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ABSTRACT 

Using data from the prospective Black Women’s Health Study (BWHS; n=18,525), 

the impact of neighborhood walkability on incident diabetes and depressive 

symptomology was assessed. Neighborhood walkability was assessed for BWHS 

participants residing in Chicago, IL, Los Angeles, CA or New York, New York in 

1995, 1997 or 1999 by factor-analyzing 14 components (e.g., sidewalk coverage, 

number/type of intersections, population/housing density) into a single 

continuous measure (“neighborhood walkability”), divided into four categories 

(least walkable, 2nd least walkable, 2nd most walkable, most walkable). Compared 

to women living in a most walkable neighborhood in 1995, women living in a 

least walkable neighborhood had a modestly higher hazard of incident diabetes 

over 16 years of follow-up (IRR=1.06; 95% CI=0.90-1.24) and a higher risk of 

depressive symptomology, using 1999 and 2005 Center for Epidemiologic 
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Studies (CES-D) scores (CES-D≥16: RR=1.02, 95% CI=0.94-1.11; CES-D≥25: 

RR=1.18, 95% CI=1.02-1.37). Associations with incident diabetes were strongest 

among women who resided in a higher SES neighborhood, among the healthiest 

women (lowest body mass index, most frequent vigorous exercise), and when 

follow-up was lagged four or 10 years, while associations with depressive 

symptomology were strongest among women who resided in Los Angeles, who 

engaged in no vigorous activity at baseline, or who averaged less than one per 

hour travelling in a car or bus. Neighborhood walkability and neighborhood 

socioeconomic status (SES) were strongly inversely related; disentangling these 

two aspects is a methodological challenge to assessing the health impact of the 

built environment. In a subset of 3,000 addresses, neighborhood walkability in 

1999 was highly positively correlated (r=0.70) with WalkScore® (a free, publicly-

available measure relying upon walking distances to specified amenities) in 

2012-13. Neighborhood walkability and WalkScore® were both valid measures 

of neighborhood walkability, best gauged using total length of bus routes, 

number of intersections, and total sidewalk length. WalkScore® has the potential 

to serve as a “standard” neighborhood walkability measure, allowing easier 

comparison of the health impact of the built environment across many studies.  
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INTRODUCTION 

     The “built environment” refers to features built or modified by humans, 

including buildings and their grounds; housing form, land use, population 

density, street interconnectedness, and distance between amenities; safe, 

walkable streets (e.g., sidewalks); access to public transportation; and green space 

[1-3]. These features often occur simultaneously: “Places with high density 

usually are well connected, have destinations close by, and are well served by 

infrastructure for walking, bicycling and public transportation…[and the] 

cumulative effects of several environmental attributes may be required to have a 

large effect on behavior” [2, pg. 732]. Thus, more proximate destinations (e.g., 

shopping, work, recreation) and higher population density are thought to 

promote walking over driving, while walkable streets and proximate public 

transportation are thought to increase physical activity generally [1,4].  

     In this thesis, we examine the association between a measure of neighborhood 

walkability and two outcomes: incident diabetes (Study 1) and depressive 

symptoms (Study 2). We also compare this labor-intensive measure, designed for 

epidemiologic research, to a free, publicly-available measure of neighborhood 

walkability (Study 3). 

     In the remainder of this chapter, the analytic study population and data 
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sources are defined, the development of our neighborhood walkability measure 

is described, and the individual- and neighborhood-level variables used in 

Studies 1 and 2 are detailed. Study-specific outcomes and epidemiologic 

methods are detailed in the appropriate sections below. 

 

Study population. The Black Women’s Health Study (BWHS) is an ongoing 

prospective cohort study designed to assess risk factors for a variety of diseases 

in African-American women. In 1995, 59,012 African-American women aged 21–

69 were recruited through questionnaires mailed to subscribers to Essence1, 

members of Black professional organizations, and friends and relatives of 

respondents. BWHS participants are followed biennially by mailed 

questionnaire, and follow-up has averaged over 80% of the original cohort 

through the 2011 questionnaire cycle [5]. All three studies were approved by the 

institutional review board of Boston University, Boston, Massachusetts. 

     Each study used data from BWHS participants residing in the metropolitan 

areas (“cities”) of New York, New York; Chicago, Illinois; and Los Angeles, 

California in 1995, 1997 and/or 1999. The metropolitan areas were defined as the 

geography under the jurisdiction of the relevant Metropolitan Planning 

Organizations, the public bodies responsible for transportation planning. 
                                                           
1 A general readership magazine targeted to African-American women. 
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Neighborhood walkability. Using data from the 2000 U.S. Census, aerial 

photography, road network files and transit maps, BWHS investigators 

quantified 14 aspects of neighborhood form within a 0.5-mile street-network 

buffer around the 1995, 1997 and 1999 home address of each BWHS participant 

residing in the Chicago, IL; Los Angeles, CA; and New York, NY metropolitan 

regions (n=20,293) [6,7]. These participants tended not to live in close proximity, 

so spatial autocorrelation, if any, was minimal [6,7]. For each buffer, the 

following measures (“components”) were calculated: population density 

(persons/acre); net housing density (units/acre); percent land in residential use; 

average block size; total intersections; number of intersections per square mile; 

ratio of 4-way to total intersections; ratio of 3-way to total intersections; total 

length of major roads; shortest distance from residence to subway, train or ferry 

stop; total length of bus routes; percentage of road segments with sidewalks; 

total length of sidewalks; and distance to nearest park (polygons≥5 acres 

categorized as developed and maintained recreation areas). 

     Factor analysis of these components revealed a single factor accounting for 

40% of their total variance, and correlating most highly with total sidewalk 

length (0.91), 3-way intersection ratio (-0.80), 4-way intersection ratio (0.79), total 

intersections (0.79) and total bus route length (0.76). The 14 components were 
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summed, weighted by factor analysis regression coefficients, into a continuous 

measure (“neighborhood walkability”), where a higher score (standard 

deviations [SD] from the mean of 0) indicates a more walkable neighborhood.  

     As detailed below in Study 3, neighborhood walkability is strongly associated 

with WalkScore®, a freely available (www.walkscore.com) integer measure of 

walkability with five ranges: Car Dependent 1 (0-24), Car Dependent 2 (25-49), 

Somewhat Walkable (50-69), Very Walkable (70-89) and Walker’s Paradise (90-

100). Mean neighborhood walkability increases monotonically across these 

ranges (-1.75, -0.81, -0.08, 0.44, 1.302), so consecutive averages were used to 

classify neighborhood walkability into five initial categories: least walkable (<-

1.28), 2nd least walkable (-1.28 to <-0.44), middle walkable (-0.44 to <0.18), 2nd 

most walkable (0.18 to <0.87) and most walkable (≥0.87). However, few-to-no 

Chicago or Los Angeles cases came from a most walkable neighborhood in 

Studies 1 and 2, so the latter two categories were collapsed. Thus, the exposure 

categories used in these studies were least walkable (<-1.28), 2nd least walkable (-

1.28 to <-0.44), 2nd most walkable (-0.44 to <0.18), and most walkable (≥0.18). 

      There are clear differences between the four categories of neighborhood 

walkability (see Appendix I for more details). With increasing walkability come 

                                                           
2 See Study 3 for data sources. 

http://www.walkscore.com/
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more intersections (in a similarly-sized geographic area), and many more of them 

are four-way—providing more paths for residents to walk. As walkability 

increases, block size decreases sharply, while the total length of major roads and 

sidewalks increases (as does the percentage of streets with sidewalks, from just 

over half to just under 100%), also creating more walking paths. Population and 

housing density are eight times higher, on average, in most walkable 

neighborhoods than in least walkable neighborhoods. Only 41% of land is in 

residential use in least walkable neighborhoods, compared to 64% in most 

walkable neighborhoods; the nearest park is much closer in most walkable 

neighborhoods than in least walkable neighborhoods. Finally, because the length 

of public transit routes increases with walkability, the distance to the nearest 

public transit drops 85% from least to most walkable. Within each of Chicago, 

Los Angeles and NYC, respectively, the median least walkable addresses (by zip 

code) are 60605 (Aurora, IL), 90310-1908 (Santa Clarita, CA) and 11937-5910 (East 

Hampton, NY), while the median most walkable addresses (by zip code) are 

60619 (about ½ mile southwest of The Loop, Chicago, IL), 90806-4941 (Long 

Beach, CA) and 10474-7213 (Hunts Point in The Bronx, NYC). 
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Individual-level covariates. Data on age, employment status, education level, 

marital status, parity, childcare responsibilities, smoking status, prevalent 

chronic disease, alcoholic beverage consumption, weight and height, and time 

spent walking, sitting in a car or bus, sitting at meals, or watching television, and 

time spent engaging in vigorous exercise were obtained from the baseline 

questionnaire only.  

     Age was years since self-reported date of birth to year of questionnaire. 

Currently employed participants (not retired, unemployed, never employed, 

disabled, homemaker, student) were classified “white collar” 

(professional/technical, manager/administrator) or “not white collar” (all other 

occupations including military). Educational attainment was classified based 

upon completed years of school as “High school graduate or lower” (≤12), “Some 

college” (13-15), or “College graduate or higher” (≥16).  A participant was said to 

have childcare responsibilities if she reported caring for any children in her 

family (own, grandchildren, other family members). Parity was self-reported 

(with a single option for “7 or more”). 

     Selected diagnoses of chronic disease were assessed by self-report. Smoking 

status was self-reported as “current,” “past,” or “never.” Data on weekly 
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alcoholic drink consumption3 were recoded and summed to yield mean alcoholic 

drinks per week in the previous year; self-reported “never” drinkers were 

classified as 0 drinks per week.  

     Categorical data on hours per day walked “at work” or “to or from work” and 

hours per week walked “for exercise” were recoded and summed to yield total 

hours walked per week in the past year (set to “missing” if data for any walking 

type was missing). Participants reported how many hours per day (None, <1, 1-2, 

3-4, 5 or more) over the last year they spent sitting in a car or bus, watching 

television, and sitting at meals. Participants were asked how many times each 

week, on average, over the past year they engaged in “strenuous physical 

activity (such as basketball, swimming, running, aerobics).” Body mass index 

(BMI; km/m2) was calculated using baseline height and weight. Physical activity 

and BMI have been validated in the BWHS [8,9]. 

     Mean daily energy consumption (Kcal/day) and dietary pattern were 

estimated from responses to a 68-item Block National Cancer Institute food 

frequency questionnaire (FFQ) administered to BWHS participants in 1995 [10]. 

FFQ responses were factor-analyzed to generate two dimensions of dietary 

pattern: one labeled “prudent” (higher in fruits, vegetables, whole grain foods, 

                                                           
3 One drink was 12 ounces (beer), 4 ounces (wine/wine cooler) or 1 shot (liquor). 
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poultry, fish) and one labeled “Western” (higher in red meat, sugary desserts, 

high-fat foods, refined grains), with higher scores indicating greater adherence to 

the dietary pattern. 

 

Neighborhood covariates. Data from the 2000 U.S. Census were used to 

characterize the socioeconomic status (SES) of each participant’s census block 

group and to generate the percentage of vacant houses per block group. Six (of 

29) variables selected through factor analysis were combined using regression 

coefficients into a continuous measure of SES: median household income; 

median household value; percentage of households receiving interest, dividends 

or net rental income; percentage of persons aged≥25 with college degrees; 

percentage of employed persons aged≥16 in white collar occupations; percentage 

of families not headed by a single female. Values were SD above or below the 

mean of 0. Block group level crime scores were taken from the Crime Risk 

Database (Applied Geographic Solutions, Inc., Simi Valley, California) [6,7], 

which draws on the FBI Uniform Crime Rate Database on “Part 1” crimes, 

including murder, rape, robbery, assault, burglary, theft, and motor vehicle theft.  
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STUDY 1: NEIGHBORHOOD WALKABILITY AND DIABETES INCIDENCE 

IN THE BLACK WOMEN’S HEALTH STUDY 

 

BACKGROUND 

     Type 2 diabetes (95% of all diabetes cases) is an endocrinological condition in 

which the body is unable to use its own insulin effectively and which, if not 

controlled, can lead to serious health complications (e.g., heart disease, stroke, 

vision loss, kidney failure, and amputation) and death. An estimated 25.8 million 

Americans had been diagnosed with diabetes in 2010 [11]. In 2007, the estimated 

cost of diabetes in the United States was $174 billion [12]. Type 2 diabetes 

prevalence is higher among adult black women (22%) than among adult black 

men (20%), white men (14%) and white women (10%).4 

     Established risk factors for type 2 diabetes include obesity and physical 

inactivity [11]. Studies have consistently shown a link between a neighborhood’s 

built environment and both physical activity level (specifically, walking for 

utility or exercise) [6,13–16] and adiposity [4,7,13–15]: the more “walkable” the 

built environment, the higher the rates of physical activity and the lower the 

prevalence of overweight and obesity.  

     Two cross-sectional studies have linked neighborhood built environment to 

                                                           
4 Using 2007–08 data downloaded and analyzed by Matthew Berger from the National 

Health and Nutrition Examination Survey (NHANES) website 

(http://www.cdc.gov/nchs/nhanes/nhanes_questionnaires.htm). 
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diabetes. Using Behavioral Risk Factor Surveillance System (BRFSS) data, Ewing 

and colleagues [2003; 14] found that residents of a county one standard deviation 

above the mean on a “county sprawl index”5 (higher values indicating lower 

sprawl) had 2.9% (95% CI: -7.0% to 1.4%) lower odds of diabetes than residents 

of a county one standard deviation below the mean. Odds ratios were adjusted 

for gender, age, race/ethnicity, education level, smoking status, and fruit and 

vegetable consumption. Stewart and colleagues [2011; 17] found the odds of 

prevalent diabetes were 3.1 times higher (95% CI: 1.2–7.8) among adult Medicaid 

recipients in South Carolina living in a more rural county relative to those living 

in a less rural county. Odds ratios in this study were adjusted solely for whether 

the county was characterized by “persistent poverty” (at least 20% of residents 

below the federal poverty level in each U.S. Census from 1970 to 2000). 

     The temporal sequence between residence and diabetes cannot be established 

from cross-sectional studies; this is best accomplished with a prospective study. 

The objective of the present study is to assess prospectively the association 

between neighborhood walkability and diabetes incidence (almost exclusively, 

but not limited to, type 2) in the Black Women’s Health Study (BWHS). Previous 

                                                           
5Authors used principal components analysis to combine persons/square mile, % county 

population living in low suburban densities (101–1,499 persons/sq mi), % county 

population living in moderate-high suburban densities (>12,500 persons/sq mi), county 

population/sq mi urban, average block size, % blocks ≤1/100 sq mile. 
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publications from the BWHS have reported positive associations between 

neighborhood walkability and physical activity [6], and negative associations 

between neighborhood walkability and weight gain [7].   

 

MATERIALS AND METHODS 

     Analyses were conducted on BWHS participants living in the cities of 

Chicago, Los Angeles, and NYC in 1995 (n=18,525). Follow-up for this analysis 

began at baseline in 1995 and continued through 2011. We excluded 896 women 

who reported a diagnosis of diabetes at baseline, and an additional 4,103 women 

who were under 30 years of age (n=4,101) or older than 69 years of age (n=2), for 

a final analytic cohort of 13,519 women. Those aged <30 years were excluded to 

avoid including possible cases of type 1 diabetes.  Fifty-nine percent (n=7,939) of 

women contributed 16 years of follow-up, 21% (n=2,877) contributed 10-15 years 

of follow-up, and 20% (n=2,669) contributed less than 10 years of follow-up, for a 

total of 176,734 years of follow-up (mean follow-up = 13.1 years). 

 

Ascertainment of outcomes. A participant was considered to have diabetes at 

baseline if she reported having been told prior to 1995 that she had diabetes (not 
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during pregnancy), reported using any diabetes-related medication(s)6 or 

reported both a diabetes diagnosis and diabetes-related medication(s). A 

participant was considered an incident case of diabetes when she first reported 

on a follow-up questionnaire having been diagnosed with diabetes and/or use of 

diabetes-related medication(s)7. Of 1,919 incident cases of diabetes, 318 (17%) 

were solely derived from self-reported diagnosis and 119 (6%) were derived 

solely from medication use. At first report of diabetes diagnosis, women also 

reported the year of diagnosis; no year was given for first use of diabetes-related 

medications, so the midpoint of two questionnaires was used: the one on which 

first diabetes-related medications use was first reported and the prior one. The 29 

participants with incident cases of diabetes in 1995 (but after baseline) were 

assigned 0.5 years of follow-up. All other participants were assigned years of 

follow-up equal to the number of years between March 1, 1995 and March 1 of 

the year of diagnosis or censoring. 

 

Statistical analysis. Cox proportional hazards (PH) regression was used to 

estimate incidence rate ratios (IRR) for the association between neighborhood 

walkability and incident diabetes; the proportional hazards assumption was 

                                                           
6Questionnaire choices were “Insulin” and “Pills for Diabetes.” 
7Some women reported one without also reporting the other. 
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confirmed through visual inspection of the log-negative log survival curve. 

Trend was assessed by replacing indicator variables for neighborhood 

walkability in Cox PH models with a score variable (least walkable=1, 2nd least 

walkable=2, 2nd most walkable=3, most walkable=4). Global tests of interaction for 

stratified analyses were performed by comparing -2 log likelihoods from Cox PH 

models with and without dummy product terms (exposure*stratum level).   

