 minutes of added walking in a kvaepopulation level.

VII.D. Strengths and limitations

The CARDIA participants were recruited from fourSJmetropolitan areas at
baseline (1985-86), thus generalizability is lirdite one sense. However, over time the
participants have moved across the U.S. so th#idiatest follow-up the CARDIA
participants were located in 48 states, 1 fedesalict, 1 territory, 529 Counties and 3,805
Census Tracts. This movement across America prd\sdbstantial variability, in another
hand. Considering that the majority of environmeAt studies were conducted using cross-
sectional data from a single or multiple metro@wiiareas without follow-up, we consider
our geographically diverse sample across over ad#eof time a major strength of this
study. However, this research does have sevdrat ohportant limitations that need to be

mentioned.

Limitations

Ideally, clustering by shared neighborhood may mapraccuracy of estimations by
performing multi-level modeling that can specifygidorhood effect. However, the
CARDIA study was not designed to have a hierardlsitacture, i.e., participants were not
sampled to have a shared neighborhood. Alsodttetiat we have considerable residential
movement over time, resulting in even smaller numlbéindividuals residing in shared
geographic units, meant that we were unable tdeltise participants by geographic unit in

our statistical models.

69



While CARDIA has outstanding leisure PA data, necsfic information on
commuting patterns were collected longitudinally(ethe questionnaire questions did not
specify whether walking includes those for commmitiirposes, but more of a general
frequency of participation), thus the walking anclybling measures used in our study might
be confined to leisure time walking and bicyclingyo which may be influenced by gasoline
price and street attributes to a lesser extent¢bammuting. Moreover, bicycling score
captured vigorous bicycling (speed >10 mile/hourstationary or other bicycle), thus may
omit non-strenuous forms of bicycling that couldused in bicycle commuting. Also,
during the administration of the PA questionnadine, participants may face cognitive
difficulties in accurately understanding and repgtPA frequency and intensity, resulting in
misreporting.

Specifically for aim 1, the gasoline price data&erissing for considerable
proportion of participants. This limitation was aelssed by using imputation strategies. A
gasoline price dummy indicates whether gasolineepnias imputed: 1) Not imputed:
gasoline price was as originally collected in cqumt averaged across the residential
Metropolitan Statistical Area (MSA); 2) Imputed:sgdine price was imputed using state
averages or data from other seasons (Year 7: 3@%#r, ¥0: 16%; Year 15: 15%). We
controlled the dummy in our regression models.ebtagtributes data almost have no missing
data, thus have no such problem.

Further, price data were only available for largeunty-level units. It is possible
that within county price variations matter but ctyuwwas already the smallest geographic
unit available for gasoline price data. The neahbod defined for street attributes is much

smaller, where the neighborhood area within a Ibkiffer is likely to be typically covered
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by foot that is very relevant to street-based PAthat sense, the county-level gasoline price
may not be a real limitation, because with a cappecan travel much farther from home to
get gasoline, and the averaged gasoline pricemaltounty may well reflect the actual
average gasoline price that the participants wepesed to, with the mobility of having a
car.

Also, for the gasoline price study, one added derity was the lack of variation in
geographic area for the baseline CARDIA samplectvinequired exclusion of baseline data.
The baseline (1985-86) exam recruited participbwitsy in close geographic proximity to
the study centers, so there was little variatiooaanty-level gasoline price after controlling
for the baseline study center, and we cannot atdiata from the baseline examination.
However for the street attributes study, this isanproblem because neighborhood was
defined as a much smaller area (1 km radial butfery the variation of street attributes was
large enough at baseline.

Specifically for the street attributes study, altgb using radial buffer-defined
neighborhoods has the advantage of assessing immaaround each household, the radial
buffer can be arbitrary and does not take into actother types of neighborhood definitions
such as route-based boundaries. We chose a 1 kld&an radius buffer to describe street
attributes in the immediate residential neighbothtwocapture pedestrian activity. In
addition, one disadvantage of using GIS derivedrenmental data is the lack of detailed
information on factors such as sidewalks and walkiath§® *® Furthermore, we used the
broad category of “walkable” roads through our asthe TIGER/Line™ Files and the
major category of local roads. A road in this majategory is used for local traffic: in urban

area, it is a neighborhood road, and in a rurad,ates a short distance road connecting the
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smallest towns. The major category also includesisgark roads, unimproved or unpaved
roads, and industrial roads. Lastly, the benefitsuilt environments may be offset by social
characteristics, such as aesthetics and S&fethich were not incorporated into the present
analysis. Although being less direct, the gasqgbinee study may share this limitation,

because a decent and safe neighborhood may feciitee switching to active transportation

or leisure PA in neighborhood.

