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ABSTRACT
Introduction  Inequitable access to leisure-time physical 
activity (LTPA) resources may explain geographic 
disparities in type 2 diabetes (T2D). We evaluated whether 
the neighborhood socioeconomic environment (NSEE) 
affects T2D through the LTPA environment.
Research design and methods  We conducted 
analyses in three study samples: the national Veterans 
Administration Diabetes Risk (VADR) cohort comprising 
electronic health records (EHR) of 4.1 million T2D-free 
veterans, the national prospective cohort REasons for 
Geographic and Racial Differences in Stroke (REGARDS) 
(11 208 T2D free), and a case–control study of Geisinger 
EHR in Pennsylvania (15 888 T2D cases). New-onset T2D 
was defined using diagnoses, laboratory and medication 
data. We harmonized neighborhood-level variables, 
including exposure, confounders, and effect modifiers. 
We measured NSEE with a summary index of six census 
tract indicators. The LTPA environment was measured by 
physical activity (PA) facility (gyms and other commercial 
facilities) density within street network buffers and 
population-weighted distance to parks. We estimated 
natural direct and indirect effects for each mediator 
stratified by community type.
Results  The magnitudes of the indirect effects were generally 
small, and the direction of the indirect effects differed by 
community type and study sample. The most consistent 
findings were for mediation via PA facility density in rural 
communities, where we observed positive indirect effects 
(differences in T2D incidence rates (95% CI) comparing the 
highest versus lowest quartiles of NSEE, multiplied by 100) of 
1.53 (0.25, 3.05) in REGARDS and 0.0066 (0.0038, 0.0099) in 
VADR. No mediation was evident in Geisinger.
Conclusions  PA facility density and distance to parks did 
not substantially mediate the relation between NSEE and 
T2D. Our heterogeneous results suggest that approaches 
to reduce T2D through changes to the LTPA environment 
require local tailoring.

INTRODUCTION
Eleven per cent of US adults (37.3 million) 
had diabetes in 2019.1 The economic burden 
of diabetes—including costs directly related 
to diabetes care and increased risk of devel-
oping neurological, peripheral vascular, 
cardiovascular, renal, endocrine/metabolic, 
ophthalmic, and other complications—
accounted for more than one in eight health-
care dollars spent in 2017.2 The American 
Diabetes Association recently recommended 
social determinants of health, including 
socioeconomic status (SES) and the neigh-
borhood physical and built environment, as 
priorities for research and intervention to 
prevent diabetes.3

WHAT IS ALREADY KNOWN ON THIS TOPIC
	⇒ Inequitable access to the leisure-time physical ac-
tivity environment (LTPA) could explain disparities in 
type 2 diabetes (T2D).

WHAT THIS STUDY ADDS
	⇒ We evaluated whether the LTPA environment medi-
ates the association between neighborhood socio-
economic environment (NSEE) and T2D. We found 
little evidence that the density of PA facilities or the 
distance to parks mediated NSEE-T2D associations.

OW THIS STUDY MIGHT AFFECT RESEARCH, 
PRACTICE OR POLICY

	⇒ Approaches to reduce T2D through changes to the 
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http://drc.bmj.com/
http://orcid.org/0000-0002-7604-075X
http://orcid.org/0000-0002-8337-3480
http://orcid.org/0000-0001-7699-2171
http://orcid.org/0000-0002-7970-6756
http://dx.doi.org/10.1136/bmjdrc-2022-003120
http://dx.doi.org/10.1136/bmjdrc-2022-003120
http://dx.doi.org/10.1136/bmjdrc-2022-003120
http://crossmark.crossref.org/dialog/?doi=10.1136/bmjdrc-2022-003120&domain=pdf&date_stamp=2023-03-01


2 BMJ Open Diab Res Care 2023;11:e003120. doi:10.1136/bmjdrc-2022-003120

Epidemiology/Health services research

Epidemiologic studies have found graded associations 
between greater area-level socioeconomic disadvantage, 
despite differences in measurement, and higher risk of 
type 2 diabetes (T2D) across a variety of study popula-
tions and designs.4–8 In an analysis of three study samples 
in the USA, greater socioeconomic disadvantage was 
generally associated with higher relative risk of T2D 
across study samples in most community types ranging 
from rural to urban in the Diabetes Location, Environ-
mental Attributes, and Disparities (LEAD) Network.9 
Stark geographic disparities in the incidence and prev-
alence of T2D observed across regions, counties, and 
neighborhoods may be attributable to community-level 
structural causes.10–14