     The following covariates identified from the literature [6,7,14–17] were also 

measured in the BWHS: city; age; occupational status; education level; smoking 

status; marital status; energy intake; dietary pattern; time spent walking, eating 

meals, watching television, or riding in a car or bus; parity; alcohol consumption; 

presence of chronic disease; and neighborhood-level socioeconomic status (SES), 

crime level and housing vacancies. Source and coding for each of these covariates 

were described in the Introduction. A directed acyclic graph (DAG; Appendix 1) 

was drawn to confirm that each covariate met confounder criteria suggested by 

Rothman and colleagues [18, pp 132–34]. To assess associations of potential 

confounders with neighborhood walkability in this cohort, means and standard 

deviations of continuous covariates were calculated across categories of 

neighborhood walkability, and categorical covariates were cross-tabulated with 

neighborhood walkability categories. To examine whether candidate 
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confounders were risk factors for diabetes among the unexposed, the latter was 

regressed on each candidate confounder using Cox PH models restricted to the 

reference category (“most walkable”) of neighborhood walkability. To help to 

ensure that no confounder was on the causal pathway between baseline 

neighborhood walkability and incident diabetes, only baseline values of each 

candidate confounder were examined. The association between neighborhood 

walkability and incident diabetes was stratified by each potential confounder to 

test for effect modification. Change-in-estimate methods were used to determine 

covariate inclusion in the final adjusted Cox PH models, with a criterion of a 

minimum 5% change in estimated IRR for any level of neighborhood walkability 

relative to “most” walkable. No data were missing for age, alcohol consumption, 

chronic disease prevalence or city; percentage missing for other covariates 

ranged from ≤1% for education level, marital status, parity, smoking status and 

the neighborhood-level values (crime level, housing vacancies, SES) up to 9% for 

weekly hours walked. Analyses used complete cases only.8 

     We hypothesized that residing in a less walkable neighborhood in 1995 would 

result in lower exercise levels and, by extension, higher BMI, leading to a higher 

risk of diabetes. Final Cox PH models were re-run with follow-up beginning in 

                                                           
8Comparisons using various imputation methods for missing data showed no 

differences. 
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1999 and in 2005 to assess lag time effects. To account for exposure 

misclassification resulting from women moving after 1995 to a neighborhood 

with a different walkability level, two versions of the final Cox PH model were 

run. The first was restricted to participants who resided in the same block group 

during their follow-up period (n=6,141). The second used four new exposure 

categories: 1) residing in higher walkability neighborhoods in both 1995 and 1997 

(n=7,373), 2) moving from a higher walkability neighborhood in 1995 to a lower 

walkability one in 1997 (n=223), 3) moving from a lower walkability 

neighborhood in 1995 to a higher walkability one in 1997 (n=281), and 4) residing 

in lower walkability neighborhoods in both 1995 and 1997 (n=3,529). For this 

latter analysis, follow-up began in 1999. 

     All analyses were conducted in SAS 9.3 (SAS Institute, Inc., Cary, NC).  
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RESULTS 

Table 1. BWHS Participant Characteristics by Neighborhood Walkability Category at 

Baseline (1995) 

  Neighborhood Walkability 

Characteristic TOTAL Least 2nd Least 2nd Most Most 

n (%) 13,485 1,624 

(12.0%) 

2,809 

(20.8%) 

3,189 

(23.6%) 

5,863 

(43.5%) 
      

Mean (SD)      

Age (years) 42.6  

(9.2) 

43.0 

(8.9) 

42.9  

(9.2) 

42.8  

(9.3) 

42.4  

(9.2) 

“Prudent” diet scorea 0.15 

 (1.03) 

0.18 

(1.04) 

0.19 

(1.03) 

0.14 

(1.02) 

0.14 

(1.03) 

“Western” diet scoreb -0.04 

(1.00) 

-0.09 

(0.97) 

-0.03 

(1.01) 

-0.03 

(1.01) 

-0.04 

(0.99) 

Energy intake (Kcal/day) 1443.4 

(658.4) 

1414.3 

(626.3) 

1406.4 

(642.4) 

1436.5 

(656.3) 

1473.1 

(674.5) 

BMI 28.1  

(6.4) 

27.3 

(5.8) 

27.8  

(6.1) 

28.1  

(6.3) 

28.4  

(6.7) 
      

Neighborhood housing 

vacancies, % 

5.5  

(4.8) 

4.0  

(4.4) 

3.9  

(3.7) 

5.5  

(4.7) 

6.6  

(5.2) 

Neighborhood crime indexc 135.8 

(125.6) 

62.4 

(81.1) 

107.4 

(122.8) 

164.9 

(141.2) 

153.9 

(117.1) 

Neighborhood SESd 0.08  

(1.00) 

0.86 

(1.01) 

0.35 

(0.94) 

-0.06 

(0.88) 

-0.20 

(0.92) 
      

% with characteristice      

City      

     Chicago 24.0 21.4 21.0 29.9 23.0 

     Los Angeles 24.0 29.1 43.4 30.4 9.8 

     New York City 52.0 49.4 35.6 39.7 67.3 

Employment status      

     Employed, white collar 60.9 68.0 64.5 60.7 57.3 

     Employed, not white collar 34.3 28.0 31.4 34.2 37.5 

     Not employed/not in work 

     force 

2.6 2.3 2.2 2.6 2.8 

Education level      

     High school graduate or 19.2 15.7 15.8 18.8 22.1 
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          lower 

     Some college 34.1 30.5 34.6 36.1 33.8 

     College graduate or higher 46.4 53.6 49.3 44.9 43.8 

Smoking status      

     Current 19.7 15.0 14.5 21.3 22.7 

     Past 23.7 24.4 24.7 23.3 23.3 

     Never 56.5 60.5 60.8 55.3 53.9 

Marital status      

     Married/living as married 41.2 54.5 49.0 40.0 34.4 

     Separated/divorced/ 

          widowed 

30.6 26.7 29.1 31.7 32.3 

     Single 27.0 17.7 21.0 27.5 32.3 

Parity      

     0 births 28.0 24.2 25.3 28.3 30.1 

     1-2 births 49.8 53.4 52.2 48.8 48.1 

     3 or more births 22.1 22.3 22.4 22.7 21.6 

Had chronic diseasef 17.9 15.9 17.8 18.0 18.5 

Alcoholic drinks per week, past 

year 

     

     0 68.6 68.5 70.5 68.7 67.6 

     0.5 to 6.5 24.8 26.0 23.7 24.6 25.1 

     7 or more 6.6 5.4 5.8 6.7 7.3 

Hours walked per week, past 

year 

     

     0 to 6.5 23.2 29.2 28.0 25.0 18.3 

     7 to 20.5 40.3 37.4 38.4 41.0 41.6 

    21 or more 27.0 24.3 23.6 25.3 30.3 

Sitting at daily meals, past year      

     <1 hour/day 51.6 52.4 51.5 52.6 51.0 

     1-2 hours/day 37.6 38.7 38.5 37.0 37.2 

     3 or more hours/day 6.3 5.2 5.4 6.1 7.1 

Sitting in car or bus, past year      

     <1 hour/day 41.8 37.1 41.3 42.2 43.0 

     1-2 hours/day 40.5 43.2 41.4 40.7 39.1 

     3 or more hours/day 15.5 18.1 15.7 15.2 14.9 

Television watching, past year      

     <1 hour/day 11.8 16.3 11.5 11.5 11.0 

     1-2 hours/day 37.1 40.0 41.7 37.0 34.2 

     3 or more hours/day 48.9 41.9 44.7 49.9 52.3 
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BMI category      

     <25 35.5 40.6 36.5 34.6 34.1 

     25-29 32.8 33.1 34.4 33.2 31.9 

     30 or higher 29.2 24.1 26.8 29.7 31.4 

Vigorous exercise, past year      

     0 hours/week 34.8 32.3 33.2 34.8 36.2 

     >0 to 2 hours/week 36.3 38.3 38.1 36.2 34.9 

     3 or more hours/week 24.3 26.4 24.9 24.0 23.6 
aScore range:  -2.61 to 8.64; higher scores indicated greater adherence to this healthier diet. 
bScore range:  -3.22 to 7.57; higher scores indicated greater adherence to this less healthy diet. 
cValue range: 0 to 1204, with a higher value indicating a higher crime level. 
dValue range: -2.61 to 4.71 SD above or below the mean, with higher scores indicating higher 

neighborhood SES. 
eRows may not sum to 100% due to missing values   
fAsthma, cancer, cardiovascular disease, rheumatoid arthritis     

 

 

     A total of 34 women had missing data on at least one neighborhood 

walkability component, so a neighborhood walkability value could not be 

assigned to their 1995 address. Baseline characteristics of the remaining 13,485 

women are shown in Table 1 above.  Just over half (52%) of women lived in 

NYC, with the remainder split evenly between Chicago and Los Angeles. Mean 

age was 42 (SD=9); most women (78%) were between the ages of 30 and 49. 

Nearly all women in the analytic cohort (95%) were employed, with more than 

half (61%) working in a white-collar profession, while 46% were college 

graduates. Nearly three-fourths of women were either married/living as married 

(41%) or formerly married (31%), with half (50%) having borne one or two 

children. Only 20% of women were current smokers, while 56% had never 
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smoked. Fully 69% of women reported having no alcoholic drinks in the past 

year, while only 7% averaged at least one drink per day. Only 18% of women 

reported having asthma, cancer, cardiovascular disease and/or rheumatoid 

arthritis. Average daily energy intake was 1,443 Kcal per day (SD=658), with a 

dietary pattern somewhat more prudent than Western; just over half (52%) of 

women averaged less than one hour per day sitting at meals, while just 6% 

averaged three or more hours. Two-thirds of women (67%) walked at least one 

hour per day on average, with 27% averaging three or more hours per day. By 

contrast, most women averaged either less than one hour per day (42%) or 

between one and two hours per day (40%) sitting in a car or bus. Nearly half of 

women (49%) averaged three or more hours per day watching television, with 

just 12% averaging less than one hour per day. 

     Women resided in neighborhoods averaging 6% vacant housing units, with 

most (77%) residing in a neighborhood with less than 7% vacant housing units. 

The mean crime index of these neighborhoods was 136, with most (77%) residing 

in a neighborhood with a crime index less than 200.  

     At baseline, 35% of women reported no vigorous exercise over the past year, 

while 24% reported engaging in vigorous exercise an average of three or more 
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hours per week. Most women had BMI<25 (36%) or 25≤BMI<30; (33%); mean BMI 

was 28 (SD=6).  

      A plurality of women (43%) lived in a most walkable neighborhood at 

baseline, while just 12% lived in a least walkable neighborhood. On average, 

compared to women who lived in less walkable neighborhoods, women who 

lived in more walkable neighborhoods were younger; had a higher daily energy 

intake and were less inclined to follow a prudent dietary pattern; were less likely 

to be employed in a white collar occupation, have a college education, be 

married/living as married, or have borne at least one child; and were more likely 

to be current smokers and slightly more likely to have a chronic disease. There 

were no discernible differences in alcohol consumption by neighborhood 

walkability. 

     Compared with women who lived in less walkable neighborhoods, women 

who lived in more walkable neighborhoods were more likely to average three or 

more hours daily walking, and less likely to average three or more hours daily 

sitting in a car or bus. However, women who lived in more walkable 

neighborhoods were also more likely to average three or more hours per day 

sitting at meals and/or watching television. 
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     There was a strong association between neighborhood walkability and city: 

67% of the most walkable neighborhoods were in New York City--and only 10% 

in Los Angeles, while 43% of 2nd least walkable neighborhoods (and 29% of least 

walkable neighborhoods) were in Los Angeles. Chicago, meanwhile, had 30% of 

the 2nd most walkable neighborhoods. 

     There was a strong inverse relationship between neighborhood walkability 

and neighborhood SES: most walkable neighborhoods had a mean SES more 

than one standard deviation lower (1.06) than least walkable neighborhoods. The 

Pearson correlation between neighborhood walkability and neighborhood SES 

was -0.31. More walkable neighborhoods also tended to have a higher percentage 

of vacant housing units and a higher crime index than less walkable 

neighborhoods. 

     Women who lived in more walkable neighborhoods in 1995 were somewhat 

less likely to report engaging in vigorous exercise three or more hours per week 

over the past year, and somewhat more likely to report no vigorous exercise, 

than women who lived in less walkable neighborhoods. Women who lived in 

more walkable neighborhoods in 1995 were less likely to have BMI<25 and more 

likely to have BMI≥30. 
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Table 2: Association Between 1995 Neighborhood Walkability and Incident Diabetes, 

Black Women’s Health Study, 1995-2011 

Exposure 

category 

Person-

years 

follow-up 

Cases Age-Adjusted 

 

Age-

Neighborhood 

SES-City-

Adjusted 

   IRR (95% CI) IRR (95% CI) 

N   13,485 13,412 

Least walkable 21960.5 206 0.78 (0.67, 0.91) 1.06 (0.90, 1.24) 

2nd least walkable 37506.0 378 0.86 (0.76, 0.96) 1.05 (0.92, 1.20) 

2nd most walkable 41357.5 472 0.98 (0.88, 1.10) 1.07 (0.95, 1.20) 

Most walkable 75909.5 863 REF REF 

P for trend   <0.001 0.377 
 

 

     As shown in Table 2 above, there were 1,919 incident diabetes cases in the 

analytic cohort over a total of 176,734 person-years (PY) of follow-up, for an 

incidence rate of 108.6 cases per 10,000 PY. The risk of diabetes (among residents 

of most walkable neighborhood only [reference group]; see Appendix II) 

increased with older age, higher daily energy intake, adhering more to a Western 

than a prudent diet, lower neighborhood SES, living in Chicago (relative to living 

in Los Angeles), having a lower occupational status or education level, being a 

current smoker, consuming at least one alcoholic drink per day (relative to not 

drinking any alcohol), having been formerly married (relative to being married 

currently), having more children, having chronic disease, and spending three or 

more hours daily sitting in a car or bus or watching television (relative to 
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spending less than one hour per day). There were no discernible differences in 

diabetes risk from living in NYC (relative to living in either Chicago or Los 

Angeles), from time spent walking or sitting at meals, or from neighborhood 

housing unit vacancies or crime level. 

     In unadjusted analyses, diabetes incidence increased as neighborhood 

walkability increased (Table 2): from 93.8 cases/10,000 PY in least walkable 

neighborhoods to 114.1 cases/10,000 PY in 2nd most walkable neighborhoods and 

113.7 cases/10,000 PY in most walkable neighborhoods. Age-adjusted diabetes 

incident rates were lower for women residing in a least walkable neighborhood 

(IRR=0.78; 95% confidence interval: 0.67–0.91) and for women residing in a 2nd 

least walkable neighborhood (IRR=0.86; 0.76–0.96), relative to women residing in 

a most walkable neighborhood. Adjusting for age, neighborhood SES and city, 

diabetes incidence rates were modestly higher at every level of neighborhood 

walkability (relative to residing in a most walkable neighborhood). Following 

adjustment for these three covariates, the addition of no other potential 

confounder identified in the DAG changed IRR by more than 2%. Residing in 

any non-most-walkable neighborhood increased diabetes incidence rates slightly 

(IRR=1.06; 0.97-1.18) relative to residing in a most walkable neighborhood. 
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Table 3: Association Between 1995 Neighborhood Walkability and Incident Diabetes, 

Black Women’s Health Study, 1995-2011: By City* 

 Chicago Los Angeles NYC 

Exposure 

category 

Cases/ 

PY 

IRR 

 (95% CI) 

Cases/ 

PY 

IRR  

(95% CI) 

Cases/ 

PY 

IRR 

 (95% CI) 

N  3,224  3,224  6,964 

Least walkable 
45/ 

4728.0 

1.05 

(0.75, 1.47) 

49/ 

6372.0 

0.96 

(0.66, 1.41) 

112/ 

10860.5 

1.12 

(0.90, 1.40) 

2nd least walkable 
70/ 

8066.0 

0.88 

(0.66, 1.16) 

154/ 

16246.5 

1.15 

(0.86, 1.54) 

154/ 

13193.5 

1.09 

(0.90, 1.31) 

2nd most 

walkable 

141/ 

12471.0 

1.04 

(0.84, 1.30) 

132/ 

12599.5 

1.12 

(0.84, 1.50) 

202/ 

16287.0 

1.06 

(0.90, 1.25) 

Most walkable 
201/ 

17546.0 REF 

53/ 

7419.5 REF 

592/ 

50779.0 REF 

P for trend  0.795  0.902  0.216 

P for interaction=0.734 

*Adjusted for age, neighborhood SES 

 

     Diabetes incidence rates were higher in NYC than in Chicago or Los Angeles 

(Table 3). Following adjustment for age and neighborhood SES, women living in 

a 2nd most walkable neighborhood in Chicago still had lower diabetes incidence 

rates than women residing in a most walkable neighborhood. Diabetes incidence 

rates did not differ between Los Angeles residents of a least walkable and a most 

walkable neighborhood, while diabetes incidence rates were higher for women 

living in a 2nd least or 2nd most walkable Los Angeles neighborhood. Diabetes 

incidence rates increased monotonically as neighborhood walkability decreased 

for NYC residents, peaking for women residing in a least walkable NYC 

neighborhood. This hazard increased slightly (IRR=1.14, 0.91–1.44) when most 
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walkable NYC neighborhoods were divided back into two categories9. 

 

Table 4: Association Between 1995 Neighborhood Walkability and Incident 

Diabetes, Black Women’s Health Study, 1995–2011: By Neighborhood SES 

category* 

Exposure 

category Lower SES Middle SES Higher SES 

 Cases/ 

Person-

years 

IRR  

(95% CI) 

Cases/ 

Person-

years 

IRR  

(95% CI) 

Cases/ 

Person-

years 

IRR  

(95% CI) 

n  3,556  6,357  3,533 

Least 

walkable 

19/ 

1372.0 

1.02 

(0.63, 1.64) 

80/ 

7654.5 

0.93 

(0.73, 1.19) 

106/ 

12817.0 

1.15 

(0.86, 1.53) 

2nd least 

walkable 

68/ 

5189.5 

1.02 

(0.78, 1.35) 

198/ 

18563.5 

0.99 

(0.83, 1.18) 

111/ 

13511.0 

1.20 

(0.89, 1.60) 

2nd most 

walkable 

170/ 

10883.5 

1.20 

(0.99, 1.45) 

227/ 

21081.5 

0.96 

(0.82, 1.14) 

72/ 

9075.5 

1.19 

(0.86, 1.64) 

Most 

walkable 

363/ 

26896.0 REF 

413/ 

35678.5 REF 

84/ 

12547.0 REF 

P for 

trend  0.390  0.663  0.378 

P for interaction=0.578 

*Adjusted for age and city 

  

     Women residing in a higher SES neighborhood (>0.60) at baseline had 

increased incidence rates for diabetes if they lived in a non-most-walkable 

neighborhood (Table 4). There was no material association between 

neighborhood walkability and incident diabetes among women residing in a 

lower (<-0.60) or middle SES, except for an increased incidence of diabetes for 

                                                           
9P for trend=0.158 
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women residing in a middle SES and 2nd most walkable neighborhood (relative 

to a middle SES most walkable neighborhood).  