Strengths

This research used rich, longitudinal data witreobyely measured environmental
data contemporaneously and geographically linkeddwidual-level CARDIA data,
through advanced GIS technologies. It is not comfoo environment-PA research to have
a longitudinal design, especially with a large skngize across national geographical range
(N>5000) that retains a good retention rate dutimegfollow-up over a decade, with multiple
repeated measures, providing a unique opportumitggearch time-varying associations
between environmental factors and individual-lexathavioral outcomes. We had excellent
longitudinal data with standardized measures offBf an instrument with known
reliability and validity, and the quality of thexaronmental data is outstanding. The
gasoline price data derived from the C2ER datdharenost detailed time-varying price data
available and have been found to be closely cde@haith the Consumer Price Index by
Bureau of Labor Statistics. Multiple measures wargloyed to capture street attributes,
including varying aspects of street design (intetisa density, link-node ratio, density of

local roads, and percentage of local roads).
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We used powerful longitudinal models, utilizing tthe-varying exposures,
outcomes, and covariates, and clustered on patitgs repeated measures are correlated.
We selected different modeling strategies concdigtaad practically, based on specific
situations. The cost of a gallon of gasoline feseveral different components, including
the cost of crude oil, federal/state/local taxefinmg costs and profits, distribution,
marketing and station costs and profits. Thusttposure of gasoline price is theoretically
independent from the controlled individual- andghdiorhood-level covariates without
endogeneity as an issue, and a random-effect laigél regression model is appropriate
and efficient. In addition, we selected modelitrgtegy by also considering the outcome
variables. The sub-categories of PA have scoasctintain considerable fraction of zeros
with the remaining values being positive and cargums. A regular one-step longitudinal
regression model won't be appropriate in this cdastead, we used a two-part MEM model
strategy. Separate estimations were made for éparate decisions: 1) the decision to
conduct the activity and 2) the conditional deaisod amount of activity, thus resulting in
estimates conditioned on conducting activity or. lebbust standard errors were used to
correct for multiple observations on individualBae two-part MEM model includes a probit
model using maximum likely hood estimation as in& Step to estimate probability of
conducting a given activity. The second part wa®edinary Least Square regression model
on only the subsample of those who conducted tatitg. The two point estimates were
then multiplied and the resulting estimate is aghemean of the effect of changes in
exposure on changes in that activity for the fathple (the marginal effect). The two parts
were estimated separately before deriving uncanthtiestimate and their bootstrapped

standard errors (using 1,000 replications).
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In addition, for the street attributes study, onalgisis interaction/stratification by
urbanicity and gender are unique to the study @himrhood effects. We relied upon a
sophisticated measure of urbanicity, incorporatirgcommonly used simple indicator of

rural vs. urban in combination with population dgns

VIIL.E. Public health significance

1. Our findings indicate that changes in environmetal factors are associated with
changes in street-based PA, and policy makers magel these evidences in developing
relevant policies that may promote PA at populatiodevel in a sustainable way.

Results from Aim 1 suggested a positive associdigiween gasoline price and
overall PA, where the energy expenditure is rougljyivalent to 20 minutes of additional
walking per week (per 25 cents increase in gasg@iiee). Gasoline price was also
positively associated with jogging/running and rsdbrenuous sports that do not generally
involve driving, and inversely associated with biogland racket sports that generally
involve car travel. These findings suggest thataased gasoline price may promote PA in
the long run. As the world’s largest consumeradaline, the U.S. has lower gasoline prices
compared with most other western countries whikotyae price largely reflects national
pricing policy (mainly fuel taxes). There is plgmf space to raise gasoline price, and
additional taxes collected on gasoline can be tsedbsidize designing and developing PA-
friendly neighborhoods with enhanced street conviect It occurred that when gasoline
price significantly increased during 2006-2008, tibtal miles traveled by vehicle reduced by
around 5%. In short, policy changes that introdusgnificant elevation in gasoline price

may positively impact society in terms of peopleA level.
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Results from Aim 2 suggested positive associatimig/een street connectivity and
density of local roads with street-based PA in fmpulation-dense areas, though not in
more urbanized areas. Though size of the assoasasieems small, if environmental
changes occurred at a higher level, which may happexurban areas where population
growth and development has often occurred at @ @gie, our observed findings could
become meaningful. For example, with a 40% ina@éasntersections (about 15 additional
intersections per kfhin low population-dense areas, we observed ari¥&ase in street-
based PA for men and women, an equivalent enenggreiture of approximately 5-9
minutes of additional walking per week. Some miagua that the built-environment is fixed
and will be difficult to modify, which is true fadhose already highly developed and populous
areas such as cities. However, in rural areaseasawith low population density, such as
emerging suburbs and commuting towns, a greatad@abe done by urban planners in
designing PA-promoting communities to prevent ppadnnected or isolated
neighborhoods. Our findings also support that iasiey intersection density is related to

higher PA in rural or low population areas, but mohigh population areas.

2. This research contributed to literature with longitudinal evidences on environment-
PA relation, with methodological advances.

There has been a large emerging literature espesiate 2000 that focused on
potential environmental influences on PA, diet, abdsity. There were many studies on
street attributes, such as block size and numbestseet intersections, however, the
literature is dominated by cross sectional desayngithin metropolitan areas with a lack of

larger geographical variation, and results fromghevious studies weren’t consistent. Also,

75



while diet research has begun to address econactior§, such as food prices as they relate
to dietary intake and obesity, very little resednels addressed broader economic factors
likely to impact PA, such as gasoline price. Nas there been much research on how
community-level prices of gasoline affect overal patterns as well as shifts in types of
leisure PA patterns over time. Few existing staidiee like CARDIA, which contains rich,
longitudinal individual, price, and spatial dataat provides a study time frame of fifteen
years and a unique opportunity to research howgdsam environmental factors are
associated with changes in individual-level beh@lioutcomes.