Features of the social and physical environment can 
influence disease risk by promoting or hindering healthy 
behaviors such as physical activity (PA) and via chronic 
psychosocial or physical stressors.15 Higher levels of 
leisure-time PA (LTPA) are well known to reduce the 
risk of T2D.16 Proximity to or greater availability of LTPA 
resources, such as PA facilities and parks, have been asso-
ciated with increased PA17–20 and reduced T2D risk,21–23 
although most studies have examined associations in 
urban and suburban communities, with rural commu-
nities less studied. Studies have also found that lower 
SES neighborhoods have lower access to parks and PA 
facilities,24–26 suggesting that inequitable access to LTPA 
resources may be one mechanistic pathway through 
which neighborhood SES affects T2D risk. No prior 
studies have formally examined whether access to parks 
or PA facilities mediates the association between lower 
neighborhood SES and higher risk of T2D.

Evaluation of mediating pathways between neigh-
borhood SES and T2D raises several methodologic 
challenges. Measures of neighborhood SES and PA 
environment are defined and operationalized heter-
ogeneously across the literature27 and could operate 
differently across the urban to rural continuum. With 
associations between the PA environment and risk 
of T2D varying across study design, populations, and 
geographies, as evidenced by systematic reviews,17–20 23 
harmonized analytic approaches are necessary to reduce 
heterogeneity between studies and generate epidemio-
logic inferences that can inform population-level inter-
ventions and policies. In this study by the Diabetes LEAD 
Network, we conducted complementary analyses across 
three unique study samples in diverse geographies in the 
USA to evaluate whether lower access to neighborhood 
resources for LTPA, including distance to PA facilities 
or distance to parks, could partially mediate the overall 
harmful associations previously observed between poor 
neighborhood SES and risk of T2D.

METHODS
Overall approach
The Diabetes LEAD Network is a Centers for Disease 
Control and Prevention (CDC)-funded research 

collaboration of the following academic centers: Drexel 
University, Geisinger and Johns Hopkins University, New 
York University Grossman School of Medicine, and the 
University of Alabama at Birmingham.28 The goal of the 
Network is to identify modifiable community-level deter-
minants of T2D and cardiometabolic conditions using 
electronic health records (EHRs) and survey data from 
across the USA. Led by the Drexel University Data Coor-
dinating Center, the Diabetes LEAD Network partners 
conducted analyses to reduce, where possible, between-
study heterogeneity and aid interpretation of results. 
First, we created harmonized measurements of key 
neighborhood-level variables, including SES, PA, land use, 
racial/ethnic composition, and community type. Second, 
we developed complementary analysis plans to estimate 
mediation effects within three independent study popu-
lations, described in detail further, with different popu-
lations, study designs, and geographic contexts. Baseline 
address data were geocoded and used to link individuals 
to census tract-level community features.

Veterans Administration Diabetes Risk (VADR) cohort study
The VADR cohort study enrolled veterans in the national 
Veterans Health Administration EHR for primary care 
with sufficient residential address information within 
2 years after cohort entry (1 January 2008).29 Partic-
ipants were either (1) T2D-free at cohort entry with at 
least two T2D-free primary care visits at least 30 days 
apart within any 5 year period since 1 January 2003 or 
(2) subsequently enrolled and T2D free at cohort entry 
through 31 December 2016. Prevalent and incident 
T2D diagnoses were defined using encounter diagnoses, 
medication orders, and laboratory test results prior to 
and during the study period (online supplemental table 
S1). Subjects were followed from the date of cohort entry 
until censoring, defined as date of incident T2D, death, 
no encounters with the EHR for 2 years, or the end of the 
study (31 December 2018).

REasons for Geographic and Racial Differences in Stroke 
(REGARDS) cohort study
The REGARDS study enrolled adults age 45 years and 
older at baseline (2003–2007) from the contiguous 
USA with oversampling in the Southeast.30 This anal-
ysis included 11 208 study participants without prevalent 
T2D at baseline and who completed a follow-up exam in 
2013–2016. Incident T2D was defined as a fasting glucose 
≥126 mg/dL or random glucose ≥200 mg/dL or use of 
T2D medication at the follow-up exam (online supple-
mental table S1). Follow-up time was measured as the 
time between baseline and follow-up home visits.