 

Table 5: Association Between 1995 Neighborhood Walkability and Incident 

Diabetes, Black Women’s Health Study, 1995–2011: By BMI category* 

Exposure 

category BMI<25 25≤BMI<30 BMI≥30 

 Cases/ 

Person-

years 

IRR  

(95% CI) 

Cases/ 

Person-

years 

IRR  

(95% CI) 

Cases/ 

Person-

years 

IRR  

(95% CI) 

N  4,764  4,408  3,909 

Least 

walkable 

37/ 

9246.0 

1.50 

(0.98, 2.28) 

69/ 

7283.5 

0.95 

(0.71, 1.26) 

97/ 

4858.0 

1.04 

(0.82, 1.31) 

2nd least 

walkable 

38/ 

14408.5 

0.97 

(0.65, 1.46) 

145/ 

12864.0 

1.07 

(0.86, 1.33) 

191/ 

9247.5 

1.03 

(0.86, 1.23) 

2nd most 

walkable 

61/ 

15196.5 

1.28 

(0.91, 1.80) 

154/ 

13696.5 

1.02 

(0.84, 1.26) 

243/ 

11333.5 

1.02 

(0.87, 1.20) 

Most 

walkable 

89/ 

27402.5 REF 

274/ 

24497.5 REF 

479/ 

21883.0 REF 

P for 

trend  0.170  0.968  0.718 

P for interaction=0.456 

*Adjusted for age, neighborhood SES and city 
 

     Next, we stratified associations by baseline BMI (Table 5) and baseline 

vigorous exercise (Table 6). For women with BMI<25, there was a substantial, 

though not statistically significant, increase in incidence rates for diabetes for 

women residing in a least walkable or 2nd most walkable neighborhood. There 

was no material association between neighborhood walkability and incident 

diabetes among women with BMI≥25.  
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Table 6: Association Between 1995 Neighborhood Walkability and Incident Diabetes, 

Black Women’s Health Study, 1995–2011: By Vigorous Exercise category* 

Exposure 

category 

0 hours/week >0 to 2 hours/week ≥3 hours/week 

 Cases/ 

Person-

years 

IRR 

 (95% CI) 

Cases/ 

Person-

years 

IRR 

 (95% CI) 

Cases/ 

Person-

years 

IRR  

(95% CI) 

n  4,663  4,873  3,263 

Least 

walkable 

83/ 

6723.5 

1.00 

(0.77, 1.29) 

63/ 

8681.5 

0.86 

(0.64, 1.15) 

52/ 

5890.5 

1.76 

(1.24, 2.51) 

2nd least 

walkable 

157/ 

11934.5 

0.96 

(0.79, 1.18) 

142/ 

14444.0 

1.16 

(0.93, 1.45) 

63/ 

9642.0 

1.12 

(0.81, 1.55) 

2nd most 

walkable 

208/ 

13698.5 

1.04 

(0.88, 1.24) 

170/ 

15427.0 

1.17 

(0.96, 1.43) 

70/ 

10252.0 

1.00 

(0.74, 1.35) 

Most 

walkable 

404/ 

26220.5 REF 

274/ 

27044.5 REF 

132/ 

18652.0 REF 

P for 

trend  0.870  0.909  0.008 

P for interaction=0.096 

*Adjusted for age, neighborhood SES, city 
 

 

     There was little-to-no association between neighborhood walkability and 

incident diabetes among women who engaged in no vigorous activity at baseline 

(Table 6). Among women who engaged in vigorous exercise up to two hours per 

week, there was a decrease in diabetes incidence rates for women residing in a 

least walkable neighborhood, while there was an increase for women living in a 

2nd least or 2nd most walkable neighborhood. There was a strong, monotonically 

increasing, association between neighborhood walkability and incident diabetes 

among women who engaged in at least three hours per week of vigorous 

exercise: from no increase in hazard (residing in a 2nd most walkable 
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neighborhood) to a modest increase (2nd least walkable) to a substantial increase 

(least walkable), relative to residing in a most walkable neighborhood. 

 
Table 7: Association Between 1995 Neighborhood Walkability and Incident Diabetes, 

Black Women’s Health Study, 1995–2011: By joint BMI-Vigorous Exercise category* 

Exposure 

category BMI<25 and ≥3 hours/week BMI≥30 and 0 hours/week 

 Cases/ 

Person-years IRR (95% CI) 

Cases/ 

Person-years IRR (95% CI) 

n  1,513  1,728 

Least 

walkable 

12/ 

3218.0 

3.05 

(1.27, 7.35) 

47/ 

1943./5 

1.05 

(0.75, 1.46) 

2nd least 

walkable 

7/ 

4746.0 

1.04 

(0.40, 2.72) 

84/ 

3982.0 

0.92 

(0.70, 1.21) 

2nd most 

walkable 

10/ 

4782.0 

1.27 

(0.55, 2.94) 

123/ 

4836.0 

1.10 

(0.87, 1.38) 

Most 

walkable 

14/ 

8665.0 REF 

239/ 

9529.5 REF 

P for 

trend  0.041  0.921 

*Adjusted for age, neighborhood SES, city 

 

     Among women with BMI<25 at baseline who engaged in at least three hours 

of vigorous activity per week (20.1 cases/10,000 PY; Table 7), there was a three-

fold increase (IRR=3.05; 1.27–7.35) in the incidence rate for diabetes among 

women residing in a least walkable neighborhood, based on small numbers. By 

contrast, no association between neighborhood walkability and incident diabetes 

among women with BMI≥30 who engaged in no vigorous activity was discerned. 
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Table 8: Association Between 1995 Neighborhood Walkability and Incident Diabetes, 

Black Women’s Health Study, 1995–2011: Follow-up starting in 1999 and 2005* 

Exposure 

category Follow-up starts 1999 Follow-up starts 2005 

 Cases/ 

Person-years IRR (95% CI) 

Cases/ 

Person-years IRR (95% CI) 

n  12,581  10,688 

Least 

walkable 

174/ 

21763.0 

1.08 

(0.90, 1.28) 

95/ 

20494.0 

1.13 

(0.89, 1.45) 

2nd least 

walkable 

302/ 

37093.0 

1.02 

(0.88, 1.17) 

169/ 

34799.0 

1.12 

(0.92, 1.36) 

2nd most 

walkable 

397/ 

40874.0 

1.09 

(0.96, 1.24) 

214 

37814.0 

1.20 

(1.01, 1.44) 

Most 

walkable 

707/ 

74857.0 REF 

346/ 

69300.0 REF 

P for 

trend  0.490  0.207 

 *Adjusted for age, neighborhood SES, city 

 

     The effect of neighborhood walkability on diabetes incidence might not be 

observable for a few years after baseline due to the potentially long induction 

and/or latency periods for diabetes. Final Cox PH models were thus re-estimated 

with follow-up starting in 1999 (90.5 cases/10,000 PY; Table 8) and in 2005 (50.7 

cases/10,000 PY; Table 8). When follow-up was lagged four years, there was a 

slight increase in diabetes incidence rates for women residing in a least or 2nd 

most walkable neighborhood. When follow-up was lagged 10 years, however, 

there was a larger increase in diabetes incidence rates for women residing in both 



 

30 

a least walkable neighborhood and a 2nd least walkable neighborhood, with an 

even larger increase for women residing in a 2nd most walkable neighborhood. 

 
Table 9: Association Between 1995 Neighborhood Walkability and Incident Diabetes, 

Black Women’s Health Study, 1995–2011: By moving status* 

Exposure 

category Did not move during follow-up Moved at least once during follow-up 

 Cases/ 

Person-years IRR (95% CI) 

Cases/ 

Person-years IRR (95% CI) 

n  6,107  6,523 

Least 

walkable 

109/ 

8501.0 

0.98 

(0.78, 1.22) 

85/ 

12070.5 

1.24 

(0.96, 1.62) 

2nd least 

walkable 

227/ 

15143.0 

1.05 

(0.89, 1.24) 

130/ 

19717.5 

1.08 

(0.86, 1.35) 

2nd most 

walkable 

272/ 

17056.0 

1.03 

(0.88, 1.20) 

174/ 

22006.5 

1.14 

(0.94, 1.39) 

Most 

walkable 

519/ 

31120.5 REF 

289/ 

39794.0 REF 

P for 

trend 

 

0.831  0.136 

P for interaction=0.910 

*Adjusted for age, neighborhood SES, city 

 

     To assess the possible impact on diabetes incidence of moving away from 

baseline neighborhood of residence, associations were stratified by whether or 

not a woman moved from her census block group of residence during her 

follow-up period (Table 9). We were able to identify census block group of 

residence through 2009 for 94% of women.  
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     For women who resided in the same block group throughout their follow-up, 

there was a very slight attenuation of estimated IRR (compared to those from the 

entire analytic cohort). However, there was a strong association between baseline 

neighborhood walkability and incident diabetes for women who moved to a 

different block group at least once during her follow-up period, ranging from 

women residing in a 2nd least walkable neighborhood (IRR=1.08; 0.86–1.35) up to 

women residing in a least walkable neighborhood (IRR=1.24; 0.96–1.62). 

     We also examined the impact on diabetes incidence of changing neighborhood 

walkability level between 1995 and 1997. For this analysis, “lower walkability” 

means residing in either a least or a 2nd least walkable neighborhood, and “higher 

walkability” means residing in either a 2nd most or a most walkable 

neighborhood. A total of 11,406 women had walkability information in both 1995 

and 1997, of whom only 504 (4%) changed walkability.  

     Relative to women who lived in a higher walkability neighborhood in both 

1995 and 1997 (Table 10), there was essentially no difference in diabetes incidence 

rates for women who lived in a lower walkability neighborhood in both 1995 and 

1997. By contrast, compared to women who lived in a higher walkability 

neighborhood in 1995 and 1997, women who moved to a higher walkability 
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neighborhood had a higher diabetes incidence rate (IRR=1.15; 0.82–1.60), as did 

women who moved to a lower walkability neighborhood (IRR=1.15; 0.78–1.68). 

 
Table 10: Association Between Neighborhood Walkability and Incident Diabetes, Black 

Women’s Health Study, 1999-2011: High/Low Walkability in 1995 and 1997* 

Exposure category Cases/Person-years IRR (95% CI) 

n  11,041 

Lower walkability in 1995/Lower 

walkability in 1997 

401/ 

48695.0 

1.00 

(0.88, 1.13) 

Lower walkability in 1995/Higher 

walkability in 1997 

36/ 

3757.0 

1.15 

(0.82, 1.60) 

Higher walkability in 1995/Lower 

walkability in 1997 

27/ 

3012.0 

1.15 

(0.78, 1.68) 

Higher walkability in 1995/Higher 

walkability in 1997 

942 

98820.0 REF 

P for trend  0.940 

*Adjusted for age, neighborhood SES, city 

 

DISCUSSION 

     In this large, geographically-diverse prospective study of urban and suburban 

black women, lower neighborhood walkability was associated with a modestly 

increased incidence of diabetes, following adjustment for age, neighborhood SES, 

and city.  This increase was slightly higher among residents of NYC at baseline, 

with no consistent pattern in Los Angeles. There was a decreased diabetes 

incidence rate among residents of 2nd least walkable neighborhoods in Chicago. 

     The inverse association between neighborhood walkability and incident 

diabetes was stronger among women who resided in a higher SES neighborhood, 
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as well as among women who had BMI<25 or ≥3 hours/week of vigorous exercise 

at baseline, with a three-fold increase in diabetes incidence rates among women 

who had BMI<25 and ≥3 hour/week of vigorous exercise who lived in least 

walkable neighborhoods, although the paucity of exposed cases (n=12) makes 

IRR estimates highly imprecise for this subpopulation. Still, the association 

between neighborhood walkability and incident diabetes was strongest among 

women with the lowest risk of incident diabetes at baseline. By contrast, there 

was no association among women with the highest risk of incident diabetes at 

baseline (BMI>30 and no vigorous exercise), suggesting it may take more than 

reconfiguring residential neighborhoods to alter the individual-level behaviors of 

these women. 

     While modest, IRR estimates were precise. As seen in Table 2, study data were 

compatible with a narrow range of effect of decreasing neighborhood 

walkability, from a very slight, 5–10% decrease in diabetes incidence up to a 

stronger, 20–24% increase in diabetes incidence, with 95% confidence.  

     To the best of our knowledge, this is the first prospective study of the 

association between neighborhood walkability and incident diabetes. Our results 

are consistent with those from a cross-sectional study by Ewing and colleagues 

[2003; 14] which found that residing in a county 1 SD more sprawling than the 
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mean increased diabetes odds 2.9% relative to a county 1 SD less sprawling than 

the mean. Another cross-sectional study [17] found a much stronger 

association—prevalence odds of diabetes were 3.1 times higher among adult 

Medicaid recipients in South Carolina living in a more rural county relative to 

those living in less rural county, after adjusting for persistent poverty—although 

the two exposures are not strictly comparable. 

     Major strengths of this study were its prospective nature, enabling us to 

establish a clear temporal relation between neighborhood walkability and 

incident diabetes; a lengthy period of follow-up, which both increased the 

number of incident cases and allowed us to test etiologically relevant time frames 

for incident diabetes relative to neighborhood walkability; large study size, 

increasing the precision of IRR estimates; geographic scope, including a wide 

range of suburban and urban areas; a focus on black women, who have been 

understudied with respect to the health impact of the built environment; and the 

ability to control for numerous individual- and neighborhood-level covariates 

identified as potential confounders of the association between neighborhood 

walkability and incident diabetes.   

     Even using a less restrictive 5% change-in-estimate criterion, only three of 18 

potential confounders—age, city and neighborhood SES—were included in final 
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Cox PH models; only neighborhood SES changed IRR estimates by the more 

traditional 10% or more. In essence, neighborhood SES “drowned out” all but 

two potential confounders10. Moreover, adjustment for these variables actually 

shifted IRR estimates across the null, underlining just how strongly 

neighborhood walkability and SES are inversely entangled. This becomes even 

more apparent when examining exposure prevalence within strata of SES: 

among women living in a lower SES neighborhood at baseline (<-0.60 SD), just 

3% lived in a least walkable neighborhood, while 58% lived in a most walkable 

neighborhood. However, among women living in a higher SES neighborhood 

(>0.60 SD), 27% lived in a least walkable neighborhood, while 24% lived in a 

most walkable neighborhood.  This exposure prevalence imbalance may be why 

associations were essentially null in the lower and middle neighborhood SES 

strata and stronger in the high neighborhood SES stratum. 

     This study had several limitations worth considering. A number of potential 

confounding factors suggested in the literature [6,7,14–17] were unavailable in 

the BWHS, including frequency of fast food consumption and daily distance 

walked, although dietary pattern and weekly hours walked likely were 

                                                           
10A Cox PH model adjusting for all 18 candidate confounders had nearly identical IRR 

(with slightly wider 95% CI) for neighborhood walkability category as the Cox PH 

model adjusting only for age, city and neighborhood SES. 
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reasonable proxies. Residual confounding due to as-yet-unknown factors is a 

possible limitation in all observational studies. However, formulas developed by 

Greenland [19]11 suggest that if the entire adjusted association (IRR~1.06) was the 

product of bias from a single unmeasured confounder, it would have to either 1) 

have an odds ratio (OR) of 1.6-2.0 with both neighborhood walkability AND 

incident disease, or 2) be weakly associated (1.0<OR<1.1) with either the 

exposure (neighborhood walkability) or the outcome (incident diabetes) while 

being extremely strongly associated (OR>18.0) with the other. It is difficult, 

though not impossible, to envision an as-yet-unknown confounder meeting such 

stringent criteria. Of perhaps greater concern is possible misclassification of the 

confounders themselves, although removing all confounder misclassification 

would likely have attenuated already very modest associations further to the 

null. 

     There were multiple sources of exposure misclassification in this study. The 

first was the inability to determine how long a woman had lived at her baseline 

address. If the impact of walkability is cumulative, then a woman who had only 

                                                           
11Calculations assume confounder prevalence among most walkable neighborhood 

residents without incident diabetes is between 10 and 90%. A prevalence of 50% would 

require the lowest OR between confounder and exposure/outcome, with ORs increasing 

as you move further from 50% in either direction. 
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just moved to her address at baseline would have a different “exposure level” 

than a woman who had moved to the same address years earlier.  

     A second, related source of exposure misclassification was not having 

neighborhood walkability assigned to an address after 1999. However, of those 

women who moved between 1995 and 1999, 68% moved among neighborhoods 

of similar walkability [7]. The association between neighborhood walkability and 

incident diabetes was close to null among women who did not move during 

their follow-up period, while women who moved at least once had increased 

diabetes incidence rates if they lived in a less walkable neighborhood at baseline. 

Women who changed neighborhood walkability level between 1995 and 1997, 

regardless of direction, also had increased diabetes hazard relative to women 

who did not change walkability level. Women who moved during follow-up 

were younger (mean age 40 vs. 45) and less likely to have chronic disease (16% 

vs. 20%), not surprising given the physical rigors of moving. The increased 

incidence of diabetes from residing in a less walkable neighborhood was thus 

strongest for younger, healthier, more active women, and nearly non-existent for 

older, less healthy, inactive women. 

     A third source of exposure misclassification was inaccurate measurement of 

one or more walkability components for a given address (e.g., aerial 
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photographs) [6]. A related issue is that factor loadings differed by city, as 

detailed in Study 3 below (Table 28), which could have led to over- or 

understatement of true neighborhood walkability within each city. 

     Finally, collapsing our continuous walkability measure into discrete categories 

could have resulted in differential exposure misclassification relative to the 

outcome [20] if both the probability of incident diabetes and the probability of 

exposure misclassification varied with underlying true exposure level; the 

resulting bias in the measure of association would be hard to predict. Exposure 

categories themselves may have been problematic, if differences in risk exist 

within them but not between them; using external information to construct 

categories, as we did with WalkScore®, is one good way to avoid insufficient 

difference in exposure levels relative to outcome risk [18, pg. 304]. The 

association between neighborhood walkability and incident diabetes was in fact 

strongest in NYC, which also had the highest neighborhood walkability variance 

(SD=1.2 vs. 0.8 in Chicago, Los Angeles). And when most walkable 

neighborhoods in NYC were divided, the IRR for least walkable relative to most 

walkable increased slightly.  

     This study utilized self-reported diabetes diagnosis, which may result in 

significant outcome misclassification. In a validation study of 227 BWHS 
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participants who met the case definition of diabetes, 96% had their diagnosis 

confirmed by a physician. One study [21] of U.S. adults found that up to 38% of 

prevalent type 2 diabetes is undiagnosed (although 88% of undiagnosed cases of 

diabetes will likely be diagnosed within 7 years [22] and nearly all cases 

diagnosed within 12 years [23]). Margolis and colleagues (2008), meanwhile, 

found 77% concordance between self-reported diagnosis of “treated diabetes” 

and having at least one diabetes-related medication in a medication inventory 

[22]. Still, 62% sensitivity and 77% predicted value positive (PVP), with 14% 

cumulative incidence would yield an outcome specificity of 96% for the 13,485 

women in this study.      

     Neighborhood walkability was derived from sources (public data linked to 

participant addresses) other than the biennial BWHS questionnaires, from which 

the outcome, diabetes incidence, was derived. Using separate sources for 

exposure and outcome greatly reduced the likelihood of dependent 

misclassification, which would have biased IRR away from the null [24].  

     We used algebraic methods [18, pp. 353-55] to attempt to quantify bias in IRR 

estimates resulting from exposure or outcome misclassification, assuming non-

differential exposure or outcome sensitivity and specificity were as low as 80%12. 