Methodologically, many studies largely ignored tinean context in studying the
street attributes and PA relation. Urban, suburbad rural settings are likely to have
different land use and street patterns, rangingp fucban gridded network streets to suburban
cul-de-sac design with separated work, living, ahdpping areas. Street attributes may
impact PA differently in different urban contexfisy example, increasing the same amount
of multi-way intersections would produce differeesults across urbanicity level: in urban
areas, the proportion of increase would be relbtismall considering pre-existing
intersection density is already decent; in subudr@as, increasing intersections does
contribute a higher relative proportion of interts&es in neighborhood, but the overall
layout of cul-de-sac design and pre-existing sdjmardetween work, school, and shopping
may reduce efficiency of the increased interseatiensity on PA; however, in rural or less
population dense areas, the same amount of intensecrease can be a significant addition
to street connectivity and facilitate street-baB&d To approximate urban context, limited
research used simple, binary measures of urbanitity refined this measure, by

incorporating the simple indicator of urban vsatwith a continuous measure of population
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density, and then categorized urbanicity into fioal, mid, and high levels. The average
population density in rural or low population-derseas was 1,087/Kysimilar to density
in low population-dense states such as South Dakdteew Mexico. In medium
population-dense areas, the average density was/Rr&, similar to Staten Island, New
York City’s most suburban borough. While in highpptation dense area, the averaged
population density of 7,348/Knis close to that in Queens, part of the most pmysibrea in

NYC.

VII.F. Directions for future research
Several possible extensions to this work could rodainderstanding of the
longitudinal environment-PA associations.

1) Though the CARDIA participants were originally re¢ed from four U.S. metropolitan
areas, the geographical variation became greatgltiie follow-up period when
considerable proportion of participants moved tev nesidential locations. Future
research may further expand the geographical cgedyg recruiting diverse study
populations from varying geographical locationsewen by obtaining national
representative samples, if possible.

2) There are many ways to define neighborhood boueslatiowever, boundary selection
can be limited due to nature of available datastndy design. As an individually
perceived neighborhood and a neighborhood defigeddical buffer may be different, a
more sophisticated boundary definition that isliike reduce this difference, would add

great merit to this research.
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3)

4)

5)

6)

To examine the environment-PA relation, an ideahsoee of PA would have specific,
detailed information on commuting PA, along witislee and occupational PA. Also,
self-report PA can be improved by conducting cagaiinterviews during questionnaire
administration, to help respondents accurately tstdied questionnaire questions and
minimize misreport. Additional measures of car asd public transit use would be a
plus.

Pedestrian networks may be different from streevoks, and pedestrians may use
sidewalks and walking paths that may not be cadtbyeGIS-captured street networks.
Measuring environment from a pedestrian’s perspectiay help refine and complete the
environmental exposures that are relevant to shastd PA.

There are limited randomly controlled trials (RGHAat intervene on environmental or
policy factors, because it is largely impossibleantrol environmental or policy factors
in most situations. In this case, using the lardjital design is a great advance to the
dominating cross-sectional studies for guiding@othange. Also, quasi-experimental
evaluations of natural experiments, i.e., environihog policy changes not to be
controlled by the investigator, would advance flgkl. In addition, using existing
measures to conduct surveillance of the environroeuld advance both research and
public health practice.

In addition to gasoline price and street attributiesre are many other environmental
factors that are related to PA, and there is alsgkaof longitudinal research that studies
changes. Environment may be less modifiable btit small changes accumulated from

many attributes, the combined influence could besterable.
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In summary, this dissertation has provided insigtd longitudinal associations
between economic and neighborhood street attrivatesPA. This research sets the stage
for the continuation of this work in several otlagenas, such as other environmental
attributes that may contribute to influencing tledavior of physical activity. While this
research has provided a glimpse into how gasoliice pnd street attributes may be
longitudinally associated with PA, more researchdeded. Recruiting more diverse study
populations from varying geographical locationsngdetter neighborhood definitions,
improving PA and environmental measurements, afiding longitudinal design and
incorporating other aspects of environmental onviddal determinants will help provide

more causal and informative evidences for polickimg
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APPENDIX A
PHYSICAL ACTIVITY HISTORY QUESTIONNAIRE

F18EXDAT
/ /

exam date
1. SHOW PARTICIPANT CARD 1.
Compared to other people your age and sex, what number would you choose for
rating your physical activity during the past year? CHECK ONE NUMBER.
F18PSTYR
12345
Physically Moderately Very Inactive Active Active
2. SHOW PARTICIPANT CARD 2.
Please look at this card. I'll be asking you whether you do the activities listed. Only
include the time spent actually doing the activity. For example, sitting by the pool
does not count as time swimming; sitting in a chair lift does not count for skiing.
First, I'll ask you about vigorous activities. Vigorous activities increase your heart
rate, or make you sweat doing them, or make you breathe hard or raise your body
temperature. If you do an activity but not vigorously, please include it later when |
ask you about other non-strenuous sports.
Al. Did you jog or run in the past 12 months for at least one hour total time in any
month? For instance, you might have done three 20-minute sessions in the month.
F18A1RUN
1 No GO TO QUESTION B1
2Yes
A2. How many months did you do this activity?

months F18A2MO
A3. How many of these months did you do this activity for at least 2 hours per week?

months F18A3PWK
B1. Did you do vigorous racket sports in the past 12 months for at least one hour
total time in any month? F18B1RAC
1 No GO TO QUESTION C1
2Yes
B2. How many months did you do this activity?

months F18B2MO
B3. How many of these months did you do these activities for at least 3 hours per
week?

months F18B3PWK

C1. Did you bicycle faster than 10 miles/hour or exercise hard on an exercise bicycle
in the past 12 months for at least one hour total time in any month? F18C1BKE
1 No GO TO QUESTION D1
2Yes
C2. How many months did you do these activities?
months F18C2MO
C3. How many of these months did you do this activity for at least 2 hours per week?



months F18C3PWK
D1. Did you swim in the past 12 months for at least one hour total time in any
month?
1 No GO TO QUESTION E1 F18D1SWM
2 Yes
D2. How many months did you do this activity?
months F18D2MO
D3. How many of these months did you do this activity for at least 2 hours per week?
months F18D3PWK
E1. Did you do a vigorous exercise class or vigorous dancing in the past 12 months
for at least one hour total time in any month? F18E1DNC
1 No GO TO QUESTION F1
2 Yes
E2. How many months did you do this activity?
months F18E2MO
E3. How many of these months did you do this activity for at least 3 hours per week?
months F18E3PWK
F1. Did you do any vigorous job activities such as lifting, carrying, or digging in the
past 12 months for at least one hour total time in any month? F18F1LFT
1 No GO TO QUESTION G1
2 Yes
F2. How many months did you do any of these activities?
months F18F2MO

F3. How many of these months were for at least 5 hours per week?
months F18F3PWK
GL1. Did you do any home or leisure activities such as snow shoveling, moving heavy
objects, or weight lifting in the past 12 months for at least one hour total time in any
month?
1 No GO TO QUESTION H1 F18G1SHV
2 Yes
G2. How many months did you do any of these activities?
months F18G2MO
G3. How many of these months were for at least 3 hours per week?
months F18G3PWK
H1. Did you do other strenuous sports such as basketball, football, skating, or skiing
in the past 12 months for at least one hour total time in any month? F18H1HSP
1 No GO TO QUESTION I1
2 Yes
H2. How many months did you do any of these activities?
months F18H2MO
H3. How many of these months were for at least 3 hours per week?
months F18H3PWK

Now, I'd like to ask you about more leisurely activ ities.
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I1. Do you do non-strenuous sports such as softball, shooting baskets, volleyball,
ping pong, or leisurely jogging, swimming or biking which we haven't included above
in the past 12 months for at least one hour total time in any month? F18I1LSP
1 No GO TO QUESTION J1
2 Yes
12. How many months did you do any of these activities?
months F18I12MO
I3. How many of these months were for at least 3 hours per week?
months F18I3PWK

J1. Did you take walks or hikes or walk to work in the past 12 months for at least one
hour total time in any month? F18J1WLK
1 No GO TO QUESTION K1
2Yes
J2. How many months did you do this activity?
months F18J2MO
J3. How many of these months were for at least 4 hours per week?
months F18J3PWK
K1. Did you bowl or play golf in the past 12 months for at least one hour total time in
any month? F18K1BWL
1 No GO TO QUESTION L1
2Yes
K2. How many months did you do either of these activities?
months F18K2MO
K3. How many of these months were for at least 3 hours per week?
months F18K3PWK
L1. Did you do home exercise or calisthenics in the past 12 months for at least one
hour total time in any month? F18L1HMX
1 No GO TO QUESTION M1
2Yes
L2. How many months did you do this activity?
months F18L2MO
L3. How many of these months did you do this activity for at least 3 hours per week?
months F18L3PWK
M1. Did you do home maintenance or gardening, including carpentry, painting,
raking, or mowing in the past 12 months for at least one hour total time in any
month?
1 No GO TO QUESTION N1 F18M1IMNT
2 Yes

M2. How many months did you do any of these activities?
months F18M2MO

M3. How many of these months were for at least 5 hours per week?
months F18M3PWK
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APPENDIX B

TIGER/LINE™ FILES

Sourcehttp://www.census.gov/geo/www/tiger/appendxe.asc

TIGER/Line™ Files, 1992

Appendix E
Census Feature Class Codes (CFCC)

Definition

A CFCC is used to identify the most noticeable char
feature. The CFCC is applied only once to a chain
preference given to classifications that cover feat

to an observer and are part of the ground transport
road that is also the boundary of a town would have
road characteristics not its boundary characteristi

in the TIGER/Line™ files, is a three-character code
is a letter describing the feature class; the secon
describing the major category; and the third charac
describing the minor category.