                                                           
12Using standardized morbidity ratios (SMR; risk ratios) calculated across strata of 
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Under these conditions, the “unbiased” IRR would have been 1.25 for exposure 

misclassification and 1.49 for outcome misclassification, suggesting that 

misclassification of diabetes incidence status may have been the larger threat to 

validity in this study. 

     The induction and latency periods for diabetes relevant to neighborhood 

walkability are not known. Given a non-null association, it is possible that the 

etiologically relevant time frame of neighborhood walkability for most incident 

diabetes cases in the first few years of the study was prior to the baseline of the 

study. The fact that the IRRs increased when follow-up was lagged six years 

(excepting possibly misclassified 2nd least walkable neighborhoods), and 

especially when follow-up was lagged 10 years (IRR 1.13-1.22), suggests that an 

effect of neighborhood walkability is more apparent when a longer latency 

period is taken into account. 

     There was 28% loss-to-follow-up (LTFU) over the 16-year study period. LTFU 

increased with neighborhood walkability, from 24% for women living in least 

                                                                                                                                                                             

neighborhood SES: the “misclassified” SMR was 1.07. Given low cell counts, exposure 

sensitivity and specificity could not be set lower than 0.96 in the lower stratum, or to 

0.85 and 0.90, respectively, in the middle stratum. Outcome sensitivity and specificity 

could not be set lower than 0.85 in the lower stratum, lower than 0.87 and 0.85, 

respectively, in the middle stratum, and lower than 0.91 and 0.96, respectively, in the 

higher stratum. When outcome specificity=0.96—estimated from the literature—was 

applied to all strata of neighborhood SES, SMR=1.20. 
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walkable neighborhoods to 29% for women living in most walkable 

neighborhoods. However, application of inverse probability of treatment 

weighting across strata of neighborhood SES yielded no change in SMR, 

suggesting only minimal (if any) bias from differential LTFU. 

     The BWHS represents a wide spectrum of US black women, except the ~15% 

of US black women in the same age cohorts as BWHS participants who are the 

poorest and least educated. Nonetheless, we anticipate that the results of this 

study would be generalizable not only to this latter group of black women, but to 

all people as well.    

     Finally, given the multitude of associations between neighborhood 

walkability and incident diabetes estimated in this study, it is possible that some 

were statistically significant simply by chance. 

     In summary, we found a positive association between lower neighborhood 

walkability and the incidence of diabetes, following adjustment for age, 

neighborhood SES and city, especially after 10 or more years. The deleterious 

effect on diabetes incidence of a less walkable neighborhood was most apparent 

among residents of NYC; women who resided in a higher SES neighborhood; 

women of lower weight who engaged in more frequent vigorous exercise; and 

women who moved, especially if to a new neighborhood walkability level. 
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Additional studies are needed to clarify which neighborhood configurations are 

most strongly associated with increased diabetes incidence. Extending our 

analyses to more exurban and rural locales would allow for wider variation in 

neighborhood walkability. The association of individual walkability components 

with such outcomes as diabetes and depression could be tested and alternate 

ways to combine them assessed. 
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STUDY 2: NEIGHBORHOOD WALKABILITY AND DEPRESSIVE 

SYMPTOMS IN THE BLACK WOMEN’S HEALTH STUDY 

 

BACKGROUND 

 

     Depressive symptoms range from mild, temporary episodes of sadness to 

major depressive disorder (MDD), a psychiatric illness that causes a persistent 

feeling of sadness and loss of interest and which can cause noticeable disruptions 

in daily life [25]. An estimated 21% of the U.S. adult population will experience a 

mood disorder such as MDD in their lifetime; 10% will do so in a given 12-month 

period [26]. MDD is 50% more prevalent in women than in men [26]. Henderson 

and colleagues [2005; 27] found that black women aged 28–40 had higher average 

depressive symptom levels than black men, white men, and white women of 

similar age.  

     While the causes of depressive symptoms are unclear, it often develops 

between the teenage years and the 30s, when underlying genetic, neurologic and 

early childhood (e.g., trauma) conditions can trigger its onset [28]. More 

proximate causes of depressive symptoms include physical inactivity [29] and 

social isolation [29,30]. Studies have consistently shown a link between 

neighborhood walkability and both physical activity level [6,13–16] and social 

isolation [29]: the more “walkable” the neighborhood, the higher the rates of 
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physical activity and social connectivity.  

     Only one study has been published on the association between the built 

environment and depression. In this cross-sectional study of Miami, FL residents, 

Miles and colleagues [2011; 30] found that every 10-unit increase in occupied 

housing units per acre was associated with a reduced mean Center for 

Epidemiologic Studies Depression (CES-D; range=0–60) score of 0.60 units, while 

a similar increase in auto commuter density increased mean CES-D scores by 

0.72 units. In addition, Miami, FL residents in the second (of 3) highest category 

of green acre percentage had a mean CES-D score 0.20 units lower than residents 

with no green acres.13 Mean CES-D scores were adjusted for age, sex, 

race/ethnicity, marital status, disability status, education, employment status, 

and home ownership. Neighborhood walkability may also reduce depressive 

symptoms by increasing physical activity levels. Wise and colleagues [2006; 29] 

found that black women with ≥7 hours of weekly vigorous activity had 25% 

lower odds of high levels of depressive symptoms (CES-D≥16) relative to black 

                                                           
13Not all measures of the impact of built environment on depression/depressive 

symptoms rely upon infrastructure measures. Two published studies defined the built 

environment by residential characteristics. Weich and colleagues [2002; 31] found that 

having most residences built after 1970 increased adjusted odds of CES-D≥16 43% 

relative to having most residences built before 1940. Galea and colleagues [2005; 32] 

found that more problems (e.g., internal water leakage) increased the odds of 6-month 

and lifetime depression 16–64%. A one-SD decrease in the percentage of clean streets 

increased the odds of 6-month depression 38%.  
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women with <7 hours of weekly vigorous activity, while black women with any 

weekly vigorous activity had 24% lower odds of depressive symptoms (CES-

D≥16) than women with no vigorous activity.  

     The temporal sequence between residence and depression cannot be 

established from cross-sectional studies; this is best accomplished with a 

prospective study. The objective of the present study was thus to assess 

prospectively the association between neighborhood walkability and depressive 

symptoms using data from the Black Women’s Health Study (BWHS). Previous 

analyses in BWHS have reported positive associations built environment and 

physical activity [7], and negative associations between physical activity and 

depressive symptoms [29].  

 

MATERIALS AND METHODS 

     Analyses were conducted on BWHS participants who lived in the cities (as 

defined in the Introduction) of Chicago, Los Angeles, and NYC in 1995. Of the 

18,525 women who met the inclusion criteria, we excluded 595 women who 

reported a clinical diagnosis of depression at baseline, for a final analytic cohort 

of 17,930 women.  
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Ascertainment of outcomes. The primary outcome in this study was depressive 

symptoms ascertained by CES-D scores from the 1999 and 2005 BWHS 

questionnaires. The CES-D is an instrument used to assess current depressive 

symptoms during the past week (but not to diagnose depression) in population-

based studies when a structured clinical interview is not feasible [33]. The 

validity and reliability of the CES-D has been documented among African-

American women [34,35]. Scores range from 0–60 (sum of 20 responses scored 0, 

1, 2 or 3), with higher scores indicating more depressive symptomology. 

Previous studies have analyzed CES-D as a continuous measure [29,31] and as 

categories [29,31,36]. Traditionally, a CES-D score of 16 has been the threshold 

for depression [29,31]. However, Craig and van Natta [1976; 37] found that a 

mean CES-D score of 24.4 among patients in a private psychiatric facility was 

strongly positively associated with major depression. Harlow and colleagues 

[1999; 36] thus proposed three categories of CES-D scores (<16, 16–24, ≥25) to 

better delineate the variability of depressive symptoms. In the present study, we 

examined two dichotomies: ≥16 vs. <16 and ≥25 vs. <25. As a sensitivity analysis, 

we also assessed mean CES-D scores and physician-diagnosed incident 

depression that was treated with medication (through 2011), self-reported with 

year of diagnosis on all biennial BWHS questionnaires since 1997. 
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Statistical analysis. Participants could have as many as two, possibly correlated, 

CES-D scores, so mixed effects models were used to estimate association between 

1995 neighborhood walkability and CES-D scores in 1999 and in 2005. Mixed 

effects log-binomial regression (ME log-binomial) was used to estimate the 

association (risk ratio [RR]) with dichotomous CES-D categories (≥16 vs. <16, ≥25 

vs. <25). These models accounted for within-woman correlation of CES-D scores 

using an exchangeable correlation matrix. In sensitivity analyses (main results 

only), mixed effects zero-inflated negative binomial regression (ZINB) was used 

to estimate differences in mean CES-D scores across levels of neighborhood 

walkability, while Cox proportional hazards (PH) regression was used to 

estimate the association (incidence rate ratio [IRR]) between neighborhood 

walkability and incident depression, 1996–2011. Trend was assessed by replacing 

indicator variables for neighborhood walkability in the ME log-binomial models 

with a score variable (least walkable=1, 2nd least walkable=2, 2nd most walkable=3, 

most walkable=4). Global tests of interaction for stratified analyses were 

performed by comparing -2 log likelihoods from ME log-binomial models with 

and without dummy product terms (exposure*stratum level) 14.   

     The following covariates identified from the literature [6,29,30] were also 

                                                           
14PROC GENMOD does not yield -2LogLikelihood; PROC LOGISTIC was used instead.  
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measured in the BWHS: city; age; occupational status; education level; smoking 

status; marital status; energy intake; alcohol consumption; presence of chronic 

disease; childcare responsibilities; and neighborhood-level socioeconomic status 

(SES).  Source and coding for each of these covariates were described in the 

Introduction. A directed acyclic graph (DAG; Appendix III) was drawn to 

confirm that each covariate met confounder criteria suggested by Rothman and 

colleagues [18, pp 132–34]. To assess associations of potential confounders with 

neighborhood walkability in this cohort, means and standard deviations of 

continuous covariates were calculated across neighborhood walkability 

categories, and categorical covariates were cross-tabulated with neighborhood 

walkability categories. To examine whether candidate confounders were risk 

factors for higher depressive symptoms among the unexposed, the latter was 

regressed on each candidate confounder restricted to the reference category 

(“most walkable”) of neighborhood walkability. To help to ensure that no 

confounder was on the causal pathway between baseline neighborhood 

walkability and depressive symptoms, only baseline values of each candidate 

confounder were examined. The association between neighborhood walkability 

and depressive symptoms was stratified by each potential confounder to test for 

effect modification. Tests for trend were performed by entering neighborhood 
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walkability into the ME log-binomial models as a single ordinal categorical 

variable rather than as indicator variables. Statistical interaction was assessed by 

comparing the -2 log likelihoods of models with and without product terms. 

Change-in-estimate methods were used to determine covariate inclusion in final 

ME log-binomial models, with a criterion of a minimum 5% change in estimated 

RR for any level of neighborhood walkability. No data were missing for age, 

alcohol consumption, childcare responsibilities, chronic disease prevalence or 

city; percentage missing for other covariates ranged from ≤1% for education 

level, marital status, and neighborhood SES, up to 8% for daily energy intake. 

Analyses used complete cases only. 15   

     We hypothesized that vigorous physical activity and more time spent sitting 

in a car or bus would enhance the association between 1995 neighborhood 

walkability and depressive symptoms; final ME log-binomial models were thus 

stratified by 1995 vigorous activity level, and by 1995 hours per day spent sitting 

in a car or bus. 

     To account for exposure misclassification resulting from women moving after 

1995 to a neighborhood with a different walkability level, two versions of the 

final ME log-binomial models were run. The first was restricted to participants 

                                                           
15Comparisons using various imputation methods for missing data showed no 

differences. 
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who resided in the same block group prior to CES-D score assessment in 1999 

(n=7,865) and in 2005 (n=4,055). The second used four new exposure categories: 

1) residing in higher walkability neighborhoods in both 1995 and 1997 (n=9,801), 

2) moving from a higher walkability neighborhood in 1995 to a lower walkability 

one in 1997 (n=348), 3) moving from a lower walkability neighborhood in 1995 to 

a higher walkability in 1997 (n=415), and 4) residing in lower walkability 

neighborhoods in both 1995 and 1997 (n=4,312). 

     All analyses were conducted in SAS 9.3 (SAS Institute, Inc., Cary, NC).  

 

RESULTS 

Table 11. BWHS Participant Characteristics by 1995 Neighborhood Walkability 

  Neighborhood Walkability 

Characteristic TOTAL Least  2nd Least 2nd Most Most  

n 
17,886 2,002 

(11.2%) 

3,540 

(19.8%) 

4,142 

(23.2%) 

8,202 

(45.9%) 
      

Mean (SD)      

Age (years) 
39.0 

(11.1) 

40.1 

(10.6) 

39.8 

(11.0) 

39.4 

(11.1) 

38.2 

(11.2) 

Energy intake (Kcal/day) 
1468.6 

(671.3) 

1442.4 

(637.3) 

1422.9 

(654.1) 

1460.4 

(662.0) 

1499.7 

(690.5) 

Body Mass Index (BMI; 

kg/m2) 

27.8  

(6.4) 

27.3  

(6.1) 

27.6  

(6.3) 

28.0  

(6.5) 

28.0  

(6.8) 

Neighborhood SESa 
0.03 

(0.98) 

0.80 

(1.01) 

0.32 

(0.93) 

-0.07 

(0.88) 

-0.23 

(0.91) 
      

% with characteristic      

Cityb      

     Chicago 23.3 22.1 21.8 29.0 21.4 

     Los Angeles 22.6 28.3 41.8 29.6 9.4 
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     New York City 54.1 49.7 36.4 41.4 69.2 

Employment status      

     Employed, white collar 56.9 64.7 60.8 56.8 53.5 

     Employed, not white 

     collar 36.4 29.7 33.8 36.5 39.2 

     Not employed/not in 

     work force 4.5 3.9 3.6 4.3 5.0 

Education level      

     High school graduate or 

     lower 18.5 15.1 14.8 17.8 21.3 

     Some college 35.4 31.7 36.3 37.1 35.0 

     College graduate or 

     higher 45.9 53.0 48.7 44.9 43.4 

Smoking status      

     Current 16.9 12.8 13.2 18.2 18.9 

     Past 20.1 21.8 21.0 20.0 19.4 

     Never 62.8 65.4 65.7 61.7 61.4 

Marital status      

     Married/living as married 37.4 50.9 45.1 36.2 31.3 

     Separated/divorced/    

     widowed 25.0 22.8 24.5 26.2 25.1 

     Single 36.7 25.0 29.6 36.6 42.6 

Had childcare 

responsibilities 43.2 44.8 44.0 40.9 43.7 

Had chronic diseasec 16.7 15.2 16.5 17.0 17.0 

Alcoholic drinks per week, 

past year      

     0 71.0 70.6 72.2 70.7 70.7 

     0.5 to 6.5 23.3 24.8 22.6 23.3 23.3 

     7 or more 5.7 4.6 5.2 6.0 5.9 

BMI category      

     <25 38.0 41.4 38.3 36.6 37.9 

     25-<30 30.7 31.5 32.5 31.5 29.4 

     30 or higher 28.2 24.6 26.5 28.9 29.5 

Vigorous exercise, past year      

     0 hours/week 32.1 30.0 30.5 32.0 33.3 

     >0 to 2 hours/week 37.4 39.1 39.2 37.7 36.1 

     3 or more hours/week 26.4 28.0 26.8 26.1 26.0 

Sitting in car or bus, past 

year      
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     <1 hour/day 40.5 36.7 40.6 40.8 41.3 

     1-2 hours/day 40.9 43.0 41.8 41.6 39.6 

     3 or more hours/day 16.5 18.7 16.1 16.0 16.5 
aValue range: -2.61 to 4.71 SD above or below the mean, with higher scores indicating 

higher neighborhood SES. 
bRows may not sum to 100% due to missing values. 
cAsthma, cancer, cardiovascular disease, rheumatoid arthritis 

  

    A total of 44 women in the analytic cohort could not have a neighborhood 

walkability value assigned to their 1995 address. Baseline characteristics of the 

remaining 17,886 women are detailed in Table 11 above. Just over half (54%) 

lived in NYC, with the remainder split evenly between Chicago and Los Angeles.  

Mean age was 39 (SD=11); most women (59%) were between the ages of 30 and 

49. Women in the analytic cohort tended to be highly professional: fully 96% 

were employed, with more than half (57%) working in a white collar profession, 

while 46% were college graduates. Nearly two-thirds of women were either 

married/living as married (37%) or formerly married (25%), with 43% being 

responsible for the care of at least one child in her family. Only 17% of women 

were current smokers, while 63% had never smoked. Fully 71% of women 

reported having no alcoholic drinks in the past year, while only 6% averaged at 

least one drink per day. Only 17% reported having asthma, cancer, 

cardiovascular disease and/or rheumatoid arthritis. Average daily energy intake 
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was 1,469 Kcal per day (SD=671), with most women having either BMI<25 (38%) 

or 25≤BMI<30 (31%); mean BMI was 28 (SD=6). 

     At baseline, 32% of women reported no vigorous exercise over the past year, 

while 26% reported engaging in vigorous exercise an average of three or more 

hours per week. Only 16% of women spent an average of three or more hours 

per day sitting in a car or bus over the past year, while 40% averaged less than 

one hour per day. 

     Nearly half (46%) of women lived in a most walkable neighborhood, while 

just 11% lived in a least walkable neighborhood. On average, compared to 

women who lived in less walkable neighborhoods, women who lived in more 

walkable neighborhoods were younger; had a higher daily energy intake and 

BMI; were less likely to be employed in a white collar occupation, have a college 

education, be married/living as married, or have childcare responsibilities; and 

were more likely to be current smokers and slightly more likely to have a chronic 

disease. There were no discernible differences in alcohol consumption by 

neighborhood walkability. 

     There was a strong association between neighborhood walkability and city: 

69% of the most walkable neighborhoods were in NYC--and only 9% in Los 

Angeles, while 42% of 2nd least walkable neighborhoods (and 28% of least 
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walkable neighborhoods) were in Los Angeles. Chicago, meanwhile, had 29% of 

the 2nd most walkable neighborhoods. 

     There was a strong inverse relationship between neighborhood walkability 

and neighborhood SES: most walkable neighborhoods had a mean SES more 

than one standard deviation lower (1.03) than least walkable neighborhoods; the 

Pearson correlation between neighborhood walkability and neighborhood SES 

was -0.30. 