Feature Classes
Feature Class A, Road
Definitions Applicable to Road

The definition of a divided highway has been the so
discussion. Earlier specifications have defined a
having "... opposing traffic lanes that are physica
median strip no less than 70 feet wide in former GB
than 200 feet wide in non-GBF/DIME areas." This de
confusion in the proper coding of interstates havin
clarify the situation, the Census Bureau now uses t
refer to a road with opposing traffic lanes separat
and "separated" to refer to lanes that are represen
data base as two distinct complete chains. Earlier
depicted widely separated lanes as a single line in
created separate lines when the median was small, d
available source used during the update.

The term "rail line in center" indicates that a rai
right-of-way. The rail line may follow the center
directly next to the road, representation is depend
source used during the update. The rail line canr
street car line, or other carline.

Road With Major Category Unknown:

acteristic of a

or landmark with

ures that are visible
ation network. Thus a
a CFCC describing its
cs. The CFCC, as used
; the first character

d character is a number
ter is a number

urce of considerable
"divided" road as

lly separated by a
F/DIME areas or no less
finition caused
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ed by any size median,
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operations may have
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epending on the

I line shares the road
of the road or be

ent upon the available
epresent a railroad, a



Source materials do not allow determination of the

These codes should not, under most circumstances, b

materials usually provide enough information to det
category.

CFCC Description

AOO0 Road, major and minor categories unknown
AO01 Road, unseparated

AO02 Road, unseparated, in tunnel

AO03 Road, unseparated, underpassing

AO04 Road, unseparated, with rail line in center
AO5 Road, separated

AO6 Road, separated, in tunnel

AO07 Road, separated, underpassing

AO08 Road, separated, with rail line in center

Primary Highway with Limited Access:

This road is distinguished by the presence of inter
highway is by way of ramps, and there are multiple
road in this category has the opposing traffic lane
strip. Interstate highways and some toll highways
category. The TIGER/Line™ files may depict the opp
in this category as two distinct lines; in this cas
"separated."”

CFCC Description

A10 Primary road with limited access or inters
major category used alone when the minor ¢
not be determined

A1l Primary road with limited access or inters
unseparated

Al12 Primary road with limited access or inters
unseparated, in tunnel

A13 Primary road with limited access or inters
unseparated, underpassing

Al4 Primary road with limited access or inters
unseparated, with rail line in center

A15 Primary road with limited access or inters
separated

Al16 Primary road with limited access or inters
separated, in tunnel

Al7 Primary road with limited access or inters
separated, underpassing

A18 Primary road with limited access or inters
separated, with rail line in center

Primary Road without Limited Access:

A road in this major category must be hard surface,
asphalt, and may be divided or undivided and have m
lane characteristics. This road has intersections
usually controlled with traffic lights. This major
nationally and regionally important highways that d
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access as required by major category A1. Thus, maj
most U.S. and State highways and some county highwa

and larger towns.
CFCC Description

A20 Primary road without limited access, U.S.
highway, major category used alone when th
category could not be determined

A21 Primary road without limited access, U.S.
highways, unseparated

A22 Primary road without limited access, U.S.
highways, unseparated, in tunnel

A23 Primary road without limited access, U.S.
highways, unseparated, underpassing

A24 Primary road without limited access, U.S.
highways, unseparated, with rail line in ¢

A25 Primary road without limited access, U.S.
highways, separated

A26 Primary road without limited access, U.S.
highways, separated, in tunnel

A27 Primary road without limited access, U.S.
highways, separated, underpassing

A28 Primary road without limited access, U.S.
highways, separated, with rail line in cen

Secondary and Connecting Road:

A road in this major category must be hard surface,
asphalt, usually undivided with single lane charact
has intersections with other roads, controlled with
stop signs. This major category includes State and

connect smaller towns, subdivisions, and neighborho

smaller than a road in major category A2. This roa

name along with a route number, intersects with man

driveways.

CFCC Description

A30 Secondary and connecting road, State and ¢
major category used alone when the minor ¢
not be determined

A31 Secondary and connecting road, State and ¢
unseparated

A32 Secondary and connecting road, State and ¢
unseparated, in tunnel

A33 Secondary and connecting road, State and ¢
unseparated, underpassing

A34 Secondary and connecting road, State and ¢
unseparated, with rail line in center

A35 Secondary and connecting road, State and ¢
separated

A36 Secondary and connecting road, State and ¢
separated, in tunnel

A37 Secondary and connecting road, State and ¢
separated, underpassing

A38 Secondary and connecting road, State and ¢

85

or category A2 includes
ys that connect cities

and State
e minor

and State
and State
and State
and State
enter

and State
and State

and State

and State
ter

that is, concrete or
eristics. This road
traffic lights and
county highways that
ods, thus the road is
d, usually with a local
y other roads and

ounty highways,
ategory could

ounty highways,
ounty highways,
ounty highways,
ounty highways,
ounty highways,
ounty highways,
ounty highways,

ounty highway,



separated, with rail line in center
Local, Neighborhood, and Rural Road:

A road in this major category is used for local tra
single lane of traffic in each direction. In an ur
neighborhood road and street that is not a thorough
categories A2 or A3. In arural area, this is a sh
connecting the smallest towns; the road may or may
county route number. In addition, this major categ
park roads, unimproved or unpaved roads, and indust
in the Nation are classified in this major category

CFCC Description

A40 Local, neighborhood, and rural road, city
category used alone when the minor categor
determined

A41 Local, neighborhood, and rural road, city
unseparated

A42 Local, neighborhood, and rural road, city
unseparated, in tunnel

A43 Local, neighborhood, and rural road, city
unseparated, underpassing

A44  Local, neighborhood, and rural road, city
unseparated, with rail line in center

A45 Local, neighborhood, and rural road, city
separated

A46 Local, neighborhood, and rural road, city
separated, in tunnel

A47 Local, neighborhood, and rural road, city
separated, underpassing

A48 Local, neighborhood, and rural road, city
separated, with rail line in center

Vehicular Trail:

A road in this major category is usable only by fou

and is usually a one lane, dirt trail. The road is
exclusively in a very rural area, sometimes the roa

or logging road and may include an abandoned railro
tracks have been removed. Minor, unpaved roads usa
and trucks belong in major category

A4,

CFCC Description

A50 Vehicular trail, road passable only by fou
(4WD) vehicle, major category used alone w
category could not be determined

A51 Vehicular trail, road passable only by 4WD
unseparated

A52 Vehicular trail, road passable only by 4WD
unseparated, in tunnel

A53 Vehicular trail, road passable only by 4WD
unseparated, underpassing
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Road with Special Characteristics:

A road, portion of a road, intersection of a road,
that are parts of the vehicular highway system that
identifiable characteristics.

CFCC Description

A60 Road with characteristic unspecified, majo
alone when the minor category could not be

A61 Cul-de-sac, the closed end of a road that
turn around (the node symbol that appears
maps is not included in the TIGER/Line™ fi

A62 Traffic circle, the portion of a road or i
roads that form a roundabout (the node sym
appears on some census maps is not include
TIGER/Line™ files)

A63 Access ramp, the portion of a road that fo
cloverleaf or limited access interchange (
that appears on some census maps is not in
TIGER/Line™ files)

A64 Service drive, the road or portion of a ro
provides access to businesses, facilities,
along a limited access highway, this front
intersect other roads and be named

A65 Ferry crossing, the portion of a road over
consists of ships, carrying automobiles, ¢
on opposite shores

Road as Other Thoroughfare:

A road that is not part of the vehicular highway sy
used by bicyclists or pedestrians and is typically
mainstream motor traffic except by service vehicles
may follow a road right-of-way and be named as if i
major category includes foot and hiking trails loca
land.

CFCC Description

A70 Other thoroughfare, major category used al
minor category could not be determined

A71 Walkway, nearly level road for pedestrians
unnamed

A72 Stairway, stepped road for pedestrians, us

A73 Alley, road for service vehicles, usually
located at the rear of buildings and prope

Feature Class B, Railroad

Railroad With Major Category Unknown:

Source materials do not allow determination of the
category. These codes should not, under most circu

the source materials usually provide enough informa
major category.
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CFCC Description

BO0 Railroad, major and minor categories unkno

BO1 Railroad track, not in tunnel or underpass
category used alone when the minor categor
determined

B02 Railroad track, in tunnel

B03 Railroad track, underpassing

Railroad Main Line:

A railroad in this major category is the primary tr
service between destinations. A main line track of
the owning and operating railroad company.

CFCC Description

B10 Railroad main track, major category used a
minor category could not be determined

B11 Railroad main track, not in tunnel or unde

B12 Railroad main track, in tunnel

B13 Railroad main track, underpassing

Railroad Spur:

A railroad in this major category is the track that
ending in an industrial park, factory, or warehouse
siding along the main track.

CFCC Description

B20 Railroad spur track, major category used a
minor category could not be determined

B21 Railroad spur track, not in tunnel or unde

B22 Railroad spur track, in tunnel

B23 Railroad spur track, underpassing

Railroad Yard:

A railroad yard track has parallel tracks that form
railroad company. Train cars and engines are repai
dispatched from a yard.

CFCC Description
B30 Railroad yard track, major category used a
minor category could not be determined
B31 Railroad yard track, not in tunnel or unde
B32 Railroad yard track, in tunnel
B33 Railroad yard track, underpassing
Railroad with Special Characteristics:

A railroad or portions of a railroad track that are
system and have separately identifiable characteris
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CFCC Description
B40 Railroad ferry crossing, the portion of a
water that consists of ships, carrying tra
connecting railroads on opposite shores.
primarily located on the Great Lakes.
Railroad as Other Thoroughfare:
A railroad that is not part of the railroad system.
is for a specialized rail line or railway that is t
to mainstream railroad traffic.
CFCC Description
B50 Other rail line, major category used alone
minor category could not be determined
B51 Carline, a track for street cars, trolleys
mass transit rail systems, used when the ¢
part of the road right-of-way
B52 Cog railroad, incline railway, or logging
Feature Class C, Miscellaneous Ground Transportatio
Miscellaneous Ground Transportation With Category U
Source materials do not allow determination of the
transportation category. This code should not, und
be used since the source materials usually provide
determine the major category.
CFCC Description