     Women who lived in more walkable neighborhoods in 1995 were somewhat 

less likely to report engaging in vigorous exercise three or more hours per week 

over the past year, and somewhat more likely to report no vigorous exercise, 

than women who lived in less walkable neighborhoods. Women residing in less 

walkable neighborhoods were more likely to report averaging three or more 

hours per day sitting in a car or bus over the past year, and were less likely to 

average less than one hour per day doing so.  

          As shown in Table 12 below, 12,707 women had a complete CES-D score in 

1999, as did 9,983 women in 2005. Depressive symptoms decreased over time: the 

percentage of women with CES-D≥16 dropped from 28.0% to 24.9%; the 

percentage of women with CES-D≥25 changed little (10.1% to 9.6%). Depressive 

symptoms increased as neighborhood walkability increased, contrary to 
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expectation, with the highest percentages ≥16 or ≥25 in most walkable 

neighborhoods, and the lowest percentages in 2nd least walkable neighborhoods. 

 

Table 12. 1999 and 2005 CES-D scores by 1995 Neighborhood Walkability 

  Neighborhood Walkability 

Characteristic TOTAL Least 

Walkable 

2nd Least 

Walkable 

2nd Most 

Walkable 

Most 

Walkable 

1999 CES-D score 12,707 1,468 2,614 2,946 5,679 

     n (%) CES-D≥16 
3,554 

(28.0) 

389  

(26.5) 

670 

 (25.6) 

829  

(28.1) 

1,666  

(29.3) 

     n (%) CES-D≥25 
1,285 

(10.1) 

270  

(10.3) 

461  

(8.9) 

595  

(10.2) 

1,163  

(10.6) 

      

2005 CES-D score 9,983 1,174 2,060 2,309 4,440 

     n (%) CES-D≥16 
2,489 

(24.9) 

151  

(23.0) 

233 

 (22.4) 

301  

(25.8) 

600 

(26.2) 

     n (%) CES-D≥25 
955  

(9.6) 

113 

 (9.6) 

171 

 (8.3) 

231 

 (10.0) 

440 

 (9.9) 

 

          Overall, the percentage of women with a physician diagnosis of depression 

increased from 6% in 1999 to 10% in 2005 (Table 13). Women diagnosed with 

depression had higher mean CES-D scores in 1999 (19.3 vs. 11.7) and in 2005 (17.6 

vs. 10.5) than women not so diagnosed. Physician-diagnosed depression also 

increased with CES-D level (Table 14). Only 3% of women in 1999, and 7% of 

women in 2005, with CES-D scores between 0 and 15 had been diagnosed with 

depression. Percentages increased to 8% and 16% for women with CES-D scores 

between 16 and 24, and to 16% and 27% for women with CES-D scores≥25.  
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Table 13. Mean CES-D scores by Depression Status, Black Women’s Health Study 

 1999 2005 

 No Diagnosed 

Depression 

Diagnosed 

Depression* 

No Diagnosed 

Depression 

Diagnosed 

Depression 

N (%) 12,422 (94.4%) 732 (5.6%) 9,282 (89.8%) 1,057 (10.2%) 

Mean 11.7 19.3 10.5 17.6 

SD 9.0 12.0 8.6 11.6 

*Includes women with diagnosed depression at baseline, who were excluded from 

subsequent analyses. 

 
Table 14. Diagnosed Depression by CES-D category, Black Women’s Health Study 

 1999 2005 

 n % with 

Diagnosed 

Depression* 

n % with 

Diagnosed 

Depression 

0-15 9,376 3.4% 7,678 6.8% 

16-24 2,365 7.5% 1,625 15.8% 

25-60 1,413 16.3% 1,036 26.9% 

*Includes women with diagnosed depression at baseline, who were excluded from 

subsequent analyses. 
 

     The risk of having CES-D≥16 or CES-D≥25 (among residents of most walkable 

neighborhoods only [reference group]; see Appendix IV) increased with younger 

age, higher daily energy intake and BMI, lower neighborhood SES, living in 

Chicago or NYC (relative to living in Los Angeles), having a lower occupational 

status or education level, being a current smoker, consuming more alcohol, 

having never married, having childcare responsibilities, and having chronic 

disease. 
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Table 15: Association Between 1995 Neighborhood Walkability and Dichotomous 

1999/2005 CES-D Score, Black Women’s Health Study 

Exposure 

category 

CES-D≥16 vs. CES-D<16  CES-D≥25 vs. CES-D<25  

 

Age-adjusted 

RR (95% CI) 

Fully adjusted* 

 RR (95% CI) 

Age-adjusted  

RR (95% CI) 

Fully adjusted  

RR (95% CI) 

n 22,751 22,619 22,751 22,619 

Least walkable 
0.92 

 (0.85, 1.00) 

1.02 

 (0.94, 1.11) 

1.03 

 (0.89, 1.19) 

1.18 

 (1.02, 1.37) 

2nd least 

walkable 

0.90 

 (0.84, 0.96) 

0.95 

 (0.89, 1.02) 

0.90 

 (0.80, 1.01) 

0.96 

 (0.85, 1.09) 

2nd most 

walkable 

0.99 

 (0.93, 1.05) 

1.01 

 (0.95, 1.06) 

1.02 

 (0.92, 1.14) 

1.05 

 (0.94, 1.17) 

Most walkable REF REF REF REF 

P for trend <0.0001 0.628 0.098 0.187 

*Adjusted for age, neighborhood SES, marital status  

     In ME log-binomial models adjusted for age only (Table 15), compared with 

residents of most walkable neighborhoods, the risk of CES-D≥16 was reduced 

among residents of less walkable neighborhoods (RR for least walkable=0.92; 

95% CI=0.85–1.00; RR for 2nd least walkable=0.90; 95% CI 0.84–0.96). For the 

higher cutoff point of CES-D≥25, the RR was reduced in the 2nd least walkable 

neighborhoods (OR=0.90; 0.80–1.01). The within-women correlation was 0.37 for 

the outcome of CES-D≥16 and 0.30 for the outcome of CES-D≥25. Following 

further adjustment for neighborhood SES and marital status, the inverse 

association between walkability and CES-D≥16 was attenuated. Following 

adjustment for age, neighborhood SES and marital status, the addition of no 

other potential confounder identified in the DAG changed RR by more than 2%. 
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For the higher CES-D score (≥25), the RR in the least walkable neighborhoods 

was 1.18 (95% CI 1.02–1.37). Within-women correlations did not differ from these 

values in subsequent analyses. 

 

Table 16: Association Between 1995 Neighborhood Walkability and Selected Measures 

of Depression, Black Women’s Health Study* 

Exposure 

category 

Mean CES-D** 

 (95% CI) 

RR (95% CI) for 

CES-D≥16 

RR (95% CI) for 

CES-D≥25 

IRR (95% CI) 

for Incident 

Depression, 

1995-2011*** 

n 22,619 22,619 22,619 17,599 

Least walkable 
10.51 

(10.41, 10.61) 

1.02 

 (0.94, 1.11) 

1.18 

 (1.02, 1.37) 

1.23 

(1.04, 1.45) 

2nd least 

walkable 

10.44 

 (10.36, 10.52) 

0.95 

 (0.89, 1.02) 

0.96 

 (0.85, 1.09) 

1.27 

(1.11, 1.45) 

2nd most 

walkable 

10.90 

(10.82, 10.98) 

1.01 

 (0.95, 1.06) 

1.05 

 (0.94, 1.17) 

1.11 

(0.98, 1.26) 

Most walkable 
11.17 

 (11.11, 11.23) 

REF REF REF 

P for trend 0.964 0.628 0.187 0.001 

*Adjusted for age, neighborhood SES, marital status 

**Using mixed effects zero-inflated negative binomial models 

***Using Cox PH models 

 

     Associations between neighborhood walkability and varying measures of 

depression status are presented in Table 16. Mean CES-D scores averaged 0.7 

units lower in least and 2nd least walkable neighborhoods, and 0.3 units lower in 

2nd most walkable neighborhoods, than in most walkable neighborhoods. 

Incident rates for depression were higher in least (RR=1.23; 1.04–1.45), 2nd least 
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(RR=1.27; 1.11–1.45) or 2nd most walkable neighborhoods (RR=1.11; 0.98–1.26) 

relative to most walkable neighborhoods. 

 

Table 17: Association Between 1995 Neighborhood Walkability and 1999/2005 CES-D 

score, Black Women’s Health Study, by City* 

Exposure 

category RR (95% CI) for CES-D≥16 RR (95% CI) for CES-D≥25 

 

Chicago 

Los 

Angeles NYC Chicago 

Los 

Angeles NYC 

1999 

cases/n 857/3,062 753/2,907 1,954/6,771 314/3,062 274/2,907 700/6,771 

2005 

cases/n 580/2,384 532/2,260 1,385/5,367 217/2,384 217/2,260 523/5,367 

Least 

walkable 

0.96 

(0.81, 1.15) 

1.22 

(1.00, 1.49) 

1.02 

(0.90, 1.15) 

1.22 

(0.90, 1.64) 

1.24 

(0.89, 1.75) 

1.19 

(0.96, 1.48) 

2nd least 

walkable 

0.84 

(0.73, 0.97) 

1.20 

(1.02, 1.41) 

0.95 

(0.85, 1.05) 

0.93 

(0.72, 1.20) 

1.13 

(0.86, 1.50) 

0.95 

(0.78, 1.14) 

2nd most 

walkable 

1.00 

(0.89, 1.13) 

1.18 

(1.00, 1.39) 

1.00 

(0.92, 1.09) 

1.07 

(0.87, 1.32) 

1.33 

(1.01, 1.75) 

0.94 

(0.80, 1.11) 

Most 

walkable REF REF REF REF REF REF 

P for trend 0.112 0.044 0.812 0.546 0.469 0.363 

P for interaction: CES-D≥16=0.015; CES-D≥25=0.234 

*Adjusted for age, neighborhood SES, marital status. 

 

      

     Associations between neighborhood walkability and CES-D level differed by 

city (Table 17). CES-D≥16 risk increased monotonically in Los Angeles with 

decreasing walkability. The risk was higher for CES-D≥25, ranging from 

(RR=1.13; 0.86-1.50 in 2nd least walkable neighborhoods) to RR=1.33; 1.01–1.75 in 

2nd most walkable neighborhoods. Associations were reversed for women 

residing in Chicago, however, with a lower risk of CES-D≥16 and of CES-D≥25 for 
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the 2nd least walkable neighborhoods Patterns of associations between 

neighborhood walkability and both categories of CES-D did not differ between 

women residing in NYC and all women in the analytic cohort. 

     There was no observable association between neighborhood walkability and 

CES-D≥16 in any stratum of neighborhood SES (Table 18). There was also no 

association with CES-D≥25 for women residing in a lower SES neighborhood. 

Among women residing in a middle or higher SES neighborhood, there was an 

elevated risk of CES-D≥25 if a woman resided in a least walkable neighborhood. 

 

Table 18: Association Between 1995 Neighborhood Walkability and 1999/2005 CES-D 

score, Black Women’s Health Study: By Neighborhood SES category* 

 RR (95% CI) for CES-D≥16 RR (95% CI) for CES-D≥25 

Exposure 

category 
Lower Middle Higher Lower Middle Higher 

1999 

cases/n 
1,076/3,316 1,631/6,031 834/3,316 417/3,316 560/6,031 301/3,316 

2005 

cases/n 
699/2,483 1,174/4,771 611/2,702 283/2,483 434/4,771 233/2,702 

Least 

walkable 

0.99 

(0.77, 1.28) 

1.00 

(0.88, 1.13) 

1.02 

(0.89, 1.17) 

0.91 

(0.55, 1.50) 

1.15 

(0.91, 1.45) 

1.22 

(0.96, 1.56) 

2nd least 

walkable 

0.90 

(0.78, 1.04) 

0.95 

(0.86, 1.04) 

1.00 

(0.87, 1.14) 

1.03 

(0.80, 1.31) 

0.92 

(0.77, 1.10) 

1.00 

(0.78, 1.29) 

2nd most 

walkable 

1.01 

(0.91, 1.12) 

1.02 

(0.93, 1.11) 

1.00 

(0.87, 1.16) 

1.06 

(0.88, 1.27) 

1.03 

(0.88, 1.20) 

1.11 

(0.86, 1.44) 

Most 

walkable 
REF REF REF REF REF REF 

P for 

trend 
0.370 0.470 0.765 0..917 0.759 0.202 

P for interaction: CES-D≥16=0.992; CES-D≥25=0.897 

*Adjusted for age and marital status 
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     Next, we stratified the adjusted associations by baseline vigorous exercise 

level (Table 19). There were only modest differences in risk of CES-D≥16 across 

strata. For the higher cut point (CES-D≥25), the association was most evident 

among women who engaged in no vigorous exercise at baseline (RR in least 

walkable neighborhoods=1.38; 1.07–1.77).  However there was no statistically 

significant interaction between physical activity and CES-D score. 

 

Table 19: Association Between 1995 Neighborhood Walkability and 1999/2005 CES-D 

score, Black Women’s Health Study: By Vigorous Exercise category* 

 RR (95% CI) for CES-D≥16 RR (95% CI) for CES-D≥25 

Exposure 

category 

0  

hrs/week 

>0-2 

hrs/week 

≥3 

hrs/week 0 hrs/week 

>0-2 

hrs/week 

≥3 

hrs/week 

1999 

cases/n 
1,192/3,984 1,405/4,942 857/3,438 437/3,984 400/4,942 305/3,438 

2005 

cases/n 
811/3,081 1,001/3,882 604/2,726 313/3,081 377/3,882 239/2,726 

Least 

walkable 

1.06 

(0.92, 1.23) 

1.00 

(0.87, 1.14) 

1.04 

(0.88, 1.23) 

1.38 

(1.07, 1.77) 

1.08 

(0.84, 1.39) 

1.14 

(0.85, 1.53) 

2nd least 

walkable 

0.99 

(0.88, 1.11) 

0.97 

(0.88, 1.08) 

0.92 

(0.81, 1.05) 

1.06 

(0.85, 1.31) 

1.00 

(0.83, 1.21) 

0.91 

(0.71, 1.17) 

2nd most 

walkable 

1.06 

(0.96, 1.17) 

1.04 

(0.95, 1.15) 

0.94 

(0.83, 1.07) 

1.07 

(0.89, 1.29) 

1.12 

(0.94, 1.33) 

0.99 

(0.79, 1.24) 

Most 

walkable 
REF REF REF REF REF REF 

P for 

trend 
0.570 0.838 0.752 0.043 0.574 0.834 

P for interaction: CES-D≥16=0.791; CES-D≥25=0.841 

*Adjusted for age, neighborhood SES, marital status 
 

 



 

62 

     Analyses were also stratified by baseline daily time spent traveling in a car or 

bus (Table 20). RRs for CES-D≥16 were similar across strata of time spent in car.  

For CES-D≥25, the increase in risk associated with living in the least walkable 

neighborhoods was most apparent among those who spent the least time in a car 

or bus (RR=1.29; 1.01–1.66), although there was no statistically significant 

interaction between neighborhood walkability and time spent in a car or bus. 

 
Table 20: Association Between 1995 Neighborhood Walkability and 1999/2005 CES-D 

score, Black Women’s Health Study: By 1995 Time Spent in Car or Bus* 

Exposure 

category RR (95% CI) for CES-D≥16 RR (95% CI) for CES-D≥25 

 < 1 

hour/day 

1 to 2 

hrs/day 

≥3  

hrs/day 

< 1 

hour/day 

1 to 2 

hrs/day 

≥3  

hrs/day 

1999 

cases/n 
1,278/5,075 1,511/5,401 715/2,080 459/5,075 533/5,401 276/2,080 

2005 

cases/n 
954/3,986 1,082/4,309 433/1,568 350/3,986 405/4,309 193/1,568 

Least 

walkable 

1.04 

 (0.89, 1.20) 

1.02 

 (0.90, 1.16) 

0.92 

 (0.76, 1.11) 

1.29 

 (1.01, 1.66) 

1.09 

 (0.86, 1.38) 

1.12 

 (0.81, 1.55) 

2nd least 

walkable 

0.93 

 (0.83, 1.04) 

0.97 

 (0.87, 1.07) 

0.93 

 (0.80, 1.08) 

0.97 

 (0.78, 1.17) 

0.94 

 (0.78, 1.14) 

1.01 

 (0.78, 1.31) 

2nd most 

walkable 

0.99 

 (0.90, 1.09) 

1.03 

 (0.94, 1.13) 

0.98 

 (0.86, 1.12) 

1.07 

 (0.88, 1.26) 

1.06 

 (0.90, 1.25) 

0.98 

 (0.77, 1.25) 

Most 

walkable 
REF REF REF REF REF REF 

P for trend 0.717 0.939 0.283 0.231 0.807 0.593 

P for interaction: CES-D≥16=0.964; CES-D≥25=0.935 

*Adjusted for age, neighborhood SES, marital status 

 

     To assess the impact of moving away from baseline neighborhood of 

residence on subsequent CES-D scores, we stratified analyses by whether or not a 
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woman moved from her baseline residential census block group prior to 1999 or 

2005 (Table 21). Address data were incomplete for 585 women (5%) as of 1999, 

and for 588 women (6%) as of 2005. Associations did not differ materially by 

moving status.   

 

Table 21: Association Between 1995 Neighborhood Walkability and 1999/2005 CES-D 

score, Black Women’s Health Study: By moving status* 

Exposure 

category RR (95% CI) for CES-D≥16 RR (95% CI) for CES-D≥25 

 Did not move 

prior to CES-D 

Moved prior  

to CES-D 

Did not move 

prior to CES-D 

Moved prior  

to CES-D 

1999 cases/n 2,100/7,865 1,276/4,257 750/7,865 466/4,257 

2005 cases/n 973/4,055 1,384/5,340 344/4,055 564/5,340 

Least walkable 0.96 (0.86, 1.09) 1.07 (0.95, 1.20) 1.11 (0.90, 1.43) 1.19 (0.96, 1.46)  

2nd least 

walkable 0.93 (0.85 1.02) 0.94 (0.85, 1.04) 0.94 (0.79, 1.11) 0.93 (0.78, 1.12) 

2nd most 

walkable 0.98 (0.90, 1.07) 1.02 (0.93, 1.11) 1.00 (0.86, 1.17) 1.02 (0.87, 1.19) 

Most walkable REF REF REF REF 

P for trend 0.179 0.813 0.783 0.463 

P for interaction: CES-D≥16=0.455; CES-D≥25=0.941 

*Adjusted for age, neighborhood SES, marital status; 1,058 women had unknown 

moving status 
 

 

     We also examined the relation of depressive symptoms to changing 

neighborhood walkability level between 1995 and 1997. For these analyses, 

“lower walkability” represented residing in the two lower categories of 

walkability and “higher walkability” represented residing in the two higher 

categories.  There were a total of 14,786 women with walkability information in 
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both 1995 and 1997, of whom only 763 (5%) had a different walkability level in 

1997 (Table 22).  

 

Table 22: Neighborhood Walkability and 1999/2005 CES-D score, Black Women’s Health 

Study: High/Low Walkability in 1995 and in 1997; Numbers of cases and participants 

Exposure category CES-D≥16 CES-D≥25 

 1999 2005 1999 2005 

Lower walkability 1995/ 

Lower walkability 1997 

921/3,528 

(26.1%) 

613/3,719 

(16.5%) 

336/3,528 

(9.5%) 

234/3,719 

(6.3%) 

Lower walkability 1995/ 

Higher walkability 1997 

88/342 

(25.7%) 

59/261 

(22.6%) 

31/342 

(9.1%) 

17/261 

(6.5%) 

Higher walkability 1995/ 

Lower walkability 1997 

77/280 

(27.5%) 

53/214 

(24.8%) 

27/280 

(9.6%) 

23/214 

(10.7%) 

Higher walkability 1995/ 

Higher walkability 1997 

2,247/7,827 

(28.7%) 

1,523/5,887 

(25.9%) 

817/7,827 

(10.4%) 

579/5,887 

(9.8%) 
 

Table 23: Association Between Neighborhood Walkability and 1999/2005 CES-D score, 

Black Women’s Health Study: High/Low Walkability in 1995 and in 1997* 

Exposure category RR (95% CI) 

for CES-D≥16 

RR (95% CI)  

for CES-D≥25 

Lower walkability 1995/Lower walkability 1997 0.98 (0.93, 1.04) 1.03 (0.92, 1.14) 

Lower walkability 1995/Higher walkability 1997 0.91 (0.78, 1.06) 0.81 (0.61, 1.09) 

Higher walkability 1995/Lower walkability 1997 0.90 (0.76, 1.06) 0.93 (0.70, 1.25) 

Higher walkability 1995/Higher walkability 1997 REF REF 

P for trend 0.488 0.806 

*Adjusted for age, neighborhood SES, marital status 

  

    Relative to women who lived in a higher walkability neighborhood in both 

1995 and 1997, there was no difference in risk for women who lived in a lower 

walkability neighborhood in both 1995 and 1997 (Table 23). CES-D≥16 risk was 

not associated with change in neighborhood walkability level. However, there 
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was a decrease in risk (RR=0.81; 0.61-1.09) of CES-D≥25 for women who changed 

from lower to higher walkability, relative to women who lived in a higher 

walkability neighborhood in both years. 

DISCUSSION 

     In this large, geographically-diverse prospective cohort study of urban and 

suburban black women, there was little evidence of an association between lower 

neighborhood walkability and depressive symptoms, adjusting for age, 

neighborhood SES and marital status. There was no change in risk of CES-D≥16 

in 1999 or 2005, while there was an increased risk of CES-D≥25 for women 

residing in least walkable neighborhoods relative to women residing in most 

walkable neighborhoods; the increase in risk was nearly identical across the three 

cities. Using a slightly different measure of depression, and contrary to 

expectation, mean CES-D score decreased slightly as neighborhood walkability 

decreased. The incidence of physician-diagnosed depression, however, increased 

with lower walkability. Thus, the association between lower neighborhood 

walkability and higher depressive symptoms was stronger the more stringent the 

outcome definition. 

     The association between neighborhood walkability and higher depressive 

symptoms was strongest among residents of Los Angeles. Conversely, there was 
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a decreased risk of higher depressive symptoms among residents of the 2nd least 

walkable neighborhoods of Chicago. The association with CES-D≥25 was the 

highest among women who engaged in no vigorous exercise at baseline; such 

exercise may act to moderate the risk of higher depressive moods [29]. For 

women living in a least walkable neighborhood, there was an increased risk of 

CES-D≥25 among women who averaged less than one hour per day traveling in a 

car or bus. 

     To the best of our knowledge, this is the first prospective study of the 

association between neighborhood walkability and depressive symptoms. One 

cross-sectional study of Miami, FL residents by Miles and colleagues [2011; 30] 

found that every 10-unit increase in occupied housing units per acre was 

associated with a 0.60-unit lower mean CES-D score, while a similar decrease in 

auto commuter density lowered mean CES-D scores by 0.72 units. Our 

neighborhood walkability measure incorporated housing density, but it did not 

incorporate auto commuter density.  However, in our main results, we found 

little difference in mean CES-D scores after adjusting for age, neighborhood SES 

and marital status.  

     Major strengths of this study were its prospective nature, enabling us to 

establish a clear temporal relation between neighborhood walkability and 
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depressive symptoms; multiple measurements of depressive symptoms, which 

increased the number of “cases;” large study size, which increased the precision 

of effect estimates; geographic scope, including a wide range of suburban and 

urban areas; a focus on black women, who have been understudied with respect 

to the health impact of the built environment; and the ability to control for many 

individual- and neighborhood-level covariates identified as potential 

confounders of the association between neighborhood walkability and 

depressive symptoms.   

     Using the less restrictive 5% change-in-estimate criterion, just three of 12 

potential confounders—age, marital status and neighborhood SES—were 

included in the final ME log-binomial models; only neighborhood SES changed 

RR estimates by the more traditional 10% or more. In essence, neighborhood SES 

“drowned out” all but two candidate confounders16.   Moreover, adjustment for 

these variables actually shifted RR estimates across the null, underlining just 

how strongly neighborhood walkability and SES are inversely entangled. This 

becomes even more apparent when examining exposure prevalence within strata 

                                                           
16Log-binomial models adjusting for all 12 candidate confounders had nearly identical 

RR (though with slightly wider 95% CI) for neighborhood walkability category as the 

log-binomial models adjusting only for age, marital status and neighborhood SES; for 

the outcome CES-D≥25, PROC GENMOD would not converge when BMI, energy intake 

or chronic disease prevalence were added to models containing the other nine candidate 

confounders. 



 

68 

of SES: among women living in a lower SES neighborhood at baseline (<-0.60 

SD), just 3% lived in a least walkable neighborhood, while 62% lived in a most 

walkable neighborhood. However, among women living in a higher SES 

neighborhood (>0.60 SD), 25% lived in a least walkable neighborhood, while 27% 

lived in a most walkable neighborhood. This exposure prevalence imbalance 

may be why associations were essentially null in the lower and middle 

neighborhood SES strata and stronger in the high neighborhood SES stratum. 

     This study had several limitations worth considering. A number of potential 

confounding factors suggested in the literature [6,29,30] were not measured on 

the baseline BWHS questionnaire, including access to car or van and home 

ownership. Further adjustment for these unmeasured factors would most likely 

have further attenuated relatively modest RR estimates. Residual confounding 

due to as-yet-unknown factors is a possible limitation in all observational 

studies. However, consider the strongest association we found in our main 

results: RR=1.18 for CES-D≥25, residing in a least walkable neighborhood. 

Formulas developed by Greenland [19] suggest that if all of this association was 

the product of bias from a single unmeasured confounder, it would have to 

either 1) have an odds ratio (OR) of 2.5–2.7 with both neighborhood walkability 

AND depressive symptoms, or 2) be weakly associated (1.0<OR<1.1) with either 
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the exposure (neighborhood walkability) or the outcome (higher depressive 

symptoms) while being strongly associated (OR>>100.0) with the other. It is 

difficult, though not impossible, to envision an as-yet-unknown confounder 

meeting such stringent criteria. Of perhaps greater concern is possible 

misclassification of the confounders themselves, although removing all 

confounder misclassification would likely have attenuated already very modest 

associations further to the null. 

     There were multiple sources of exposure misclassification in this study. One is 

not having neighborhood walkability assigned to an address after 1999. 

However, in our study, associations between neighborhood walkability and 

depressive symptoms differed little by moving status. And while moving from a 

lower to a higher walkability neighborhood between 1995 and 1997 was 

associated with a 19% decline in risk of CES-D≥25, this mirrors the 18% increase 

in risk of CES-D≥25 associated with residing in a least walkable neighborhood 

relative to residing in a most walkable neighborhood.  

     A second source of exposure misclassification is inaccurate measurement of 

one or more walkability components for a given address (e.g., aerial 

photographs) [6]. A related issue is that factor loadings differed by city, as 

detailed in Study 3 below (Table 28), which could have led to over- or 
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understatement of true neighborhood walkability within each city. 

     A third source of exposure misclassification is the inability to determine how 

long a woman had lived at her baseline address. If the impact of walkability is 

cumulative, then a woman who had only just moved to her address at baseline 

would have a different “exposure level” than a woman who had moved to the 

same address years earlier.  

     Finally, collapsing our continuous walkability measure into discrete categories 

could have resulted in differential exposure misclassification relative to the 

outcome [20] if both the probability of higher depressive symptoms and the 

probability of exposure misclassification varied with underlying true exposure 

level; the resulting bias in the measure of association would be hard to predict. 

Exposure categories may themselves be problematic, if differences in risk exist 

within them but not between them; using external information to construct 

categories, as we did with WalkScores®, is an ideal way to avoid insufficient 

difference in exposure levels relative to outcome risk [18, pg. 304]. It is 

interesting, then, that the strongest association between neighborhood 

walkability and depressive symptoms was among women residing in Los 

Angeles at baseline; neighborhood walkability was less variable in LA (and 

Chicago; SD=0.8) than in NYC (1.2). 
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     While using a validated continuous scale such as the CES-D helped to 

eliminate outcome misclassification, such misclassification would almost 

certainly be non-differential relative to 1995 neighborhood walkability, which 

would most likely have attenuated estimated RR. 

     Neighborhood walkability was derived from sources (public data linked to 

participant addresses) other than the biennial neighborhood questionnaires, from 

which the outcome, depressive symptoms, was derived. Using separate sources 

for exposure and outcome greatly reduced the likelihood of dependent 

misclassification, which would have biased RR away from the null [24].  

     We used algebraic methods [18, pp. 353–55] to attempt to quantify bias in RR 

estimates resulting from exposure or outcome misclassification, assuming non-

differential exposure or outcome sensitivity and specificity were as low as 80%17. 

Under these conditions, the “unbiased” RR would have been 1.23 for exposure 

misclassification and 1.90 for outcome misclassification, suggesting that 

misclassification of a woman’s level of depressive symptoms may have been the 

larger threat to validity in this study. 

                                                           
17Across strata of neighborhood SES, using standardized morbidity ratios (SMR); the 

“misclassified” SMR was 1.09. Given low cell counts, exposure sensitivity and specificity 

were fixed to 0.96 in the lower stratum, and to 0.85 and 0.90, respectively, in the middle 

stratum. Outcome sensitivity and specificity were fixed to 0.85 in the lower stratum, to 

0.87 and 0.85, respectively, in the middle stratum, and to 0.91 and 0.96, respectively, in 

the higher stratum.  



 

72 

     The actual induction and latency periods for depressive symptoms relative to 

neighborhood walkability may be much shorter than the four and 10 years, 

respectively, measured in this study. If so, this could help to account for the 

primarily null associations in this study (excepting the 18% increase in the risk of 

CES-D≥25, least walkable vs. most walkable), as many, if not all, cases would 

have been outside the etiologically-relevant “causal window.”  

     CES-D scores were not available for 29% of women in the baseline analytic 

cohort in 1999, and for 44% in 2005, due to a combination of loss-to-follow-up 

(LTFU) and unwillingness to answer the relevant questions (or to answer them in 

a valid way). Percentages lacking CES-D scores increased with neighborhood 

walkability, from 27% for women living in least walkable neighborhoods to 31% 

for women living in most walkable neighborhoods in 1999, and from 41% to 46% 

in 2005. However, application of inverse probability of treatment weighting 

across strata of neighborhood SES yielded no change in SMR (both CES-D 

levels), suggesting only minimal (if any) bias from differential LTFU/missing 

data. 

     We hypothesized that the association between neighborhood walkability and 

depressive symptoms would be strongest among those women who spent the 

most time travelling in a car or bus, a plausible proxy for social isolation, which 
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has been linked to higher depressive symptoms [29]. In fact, the opposite was 

true: the association was strongest among women who spent the least time 

travelling in a car or bus. One problem is that the 1995 question conflated time 

spent in car, which may be more socially isolating (excepting carpooling), with 

time spent in a bus, which may be less socially isolating. Women who spend 

more time in a car or bus may also be commuting to a higher-paying job than 

those available closer to home, and the higher individual (and/or communal, if 

the commute is from a wealthier suburb) SES may be mitigating the depression 

risk associated with living in a less walkable neighborhood. 

     The BWHS represents a wide spectrum of US black women, except the ~15% 

of US black women in the same age cohorts as BWHS participants who are the 

poorest and least educated.  Nonetheless, we anticipate that the results of this 

study would be generalizable not only to this latter group of black women, but to 

all people as well.       

     Finally, given the multitude of associations between neighborhood 

walkability and measures of depression estimated in this study, it is possible that 

some were statistically significant simply by chance. 

     In summary, our results suggest that lower neighborhood walkability is 

associated with an increased risk of higher levels of depressive symptoms and 
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clinical depression among its residents after adjusting for age, neighborhood SES 

and marital status. This association was most apparent for residents of Los 

Angeles; women who engaged in no vigorous exercise; and women who 

averaged less than one hour per day travelling in a car or bus.   
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STUDY 3: A COMPARISON OF TWO MEASURES OF NEIGHBORHOOD 

WALKABILITY 

 

BACKGROUND 

 

     Epidemiologists studying the health impact of the built environment generally 

develop exposure variables unique to their study [4,6,7,13–16,30,31,38]. This is a 

time-consuming, labor-intensive process. It also means that exposure definitions 

vary widely across otherwise similar studies, making it difficult to compare 

findings. A solution may be WalkScore®, a free, publicly-available measure of 

neighborhood type which utilizes, among other structural characteristics, 

walking distance to specified amenities. Comparing an address’s WalkScore® to a 

separate, peer-reviewed neighborhood walkability score for that same address 

may help to demonstrate its overall utility.  

 

Measuring the built environment. No standard quantitative measure exists of 

neighborhood walkability, with sources of variation including the geographic 

scope of the neighborhood and which structural features to incorporate. A 

common way to define a neighborhood is to draw an outer “buffer” around an 

address [6,7,13,16,39]. Study-specific measures of walkability have included 

some or all of the following: housing density [6,7,30,31], population density 

[13,14], land use [13,30], block size [2,6,7,14–16,32], number and type of 
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intersections [4,6,7,15,16], road length [7], public transit availability [6,7], 

sidewalks and crosswalks [4,6,7,15,32,39], traffic control devices [4], mailboxes 

and benches [4], green space [11,30,31], and traffic measures [30,39]. Some 

studies incorporated distance to specified destinations (e.g., restaurants, grocery 

stores, retail stores) into their measures [15,17,39].  

 

MATERIALS AND METHODS 

     Walk Score® is an integer measure of neighborhood walkability obtained by 

entering an address into the website www.walkscore.com, with a higher score 

indicating greater walkability. For further details, please see the Introduction 

above.  

     WalkScore® is calculated using walking distances from an address to the 

nearest of nine amenities (grocery, restaurant, shopping, coffee, bank, park, 

school, book, entertainment) within a 1.5-mile radius. Only the nearest bank, 

park, school, bookstore and entertainment facility is counted, with distance 

weighted 1.00. Distance to the nearest grocery store is weighted 3.00. Distances to 

up to 10 nearest restaurants/bars are weighted from 0.75 (nearest) to 0.2; 

restaurant/bar weights sum to 3.00. Distances to up to five nearest shops are 

weighted from 0.5 (nearest) to 0.3; shopping weights sum to 2.00. Distances to up 

http://www.walkscore.com/
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to two nearest coffee shops are weighted either 1.25 (nearest) or 0.75. Amenity 

distances within 0.25 miles of the address are used as is. Distances greater than 

0.25 miles are down-weighted using a polynomial distance decay function, so 

that at one mile they are given a weight of 12%. The weighted sum of distance-

adjusted amenity distances is normalized to a 0–100 scale, after which the score 

may be lowered up to 5% for each of two pedestrian-unfriendly metrics: long 

average block length (-5% for >195 meters) and low intersection density (-5% for 

<60 intersections/square mile). Distance data is obtained from Google and 

Localeze (businesses) and Education.com (schools); street metrics are obtained 

from Open Street Map. Visitors to the WalkScore® website may use password-

protected wiki-style editing to correct the list of amenities used to calculate the 

WalkScore®. WalkScore® was developed by The Walk Score Advisory Board 

using a grant from Active Living Research, a Robert Wood Johnson Foundation 

program [39]. 

 

Statistical analysis. A random sample of 1,000 addresses was selected from 

BWHS participants residing in each of Chicago, Los Angeles and New York City 

(NYC) in 1999, for a total of 3,000 addresses. Each address was entered into the 
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WalkScore® website to determine the current WalkScore® for that address18. 

Mean and variance of the BWHS-derived walkability (“neighborhood 

walkability”) and WalkScore® measures were calculated for all cities, within 

each city, and for urban cores and suburbs. Neighborhood walkability, as well as 

each component used to calculate it, was plotted against WalkScore®, and the 

Pearson correlation between each pair of values calculated, overall and within 

each study city. WalkScores® may change as amenities are added or subtracted, 

so a second WalkScore® for each address was obtained seven, 12 or 15 months 

after the first19. WalkScore® pairs were plotted against each other, and 

differences between them calculated, to assess reliability. Ordinary least squares 

regression (OLS), with dummy product terms for time period (reference=15 

months), was used to adjust differences in WalkScores®. 

     All analyses were conducted in SPSS Statistics 17.0 for Windows (SPSS Inc. 

Released 2008. Chicago: SPSS Inc.) and PASW Statistics 18.0 for Windows (SPSS 

Inc. Released 2009. Chicago: SPSS Inc.). 