CO0 Miscellaneous ground transportation, not r
railroad, major and minor categories unkno

Pipeline:
Enclosed pipe, carrying fluid or slurry, situated a
special conditions, below ground when marked by a ¢
signage.
CFCC Description
C10 Pipeline, major category used alone
Power Transmission Line:
High voltage electrical line, on towers, situated o
CFCC Description

C20 Power transmission line, major category us

Miscellaneous Ground Transportation with Special
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Characteristics:

A portion of a ground transportation system that ha
identifiable characteristics. This major category i
transportation, usually confined to a local area, t
other ground transportation.

CFCC Description

C30 Other ground transportation that is not a
power transmission line. The major catego
alone when the minor category could not be

C31 Aerial tramway, monorail, or ski lift

Feature Class D, Landmark
Definition Applicable to Landmark

Landmark is the general name given to a cartographi
landmark, a land use area, and a key geographic loc
landmark is identified for use by an enumerator whi
field. A land use area is identified in order to m
efforts from where people are restricted or nonexis
location is identified in order to more accurately
place of work or place of residence. TIGER/Line™ f
cartographic landmarks or land use areas, if identi
area, but not key geographic locations.

Landmark With Category Unknown:
Source materials do not allow determination of the
This code should not, under most circumstances, be
materials usually provide enough information to det
category.

CFCC Description

D00 Landmark, major and minor categories unkno

Military Installation:

Base, yard, or depot used by any of the armed force
Guard

CFCC Description

D10 Military installation or reservation, majo
used alone

Multihousehold or Transient Quarters:
CFCC Description
D20 Multihousehold or transient quarters, majo
alone when the minor category could not be

D21 Apartment building or complex
D22 Rooming or boarding house
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D23 Trailer court or mobile home park

D24 Marina

D25 Crew of vessel

D26 Housing facility for workers

D27 Hotel, motel, resort, spa, YMCA, or YWCA
D28 Campground

D29 Shelter or mission

Custodial Facility:

This major category is for an institution that main
caretakers, and so forth to preserve the welfare of
resident in the facility.

CFCC Description

D30 Custodial facility, major category used al
minor category could not be determined

D31 Hospital

D32 Halfway house

D33 Nursing home, retirement home, or home for

D34 County home or poor farm

D35 Orphanage

D36 Jail or detention center

D37 Federal penitentiary, State prison, or pri

Educational or Religious Institution:
CFCC Description

D40 Educational or religious institution, majo
alone when the minor category could not be

D41 Sorority or fraternity

D42 Convent or monastery

D43 Educational institution, including academy
college, and university

D44 Religious institution, including church, s
seminary, temple, and mosque

Transportation Terminal:

The facility where transportation equipment is stor
travel on the transportation system, or the intermo
between transportation systems.

CFCC Description

D50 Transportation terminal, major category us
the minor category could not be determined

D51 Airport or airfield

D52 Train station

D53 Bus terminal

D54 Marine terminal

D55 Seaplane anchorage

Employment Center:
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This major category is for a location with high den
CFCC Description

D60 Employment center, major category used alo
minor category could not be determined

D61 Shopping center or major retail center

D62 Industrial building or industrial park

D63 Office building or office park

D64 Amusement center

D65 Government center

D66 Other employment center

Tower:
CFCC Description

D70 Tower, major category used alone when the
category could not be determined
D71 Lookout tower

Open Space:

This major category contains areas of open space wi
with inhabitants restricted to known sites within t

CFCC Description

D80 Open space, major category used alone when
category could not be determined

D81 Golf course

D82 Cemetery

D83 National park or forest

D84 Other Federal land

D85 State or local park or forest

Special Purpose Landmark:

Use this category for landmarks not otherwise class
CFCC Description
D90 Special purpose landmark, major category u

when the minor category could not be deter

D91 Post office box ZIP Code(R)

Feature Class E, Physical Feature

Physical Feature With Category Unknown:

Source materials do not allow determination of the

category. This code should not, under most circums

the source materials usually provide enough informa

major category.

CFCC Description
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EO0 Physical feature, tangible but not transpo
hydrographic. The major and minor categor
unknown.

Fence:
This major category describes a fence that separate
For example, a fence around a military reservation

reservation from civilian land, thus, a fence line
marked by a fence.

CFCC Description

E10 Fence line locating a visible and permanen
between separately identified property

Topographic Feature:
This category refers to topographical features that
boundaries or as a reference for an area. The Cens
contains topographic features used to define the li
entities in locations where no other visible featur
CFCC Description
E20 Topographic feature, major category used w
category could not be determined
E21 Ridge line, the line of highest elevation
mountain

E22 Mountain peak, the point of highest elevat
mountain

Feature Class F, Nonvisible Features

Definition Applicable to Nonvisible Features
Nonvisible features are used to delimit tabulation
areas, and legal and administrative entities. The
separately identifies nonvisible boundaries only wh

visible feature such as a road, stream, or ridge li

Nonvisible Boundary With Classification Unknown or
Classified:

CFCC Description
FOO Nonvisible boundary, major and minor categ
Nonvisible Legal or Administrative Boundary:

This major category refers to nonvisible boundaries
administrative areas.

CFCC Description

F10 Nonvisible jurisdictional boundary of a le

93

rtation or
ies are

S property.
or prison separates the
is a property line

t fence

may be used as
us TIGER data base
mits of statistical
e could be identified.

hen the minor
of a linear

ion of a

entities, property
Census Bureau

en they do not follow a
ne.

Not Elsewhere

ories unknown

of legal or

gal or



administrative entity, major category used
category could not be determined
F11 Offset boundary of a legal or administrati
F12 Corridor boundary of a legal or administra
F13 Interpolated boundary of a legal or admini
used for closure through hydrological area
F14 Superseded legal or administrative boundar
F15 Superseded legal or administrative boundar
through post census process

Nonvisible Features for Data Base Topology:

This category contains various types of nonvisible
the topology in the Census TIGER data base.

CFCC Description

F20 Nonvisible feature for data base topology,
used when the minor category could not be

F21 Automated feature extension to lengthen ex
feature

F22 Irregular feature extension, determined ma
lengthen existing physical feature

F23 Closure extension to complete data base to
closure between extremely close features (
small gaps between complete chains and cre
to improve block labeling on cartographic

CFCC Description
F24 Nonvisible separation line used with offse
corridor boundaries
F25 Nonvisible centerline of area enclosed by
boundary
Point-to-Point Line:
CFCC Description
F30 Point-to-point line, follows a line of sig
not cross any visible feature, for example
of a road to a mountain peak.
Property Line:
CFCC Description

F40 Property line, nonvisible boundary of eith
private lands, e.g., a park boundary

ZIP Code(R) Boundary:
CFCC Description

F50 ZIP Code(R) boundary, reserved for future
delineating ZIP Code(R) Tabulation Areas
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Map Edge:

CFCC Description

F60 Map edge, now removed, used during data ba

Nonvisible Statistical Boundary:
CFCC Description

F70 Statistical boundary, major category used
minor category could not be determined

F71 1980 statistical boundary

F72 1990 statistical boundary, used to hold co
tabulation census block boundaries not rep
existing physical features

F73 1990 statistical boundary and extent of la
not classifiable as a physical feature

F74 1990 statistical boundary, used to hold a
census block boundary not represented by a
physical feature

Nonvisible Other Tabulation Boundary:
CFCC Description
F80 Nonvisible other tabulation boundary, majo
used when the minor category could not be
F81 School district tabulation boundary
F82 Special census tabulation boundary
Feature Class H, Hydrography
Basic Hydrography:

This category includes shorelines of all water rega
classification of the water itself.

CFCC Description

HOO Water feature, classification unknown or n
classified

HO1 Shoreline of perennial water feature

HO2 Shoreline of intermittent water feature

Naturally Flowing Water features:
CFCC Description
H10 Stream, major category used when the minor
could not be determined
H11 Perennial stream or river
H12 Intermittent stream, river, or wash
H13 Braided stream or river

Man-Made Channel to Transport Water:
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These features are used for purposes such as transp
or navigation.

CFCC Description

H20 Canal, ditch, or aqueduct, major category
minor category could not be determined

H21 Perennial canal, ditch, or aqueduct

H22 Intermittent canal, ditch, or aqueduct

Inland Body of Water:
CFCC Description
H30 Lake or pond, major category used when the
category could not be determined
H31 Perennial lake or pond
H32 Intermittent lake or pond
Man-Made Body of Water:
CFCC Description
H40 Reservoir, major category used when the mi
could not be determined
H41 Perennial reservoir
H42 Intermittent reservoir
Seaward Body of Water:
CFCC Description
H50 Bay, estuary, gulf, sound, sea, or ocean,
category used when the minor category coul
determined
H51 Bay, estuary, gulf, or sound
H53 Sea or ocean
Body of Water in a Man-Made Excavation:
CFCC Description
H60 Gravel pit or quarry filled with water
Nonvisible Definition Between Water Bodies:
The Census Bureau digitizes nonvisible definition b
named water areas, for instance, an artificial boun
separate a hamed river from the connecting bay.
CFCC Description
H70 Nonvisible water area definition boundary,
separate named water areas and as the majo
when the minor category could not be deter

H71 USGS closure line, used as maritime shorel
H72 Census water center line, computed to use
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positional boundary
H73 Census water boundary, international in wa
12-mile limit, used as area measurement li
H74 Census water boundary, separates inland fr
Great Lakes, used as area measurement line
H75 Census water boundary, separates coastal f
territorial at 3-mile limit, used as area
line
Special Water Feature:
Includes area covered by glaciers or snow fields.
CFCC Description

H80 Special water feature, major category used
minor category could not be determined
H81 Glacier
Feature Class X, Not Yet Classified
Classification Unknown or Not Elsewhere Classified:

CFCC Description

X00 Feature not yet classified
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