 

  

                                                           
18 Addresses need to be entered one at a time. Scores were collected between December 

5, 2012 and April 18, 2013. 
19 The actual elapsed time between collected scores for the same address was 203–215 

days, 364–379 days, and 455–468 days. 
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RESULTS 

 
Table 24: 1999 Neighborhood Walkability and 2012-13 WalkScores® measures by City: 

Means (Standard Deviations) 

Location N Neighborhood Walkability WalkScore® 

All cities 2,989 0.00 (1.00) 63.3 (19.8) 

Urban core 1,237 0.62 (0.84) 71.8 (16.4) 

Suburbs 1,752 -0.44 (0.86) 57.4 (19.9) 

Chicago 999 -0.05 (0.79) 61.0 (17.9) 

Urban core 353 0.30 (0.47) 65.3 (13.6) 

Suburbs 646 -0.24 (0.85) 58.7 (19.5) 

Los Angeles 999 -0.42 (0.77) 55.8 (17.9) 

Urban core 333 0.04 (0.58) 60.0 (14.1) 

Suburbs 666 -0.65 (0.75) 53.6 (19.2) 

New York City 991 0.47 (1.18) 73.3 (19.4) 

Urban core 551 1.17 (0.81) 83.0 (11.4) 

Suburbs 440 -0.40 (0.97) 61.2 (20.5) 
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Figure 1: Distribution of 1999 BWHS-derived Walkability by City 

 

A. All cities 

 
B. Chicago 
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C. Los Angeles 

 
 

D. New York City 
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Figure 2: Distribution of 2012-13 WalkScores® by City 

 

A. All cities 

 
B. Chicago 
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C. Los Angeles 

 
D. New York City 
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Descriptive statistics.  Means and SD of neighborhood walkability and 

WalkScore® are presented in Table 24 above, while distributions of 

neighborhood walkability and WalkScore® are displayed above in Figures 1 and 

2, respectively. Neighborhood walkability could not be calculated for 11 

addresses—nine in NYC suburbs, one in Chicago city, and one in Los Angeles 

suburbs—so they were excluded from analyses.  

     Across all three cities, neighborhood walkability scores ranged from -3.9 to 

3.6. WalkScores® ranged between 0 and 100, with a mean of 63 (SD=20). 

According to the WalkScore® website, the mean WalkScore® all U.S. locales with 

population≥17,519 (53% of U.S. population) was 49, lower than that for the 

addresses analyzed in this study.    

     NYC was the most walkable city, with the highest variability in scores, while 

Los Angeles was the least walkable city, with the lowest variability in scores.  

Mean city-level neighborhood walkability for NYC (0.3 [SD=1.1]), Chicago (-0.2 

[0.7]), Los Angeles (-0.5 [0.7]) were very close to city-level means for the 20,293 

women from whom addresses were sampled.  Urban cores were more walkable 

than their suburbs, with the difference greater in NYC than in Chicago and Los 

Angeles.  
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Figure 3: 1999 Neighborhood Walkability vs. 2012-13 WalkScores® by City  

 

A. All cities  (r=0.70) 

 
B. Chicago (r=0.60) 
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C. Los Angeles (r=0.59) 

 
D. New York City (r=0.76) 
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Comparing Neighborhood Walkability scores to WalkScores®. There was a 

positive linear association between neighborhood walkability and WalkScore®, 

across all cities and within each city (Figure 3) The Pearson correlation between 

neighborhood walkability and WalkScore® for all study addresses was 0.70 

(Table 25), ranging from 0.76 in NYC, to 0.60 in Chicago and 0.59 in Los Angeles. 

The association was equally strong in central cities (0.65) and their suburbs (0.65). 

 

Table 25: Pearson Correlation Coefficients: 2012-13 WalkScores and 1999 

Neighborhood Walkability Components by City 

Component Chicago Los Angeles NYC All cities 

Neighborhood Walkability 0.59 0.60 0.76 0.70 

Total Length of Bus Routes 0.55 0.50 0.73 0.64 

Population Density 0.58 0.50 0.67 0.61 

Housing Density 0.55 0.59 0.63 0.60 

Total Length of Sidewalks 0.48 0.51 0.63 0.58 

# Intersections, total 0.48 0.44 0.50 0.55 

Ratio 3-way to Intersection Total -0.36 -0.40 -0.58 -0.46 

Ratio 4-way to Intersection Total 0.36 0.40 0.57 0.46 

Intersection Density 0.36 0.24 0.39 0.42 

Distance to Nearest Public Transit -0.55 -0.32 -0.58 -0.37 

% Road Segments with Sidewalks 0.36 0.31 0.58 0.36 

Average Block Size -0.35 -0.38 -0.28 -0.32 

Distance to Nearest Park -0.22 -0.19 -0.39 -0.22 

% Residential Land Use 0.12 0.26 0.18 0.15 

Total Length of Major Roads 0.04 0.13 0.08 0.10 
 

     Neighborhood walkability components most highly correlated with 

WalkScore® were bus route length (0.64), population density (0.61), housing 

density (0.60), sidewalk length (0.58), and number of intersections (0.55). By 
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contrast, the three neighborhood walkability components least correlated with 

WalkScore® were total length of major roads (0.10), percent residential land use 

(0.15), and distance to nearest park (-0.22). Thus, addresses with higher 

WalkScores® tended to be in neighborhoods with higher street connectivity, that 

were more densely populated, and that had fuller public transit coverage.  

     Correlations between WalkScore® and individual components of 

neighborhood walkability were generally higher for NYC addresses than for 

those in Chicago or Los Angeles. The highest correlation for Chicago addresses 

was for population density, while that for distance to nearest public transit was 

the highest of all three cities. For Los Angeles addresses, the highest correlation 

was for housing density. 

          Individual neighborhood walkability components had a similar pattern of 

correlations (factor loadings) with neighborhood walkability (Table 26): sidewalk 

length (0.91), number of intersections (0.79) and bus route length (0.76) were 

highly correlated with both walkability measures, while major road length (0.03) 

was the least correlated with both measures.  
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Table 26: Factor Loadings from City-level Factor Analyses of 1999 Neighborhood 

Walkability Components 

Component Chicago Los Angeles NYC All cities 

Total Length of Sidewalks  0.92 0.90 0.90 0.91 

Ratio 3-way to Intersection Total  -0.80 -0.78 -0.84 -0.80 

Number of Intersections  0.85 0.71 0.74 0.79 

Ratio 4-way to Intersection Total 0.80 0.77 0.84 0.79 

Total Length of Bus Routes 0.63 0.61 0.78 0.76 

Population Density 0.59 0.68 0.75 0.73 

Housing Density 0.47 0.66 0.70 0.69 

Intersection Density 0.66 0.54 0.59 0.63 

% Road Segments with Sidewalks  0.69 0.44 0.70 0.58 

Distance to Nearest Public Transit -0.68 -0.31 -0.63 -0.39 

Average Block Size -0.34 -0.55 -0.30 -0.34 

% Residential Land Use  0.38 0.52 0.34 0.33 

Distance to Nearest Park -0.14 -0.16 -0.45 -0.33 

Total Length of Major Roads 0.04 0.10 -0.03 0.03 
 

     Factor loadings differed by city (Table 26). Bus route length, population 

density and distance to nearest park were most highly correlated with 

neighborhood walkability in NYC, while average block size and percentage 

residential land use were most highly correlated in Los Angeles. Population 

density and housing density were least strongly correlated in Chicago, as were 

sidewalk percentage and distance to nearest public transit in Los Angeles.  

    Two-thirds of study addresses (Table 27) were categorized either Somewhat 

Walkable (38%) or Very Walkable (29%), with twice as many addresses 

categorized Walker’s Paradise (9%) as Car Dependent 1 (4%). Mean 

neighborhood walkability increased monotonically across WalkScore® 
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categories for all three cities, from Car Dependent 1 (-1.8) to Walker’s Paradise 

(1.3). NYC had the highest proportion of addresses categorized Very Walkable 

(45%) or Walker’s Paradise (20%) and the widest range of mean neighborhood 

walkability. Chicago and Los Angeles had the highest proportion of addresses 

categorized Car Dependent 2 (20% in Chicago, 29% in Los Angeles) or Somewhat 

Walkable (48% in Chicago, 44% in Los Angeles), with the narrowest range of 

mean neighborhood walkability.  

 

 

 

Table 27: 1999 Neighborhood Walkability by WalkScore® category 

Category Chicago Los Angeles NYC All Cities 

 
n 

Mean 

Walkability 
n 

Mean 

Walkability 
n 

Mean 

Walkability 
n 

Mean 

Walkability 

Car 

Dependent 1 

(0-24) 

28 -1.70 (0.52) 55 -1.70 (0.56) 30 -1.91 (0.56) 113 -1.75 (0.55) 

Car 

Dependent 2 

(25-49) 

204 -0.70 (0.69) 288 -0.77 (0.65) 96 -1.13 (0.80) 588 -0.81 (0.70) 

Somewhat 

Walkable 

(50-69) 

482 0.10 (0.65) 439 -0.26 (0.61) 225 -0.10 (0.91) 1,146 -0.08 (0.71) 

Very 

Walkable 

(70-89) 

219 0.23 (0.58) 203 0.00 (0.62) 447 0.75 (0.80) 869 0.44 (0.78) 

Walker’s 

Paradise 

(90-100) 

67 0.60 (0.56) 15 0.82 (0.80) 202 1.57 (0.71) 284 1.30 (0.80) 
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     Mean WalkScore® increased monotonically as neighborhood walkability 

increased (Table 28), for all cities (38 to 84) and within each city. NYC had the 

highest mean WalkScore® in each category of neighborhood walkability. 

Somewhat Walkable addresses were more often in the 2nd least walkable category 

in Los Angeles, and more often in the 2nd most walkable category in Chicago. 

 
Table 28: 2012-2013 WalkScore® by 1999 Neighborhood Walkability category 

Category Chicago Los Angeles NYC All cities 

 n Mean Score n Mean Score n Mean Score n Mean Score 

Least 

walkable 

(-3.9 to -1.3) 

103 38.4 (19.7) 126 34.7 (19.1) 92 40.3 (20.2) 321 37.5 (19.7) 

2nd least 

walkable 

(-1.3 to -0.4) 

161 50.5 (15.3) 359 51.4 (15.2) 123 57.9 (19.0) 643 52.4 (16.4) 

Middle 

walkable 

(-0.4 to 0.2) 

241 61.6 (14.4) 268 61.5 (12.5) 166 69.3 (12.9) 675 63.5 (13.7) 

2nd most 

walkable 

(0.2 to 0.9) 

447 67.8 (13.2) 233 66.3 (13.4) 181 74.6 (11.0) 861 68.8 (13.2) 

Most 

walkable 

(0.9 to 3.6) 

47 79.0 (17.9) 13 74.2 (16.8) 429 85.8 (9.8) 489 84.9 (10.9) 

 

 

     There was high overlap between the two sets of walkability categories (Table 

29); the Cohen’s kappa statistic for agreement between the two measures was 

0.21. Nearly all BWHS addresses (89%) were in “overlapping” (e.g., Walker’s 

Paradise and Most walkable; 40%) or “adjacent” categories (e.g., Somewhat 
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Walkable and 2nd least/2nd most walkable; 49%. Percentages varied little by city: 

90% in Chicago, 91% in Los Angeles, and 89% in NYC. Only 27 (1%) study 

addresses were more than two categories away from overlapping (e.g., Walker’s 

Paradise and least/2nd least Walkable): 10 in Chicago, 7 in Los Angeles, and 10 in 

NYC.  

 

Table 29: 2012-2013 WalkScore® category by 1999 Neighborhood Walkability 

category, All cities 

Category* Least 

walkable 

(-3.9 to -1.3) 

2nd least 

walkable 

(-1.3 to -0.4) 

Middle 

walkable 

(-0.4 to 0.2) 

2nd most 

walkable 

(0.2 to 0.9) 

Most 

walkable 

(0.9 to 3.6) 
Car Dependent 1 

(0-24) 
85 25 0 0 0 

Car Dependent 2 

(25-49) 
144 264 123 53 1 

Somewhat Walkable 

(50-69) 
73 262 324 434 52 

Very Walkable 

(70-89) 
19 85 214 311 237 

Walker’s Paradise 

(90-100) 
0 7 14 63 199 

*Kappa=0.21 (p<.0001) 

 

WalkScores® for the same address at two points in time. To assess whether 

WalkScores® were stable over relatively short time periods, a second set of 

WalkScores® for all 3,000 addresses was collected seven, 12 and 15 months20 after 

the first set of scores was collected. 

                                                           
20 Again, solely as time permitted. 



 

93 

     WalkScores® changed little over time (Figure 4). First and second 

WalkScores® were correlated 0.9521 (Table 30); correlations varied little by city. 

Second WalkScores® were a mean 1.7 units lower, with a mean absolute value 

(AV) change of 4.9 units. Adjusting for elapsed time between first and second 

WalkScore® collection, WalkScores® dropped an average 0.2 units at seven 

months, 0.9 units at 12 months and 2.7 units at 15 months22 (p for 

interaction=0.080)23. Most scores (86%) changed, with 78% of changes two-nine 

units in either direction; scores were more likely to decrease (53%) than increase 

(33%).  Nearly all WalkScores® remained in the same category (75.5%) or shifted 

to an adjacent category (24.3%). Changes were slightly larger, more likely to 

occur, and to decrease if they occurred in Los Angeles than in Chicago or NYC.  

 

  

                                                           
21 Excluding four likely transcription errors (1 Chicago, 3 NYC) did not change these 

values. 
22 Calculated as intercept (0.43) + (0.95 + product-term beta)*mean 1st WalkScore by 

elapsed time. Mean 1st WalkScores/betas were 60.6/0.04, 64.4/0.03, 61.8/0 for 7 months, 12 

months and 15 months, respectively. P-values for product terms were 0.067 (7 months) 

and  0.113  (12 months). 
23 P-value for product term for 1st WalkScore*elapsed time (score variable, where 7 

months=1, 12 months=2, 15 months=3) in an OLS regression of 2nd WalkScore® on 1st 

WalkScore®, elapsed time and product term. 
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Table 30:  Comparison between 1st and 2nd WalkScore® collected by City 

Comparison Chicago Los 

Angeles 

New York 

City 

All cities 

Correlation 0.95 0.93 0.95 0.95 

1st – 2nd WalkScore® Mean (SD)     

     Arithmetic  1.5 (6.0) 2.2 (6.6) 1.5 (6.5) 1.7 (6.4) 

          Range -39 to 26 -24 to 30 -41 to 49 -41 to 49 

     Absolute Value (AV)  4.6 (4.1) 5.3 (4.6) 4.6 (4.7) 4.9 (4.5) 

          Range 0 to 39 0 to 30 0 to 49 0 to 49 

Percentage AV Difference of…     

     0 14.6% 11.9% 14.8% 13.8% 

     1 7.6% 8.7% 11.4% 9.2% 

     2-4 34.8% 31.8% 33.5% 33.4% 

     5-9 32.4% 31.8% 27.4% 33.5% 

     10 or more 10.6% 15.8% 12.9% 13.1% 

Percentage of WalkScores® that…     

     Increased 33.8% 30.4% 34.8% 33.0% 

     Stayed the same 14.6% 11.9% 14.8% 13.8% 

     Decreased 51.6% 57.7% 50.4% 53.2% 

Change in WalkScore® Category     

     Same Category 75.5% 74.4% 76.6% 75.5% 

     Shift 1 Category 24.4% 25.2% 23.2% 24.3% 

     Shift 2 or more Categories 0.1% 0.4% 0.2% 0.2% 

Time Between WalkScore® 

Collections 
    

7 months     

     Percentage 60.0% 0.0% 0.0% 20.0% 

     Mean AV Difference 4.2 (3.7)   4.2 (3.7) 

12 months     

     Percentage 0.0% 100.0% 100.0% 66.7% 

     Mean AV Difference  5.3 (4.6) 4.6 (4.7) 5.0 (4.7) 

15 months     

     Percentage 40.0% 0.0% 0.0% 13.3% 

     Mean AV Difference 5.4 (4.7)   5.4 (4.7) 
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Figure 4: Comparison of 1st and 2nd WalkScores®, Overall and by City  

 

a. All cities 

 
 

b. Chicago 
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c. Los Angeles 

 
 

d. New York City 
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DISCUSSION 

     Using residential address data from a large, geographically-diverse sample of 

urban and suburban black women, we showed a strong positive linear 

association between two distinct measures of neighborhood walkability: 

neighborhood walkability, a labor-intensive, study-specific measure, and 

WalkScore®, a free, publicly-available measure. The association was strongest in 

NYC, and it was equally strong in urban cores and suburbs. On both measures, 

walkability was highest in NYC and lowest in Los Angeles, and it was much 

higher in the central cities than in their suburbs; the five NYC boroughs had a 

mean neighborhood walkability 1.8 SD higher, and a mean WalkScore® 30 units 

higher, than the Los Angeles suburbs. 

     There was strong agreement between the two study measures on the 

walkability level of a neighborhood. Mean neighborhood walkability increased 

monotonically across categories of WalkScore®, while mean WalkScore® 

increased monotonically across categories of neighborhood walkability. Ordering 

the five categories of each neighborhood measure from least to most walkable, 

residential neighborhoods fell into the corresponding (or adjacent) category 

nearly 90% of the time (kappa=0.21). 

     Three components—total length of bus routes, number of intersections, total 
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sidewalk length—were highly positively correlated with both walkability 

measures. Population and housing density, as well as both intersection ratios, 

were also at least moderately highly correlated with both measures. Correlations 

tended to be highest in NYC and lowest in Los Angeles. Overall, then, the most 

walkable addresses were in neighborhoods with higher street connectivity, that 

were more densely populated, and that had fuller public transit coverage. By 

contrast, total length of major roads, percent residential land use, and distance to 

nearest park were at best weakly associated with each walkability measure.      

     To the best of our knowledge, this is the first published study to compare two 

disparate measures of neighborhood walkability using the same set of addresses. 

Investigators of the association between neighborhood walkability and health 

outcomes have preferred to use their own study-specific walkability measure, 

combining measures from at least the 13 distinct categories of components noted 

above in the section Measuring the built environment, including three (traffic 

control devices, mailboxes and benches, traffic measures) not utilized in either 

neighborhood walkability or WalkScore®. 

     Besides the wide range of components incorporated into its walkability 

measures, additional strengths of this study included the large study size, 

conferring higher statistical precision; high variability in neighborhood 
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walkability, increasing study correlations; and geographic diversity, allowing us 

to measure differences in correlations (both between the two measures and 

between each measure and specific walkability components) across three regions 

and between urban and suburban areas. 

     There are a number of study limitations worth discussing. There were three 

primary sources of non-differential, non-dependent exposure misclassification in 

this study, which most likely would have attenuated correlations. The first 

relates to the 13 years between when neighborhood walkability was measured 

and WalkScores® were collected. Whereas the number and location of 

intersections, sidewalks and public transit stops likely changed little after 1999, 

housing and population density were more likely to ebb and flow; underlying 

neighborhood walkability thus changed slightly between 1999 and 2012. 

     Second, while neighborhood walkability and WalkScore® were both designed 

to measure the underlying dimension of “neighborhood walkability,” with some 

overlapping components (use of intersection density and average block length; 

relatively small address-centered areal units), there were significant differences 

in their construction. Neighborhood walkability consists solely of structural 

characteristics, while WalkScore® relies primarily on the distribution of walking 

distances to specified amenities, with very low weight given to structural 
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characteristics. Neighborhood walkability is also measured within a smaller 

geographic area (radius=0.5 miles) than WalkScore® (1.5 miles). As a result, 

neighborhood walkability, or any measure that relies almost exclusively upon 

the structural characteristics of a neighborhood, is likely to be more stable over 

time. 

     Finally, while variation in both walkability measures was high, WalkScores® 

tended to cluster in the Somewhat Walkable and Very Walkable categories (with 

NYC scores clustering in the Very Walkable and Walker’s Paradise categories). 

Mean WalkScore® for this cohort of urban and suburban black women was 

higher than for all U.S. residents of a locale with population≥17,51924. Too few 

addresses in the two Car Dependent categories could have reduced the 

covariance between neighborhood walkability and WalkScore®, attenuating the 

correlation between them.  

     Each measure also has unique sources of measurement error. Neighborhood is 

calculated using factor analysis, which may combine components in different 

ways depending upon which addresses are sampled, as indicated by the city-

level factor loadings. Data on neighborhood aesthetics and sidewalk conditions 

were unavailable for constructing neighborhood walkability, and its land use 

                                                           
24And perhaps even higher than for all U.S. residents, assuming the remaining 47% of 

U.S. residents had a WalkScore® closer to 0 than 50. 
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measure was relatively crude, preventing the incorporation of walking 

destination distances [6].  

     WalkScores®, meanwhile, are only as accurate as the data entered into the 

WalkScore® algorithm, however reliable the source. Scores may change as 

destinations are added and subtracted (with variable accuracy) by website users, 

though changes are usually less than 10 units in either direction up to 15 months 

later. It is unknown whether the observed decline in mean scores reveals a true 

secular trend, or if it was simply random noise from fluctuating amenity mixes. 

Finally, the number, type and weighting of amenities within the WalkScore® 

algorithm may be insufficient to measure the “true” walkability of a given 

neighborhood, especially in more sprawling, exurban and rural areas with fewer 

“destinations,” yet multiple, more verdant places to walk. 

     The high positive correlations between neighborhood walkability and 

WalkScore® in our study suggest each is a valid measure of “neighborhood 

walkability,” and WalkScore® could serve as a free, less labor-intensive 

substitute for a study-specific measure like neighborhood walkability (or similar 

published measures), one which would provide consistency of exposure 

measurement across diverse studies of the association between walkability and 

health outcomes. 
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     WalkScore® is not necessarily a panacea. All WalkScores® would need to be 

collected prior to the start of a study’s follow-up period25. It is labor-intensive to 

enter addresses by hand into the WalkScore® website, though WalkScore® 

administrators will provide the scores for a list of addresses ($2,000 for up to 

5,000 scores26). And the inevitable fluctuations in WalkScore® over even short 

periods of time suggest using the mean of multiple scores collected, say, six 

months apart, further increasing the time and resources necessary for exposure 

data collection. Finally, WalkScore® is still limited to one facet of neighborhood 

walkability. 

     One solution might be to adapt the WalkScore® model to the study-specific 

measures of neighborhood walkability. Investigators could develop and test an 

on-line algorithm that calculates a free walkability measure using the 

components most closely related to both neighborhood walkability and 

WalkScore®, and thus perhaps with “neighborhood walkability” itself: total 

length of bus routes, number of intersections, and total sidewalk length (perhaps 

plus population density, housing density, and either/both intersection ratios). 

                                                           
25Access to accurate street-level business location data from a prior date might allow an 

investigator to reconstruct an address’s WalkScore® retroactively. But this would be as 

labor-intensive as the study-specific measures.  
26 From an e-mail to Matthew Berger from Aleisha Jacobson of WalkScore®, January 9, 

2012. 
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Barring that, however, WalkScore® would be a free, publicly-available, valid, 

and reliable measure readily applicable to future studies of the association 

between neighborhood walkability and health outcomes. 
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SUMMARY: 

     In two large, geographically-diverse prospective studies of urban and 

suburban black women, lower neighborhood walkability modestly increased the 

risk of incident diabetes and higher levels (CES-D≥25) of depressive symptoms; 

neighborhood walkability had no discernible impact on depressive symptoms 

using the traditional cut-point of 16. The impact of neighborhood walkability on 

incident diabetes was also stronger among women residing in the highest SES 

neighborhoods and healthiest women, and when follow-up was lagged four or 

10 years, as was the impact on higher depressive symptoms of engaging in no 

vigorous exercise, and averaging less than one hour per day travelling in a car or 

bus. Residing in a 2nd least walkable Chicago neighborhood was consistently 

inversely associated with both outcomes27. 

     In these studies, neighborhood walkability and neighborhood SES were so 

strongly inversely associated that adjustment for the latter shifted estimated 

incidence rate and risk ratios across the null, and all but a few potential 

confounders had no further effect on these estimates. Distinguishing the 

independent effects of a neighborhood’s physical structure from its communal 

                                                           
27We did eliminate data errors and anomalous geographic patterns. Most likely, we had 

exposure misclassification resulting from city-level differences in individual component 

factor loadings.  
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resources is an ongoing methodological challenge to studying the health impact 

of the built environment. 

     The primary threats to the validity of estimated measures of effect appear to 

have been exposure and outcome misclassification; further confounding 

adjustment would most likely have further attenuated study measures, and there 

was little evidence of differential loss-to-follow-up. Possible sources of exposure 

misclassification were being unable to measure a neighborhood’s walkability 

before 1995 or after 1999, possible errors in the individual components of 

neighborhood walkability, and exposure categories themselves. Besides using 

self-reported physician-diagnosed depression and depressive symptoms, 

outcome misclassification could also have resulted from as-yet-undiagnosed 

diabetes. Exposure and outcome misclassification in these studies was almost 

certainly non-dependent, so it is likely that the association between properly 

classified neighborhood walkability and incident diabetes/depressive symptoms 

would have been even stronger. 

     It is difficult to compare our results to other published studies of the 

association between neighborhood walkability (and other built environment 

measures) and diabetes or depression given the propensity of authors to develop 

walkability measures unique to their study (as we ourselves did). As a possible 
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future remedy, we compared neighborhood walkability to WalkScore®, a free, 

publicly-available, neighborhood walkability measure. Despite a 13-year gap in 

walkability assessments, and differing network buffer radii and conceptual 

frameworks (structural characteristics vs. walking distances to specified 

amenities), the two measures were strongly positively correlated. Each is a 

highly valid measure of neighborhood walkability (and WalkScore® is also 

highly reliable), best gauged using total length of bus routes, number of 

intersections, and total sidewalk length. WalkScore® thus has the potential to be 

a “standard” measure of neighborhood walkability. 

     In summary, our results suggest that reducing the walkability of a 

neighborhood may slightly increase the risk of such adverse health outcomes as 

incident diabetes and higher depressive symptom levels among its residents. 

Further studies of these associations are clearly warranted. Our analyses need to 

be extended to more exurban and rural locales, to allow for wider variation in 

neighborhood walkability. The association of individual walkability components 

with such outcomes as diabetes and depression could be tested and alternate 

ways to combine them assessed. 

     Currently, many neighborhoods that present more opportunities for walking 

exercise may otherwise be less desirable places to live. The policy challenge will 
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thus be to design and create neighborhoods that are both conducive to walking 

and highly desirable places to live, as well as to encourage women who are older 

and less healthy to take fuller advantage of the opportunities presently afforded 

by their neighborhood.  

  



 

108 

APPENDIX I: Mean Walkability Component Values by Neighborhood 

Walkability Category, 1995 

 

 Neighborhood Walkability 

Component 
Least 

(n=2,065) 

2nd Least 

(n=3,677) 

2nd Most 

(n=4,286) 

Most 

(n=8,451) 

Mean (SD)     

Total Length of Sidewalks  
3325.5  

(2237.2) 

8287.7 

(2728.1) 

13366.6 

(2560.6) 

18500.7 

(3131.7) 

Ratio 3-way to Intersection Total  
0.83  

(0.13) 

0.71  

(0.13) 

0.53  

(0.13) 

0.34 

(0.15) 

Number of Intersections  
23.2  

(12.1) 

42.2  

(14.4) 

60.7 

(15.5) 

82.5 

(22.3) 

Ratio 4-way to Intersection Total 
0.16  

(0.12) 

0.27 

(0.13) 

0.46  

(0.13) 

0.64 

(0.15) 

Total Length of Bus Routes 
641.6  

(822.4) 

1558.9 

(1168.8) 

2617.1 

(1349.9) 

4577.3 

(2209.9) 

Population Density 
8.2  

(7.8) 

16.6 

(14.0) 

24.4 

(14.6) 

63.1 

(42.1) 

Housing Density 
3.2  

(3.8) 

6.4 

(6.7) 

9.5 

(6.6) 

25.9 

(20.2) 

Intersection Density 
91.5  

(43.1) 

132.9 

(39.3) 

153.8 

(37.3) 

184.4 

(47.0) 

% Road Segments with 

Sidewalks  

56.7  

(34.4) 

84.4 

(18.8) 

93.8 

(8.7) 

97.2 

(5.0) 

Distance to Nearest Public 

Transit 

9118.2  

(15878.8) 

4197.0 

(4427.1) 

2449.9 

(2326.3) 

1325.1 

(1613.2) 

Average Block Size 
77551.3  

(163344.1) 

34968.2 

(22190.0) 

23162.0 

(5973.1) 

17675.0 

(3870.8) 

% Residential Land Use  
40.7  

(19.5) 

56.5 

(17.0) 

61.2 

(16.5) 

63.9 

(16.7) 

Distance to Nearest Park 
2387.0 

(3005.4) 

1076.0 

(1427.1) 

952.6 

 (1233.7) 

694.8  

(588.4) 

Total Length of Major Roads 
270.6  

(578.2) 

354.7 

(701.9) 

497.3 

(850.1) 

410.3 

(757.6) 
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APPENDIX II: Directed Acyclic Graph for Study 1 
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APPENDIX III. Bivariate Associations Between Study 1 Covariates and Incident 

Diabetes (Most walkable neighborhoods only), Black Women’s Health Study, 1995-

2011 

Covariate  IRR (95% CI) 

Age (years)  1.04 (1.03, 1.04) 

Age category 30-39 0.43 (0.36, 0.51) 

 40-49 0.78 (0.67, 0.92) 

 50-69 REFERENCE 

“Prudent” diet score  0.92 (0.86, 0.98) 

“Western” diet score  1.13 (1.06, 1.21) 

Diet score category: Prudent Low (<1 SD below mean ) REFERENCE 

 Medium (1 SD below mean to <1 SD 

above mean) 

0.74 (0.61, 0.89) 

 High (1 SD or more above mean) 0.75 (0.59, 0.95) 

Diet score category: Western Low (<1 SD below mean ) REFERENCE 

 Medium (1 SD below mean to <1 SD 

above mean) 

1.15 (0.95, 1.41) 

 High (1 SD or more above mean) 1.42 (1.12, 1.81) 

Energy intake (Kcal/day)—

per 100 Kcal increase 

 1.03 (1.01, 1.04) 

Energy intake Low (<1,000  Kcal/day) 0.60 

(0.50, 0.73) 

 Medium (1,000-<2,000 Kcal/day) 0.73 

(0.62, 0.86) 

 High (2,000 Kcal/day or more) REFERENCE 

Neighborhood housing 

vacancies, % 

 1.01 (1.00, 1.02) 

Neighborhood housing 

vacancy category 

Low (0-<2%) REFERENCE 

 Medium (2-<7%) 0.93 

(0.74, 1.16) 

 High (7% or higher) 1.09 

(0.86, 1.37) 

Neighborhood crime index  1.00 (1.00, 1.00) 

Neighborhood crime index 

category 

Low (0-49) REFERENCE 

 Medium (50-199) 0.99 

(0.83, 1.18) 

 High (200  or higher) 0.99 

(0.81, 1.21) 
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Neighborhood SES  0.78 (0.72, 0.84) 

Neighborhood SES category Lower (<-0.60) REFERENCE 

 Middle (-0.60 to <0.60) 0.85 

(0.74, 0.98) 

 Higher (0.60 or higher) 0.50 

(0.39, 0.63) 

City Chicago REFERENCE 

 Los Angeles 0.82 (0.63, 1.08) 

 New York City 1.01 (0.86, 1.19) 

Employment status Employed, white collar 0.59 (0.41, 0.86) 

 Employed, not white collar 0.76 (0.53, 1.11) 

 Not employed/not in work force REFERENCE 

Education level High school graduate or lower 1.84 (1.56, 2.17) 

 Some college 1.22 (1.04, 1.43) 

 College graduate or higher REFERENCE 

Smoking status Current 1.57 (1.34, 1.84) 

 Past 1.36 (1.16, 1.61) 

 Never REFERENCE 

Marital status Married/living as married REFERENCE 

 Separated/divorced 1.24 (1.05, 1.46) 

 Widowed 1.87 (1.45, 2.42) 

 Single 0.82 (0.68, 0.97) 

Parity 0 births REFERENCE 

 1-2 births28 1.30 (1.10, 1.54) 

 3 or more births 1.89 (1.57, 2.27) 

Had chronic disease29 Yes (vs. No) 1.65 (1.42, 1.93) 

Alcoholic drinks per week, 

past year 

0 REFERENCE 

 0.5 to 6.5 0.89 (0.76, 1.05) 

 7 or more 1.22 (0.96, 1.55) 

Hours walked per week, past 

year 

0 to 6.5 REFERENCE 

 7 to 20.5 0.97 (0.80, 1.18) 

 21 or more 1.09 (0.89, 1.33) 

                                                           
28 The 1995 parity question had 8 categorical options (0, 1, 2, 3, 4, 5, 6, 7 or more). When 8 

categories (REF=0) were regressed upon incident diabetes, IRR estimates increased from 

1.20 (1) to 3.32 (7 or more). All 8 categories were used to assess the effect of parity in the 

Cox models.  
29 Asthma, cancer, cardiovascular disease, rheumatoid arthritis 
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Sitting at daily meals, past 

year 

<1 hour/day REFERENCE 

 1-2 hours/day 0.88 (0.76, 1.02) 

 3 or more hours/day 1.03 (0.80, 1.34) 

Sitting in car or bus, past year <1 hour/day REFERENCE 

 1-2 hours/day 0.99 (0.85, 1.15) 

 3 or more hours/day 1.13 (0.93, 1.37) 

Television watching, past 

year 

<1 hour/day REFERENCE 

 1-2 hours/day 1.30 (0.99, 1.71) 

 3 or more hours/day 1.76 (1.36, 2.28) 
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APPENDIX IV: Directed Acyclic Graph for Study 2 
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APPENDIX V: Bivariate Association Between Study 2 Covariates and Dichotomous 

CES-D Scores (Most walkable neighborhoods only), Black Women’s Health Study, 

1999/2005 

Covariate Value 
CES-D≥16: 

RR(95% CI) 

CES-D≥25: 

RR(95% CI) 

Age (years)  
0.98 

(0.98, 0.98) 

0.97 

(0.97, 0.98) 

Age category 18-29 
2.28 

(1.77, 2.93) 

3.57 

(2.09, 6.08) 

 30-39 
2.05 

(1.59, 2.64) 

3.01 

(1.77, 5.13) 

 40-49 
1.77 

(1.37, 2.38) 

2.48 

(1.44, 4.25) 

 50-59 
1.12 

(0.85, 1.50) 

1.31 

(0.73, 2.37) 

 60 or older REFERENCE REFERENCE 

Energy intake (per 100 

Kcal/day) 
 

1.01 

(1.00, 1.02) 

1.02 

(1.01, 1.03) 

Energy intake Low (<1,000 Kcal/day) 
0.83 

(0.75, 0.92) 

0.74 

(0.61, 0.88) 

 
Medium (1,000-<2,000 

Kcal/day) 

0.85 

(0.78, 0.92) 

0.75 

(0.65, 0.87) 

 
High (2,000 Kcal/day or 

more) 
REFERENCE REFERENCE 

BMI  
1.02 

(1.01, 1.02) 

1.02 

(1.01, 1.03) 

BMI category <25 REFERENCE REFERENCE 

 25 to <30 
1.11 

(1.02, 1.21) 

1.12 

(0.96, 1.31) 

 30 or higher 
1.29 

(1.19, 1.40) 

1.40 

(1.21, 1.63) 

Neighborhood SES  
0.90 

(0.86, 0.93) 

0.85 

(0.79, 0.92) 

Neighborhood SES category Lower (<-0.60) REFERENCE REFERENCE 

 Middle (-0.60 to <0.60) 
0.84 

(0.78, 0.91) 

0.77 

(0.67, 0.88) 

 Higher (0.60 or higher) 
0.81 

(0.73, 0.90) 

0.74 

(0.61, 0.90) 

City Chicago REFERENCE REFERENCE 

 Los Angeles 0.80 0.85 
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(0.69, 0.94) (0.65, 1.10) 

 New York City 
1.02 

(0.94, 1.11) 

1.05 

(0.90, 1.23) 

Employment status Employed, white collar 
0.61 

(0.53, 0.70) 

0.47 

(0.37, 0.59) 

 Employed, not white collar 
0.82 

(0.71, 0.94) 

0.64 

(0.50, 0.80) 

 
Not employed/not in work 

force 
REFERENCE REFERENCE 

Education level 
High school graduate or 

lower 

1.45 

(1.33, 1.59) 

1.74 

(1.48, 2.05) 

 Some college 
1.26 

(1.16, 1.36) 

1.46 

(1.26, 1.68) 

 College graduate or higher REFERENCE REFERENCE 

Smoking status Current 
1.32 

(1.22, 1.44) 

1.43 

(1.23, 1.66) 

 Past 
1.05 

(0.96, 1.15) 

0.95 

(0.80, 1.14) 

 Never REFERENCE REFERENCE 

Marital status Married/living as married REFERENCE REFERENCE 

 Separated/divorced 
0.98 

(0.88, 1.09) 

1.02 

(0.85, 1.24) 

 Widowed 
0.68 

(0.54, 0.87) 

0.76 

(0.51, 1.15) 

 Single 
1.16 

(1.07, 1.26) 

1.24 

(1.07, 1.44) 

Had childcare 

responsibilities 
Yes vs. no (ref.) 

1.17 

(1.09, 1.26) 

1.22 

(1.07, 1.38) 

Had chronic disease30 Yes vs. no (ref.) 
1.12 

(1.03, 1.23) 

1.11 

(0.94, 1.30) 

Alcoholic drinks per week, 

past year 
0 REFERENCE REFERENCE 

 0.5 to 6.5 
1.09 

(1.01, 1.18) 

1.12 

(0.97, 1.29) 

 7 or more 
1.18 

(1.03, 1.36) 

1.37 

(1.07, 1.74) 

 
  

                                                           
30 Asthma, cancer, cardiovascular disease, rheumatoid arthritis 
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