Geisinger EHR nested case–control study
Geisinger is an integrated health system that provides 
primary, specialty, urgent, and emergency healthcare 
services at community practice clinics and hospitals in 
central and northeastern Pennsylvania. The design of 
the nested case–control study of new onset T2D in the 
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Geisinger EHR has been described previously.31 Between 
2008 and 2016, individuals with T2D (n=15 888) were 
identified using T2D encounter diagnoses, medica-
tion orders, and laboratory test results (online supple-
mental table S1). We required at least two encounters 
on different days with a primary care provider prior to 
ensure that we could detect T2D if present. To exclude 
prevalent T2D, we required individuals to have at least 
one encounter with the health system without evidence 
of T2D at least 2 years prior to the T2D onset date. We 
randomly selected with replacement five control encoun-
ters for each case (n=79 435, with 65 084 unique persons) 
from individuals who never met any of the criteria used 
to define T2D cases and frequency matched to cases on 
age, sex, and year of encounter.

Harmonized community type
The distributions of the primary exposure of interest, 
area-level neighborhood socioeconomic disadvantage, 
and the mediator variables of interest, density of PA facili-
ties and distance to parks, vary considerably across urban, 
suburban, and rural community contexts. We assigned 
census tracts to one of four community type categories 
(higher density urban, lower density urban, suburban/
small town, and rural) using a previously described modi-
fication of the US Department of Agriculture Rural-Urban 
Commuting Area methodology to better differentiate 
urban cores from surrounding non-rural areas.32 We 
stratified all analyses by community type due to concerns 
about census tract-level residual confounding and non-
positivity, which can lead to bias when exposure variables 
do not overlap within strata of confounding variables.

Harmonized neighborhood socioeconomic environment 
(NSEE)
As part of the Diabetes LEAD Network, we developed a 
harmonized definition of area-level socioeconomic disad-
vantage relevant across the US, hereafter referred to as 
neighborhood socioeconomic environment (NSEE). We 
defined NSEE as a z-score sum of six census tract vari-
ables (percentage of persons with less than a high-school 
education, persons unemployed, households earning 
less than $30 000/year, population with income below 
poverty level, households on public assistance, and occu-
pied housing units with no cars), based on the work of 
Xiao and colleagues,33 from the 2000 decennial Census 
and 2010 5-year American Community Survey. Census 
data from the year 2000 were converted to 2010 tract 
boundaries using the interpolation tool from Brown 
Universities Longitudinal Tract Data Base.34 In VADR, 
participants who entered the cohort before 2010 were 
assigned NSEE based on the 2000 Census data; otherwise, 
they were assigned NSEE based on 2006–2010 ACS data. 
In REGARDS, participants were assigned NSEE based on 
the 2000 Census data. In Geisinger, cases and matched 
controls in years 2008–2012 were assigned NSEE based on 
2000 Census, while cases and matched controls in years 
2013–2016 were assigned NSEE based on 2006–2010 ACS 

data. Higher NSEE z-scores indicated greater disadvan-
tage. To improve interpretability of comparisons within 
a community type and across studies, we rescaled NSEE 
to range from 0 to 100 and categorized NSEE separately 
within each community type.

Harmonized density of PA facilities within street network 
buffers
We defined PA facility density as the 5-year average 
(ending the year prior to study entry or selection) of 
the number of commercial facilities for fitness or recre-
ation per square kilometer within a street network buffer 
centered on the population-weighted centroid of a 
census tract. We obtained annual data (1998–2014) on 
PA facilities from the Retail Environment and Cardiovas-
cular Disease (RECVD) study,35 which classified health-
related neighborhood amenities using the National 
Establishment Time Series (NETS) Database. Details 
on classification methods and the NETS data, which was 
based on information collected by Dun and Bradstreet 
(D&B, Short Hills, New Jersey, USA), has been described 
elsewhere.35 The RECVD team re-geocoded the data to 
improve locational accuracy and recategorized facilities 
using Standard Industrial Classification codes and word 
searches or name searches to enhance classification. 
Using ESRI ArcGIS9.3, different street network buffers 
were calculated depending on the LEAD community 
type: 1 mile (1.6 km) walking buffer in high density 
urban, 2 mile (3.2 km) driving buffer in lower density 
urban, and 6 mile (9.7 km) driving buffers in suburban/
small town and rural. Buffer sizes were selected based 
on prior literature measuring the commercial PA facility 
environment, although few past studies could inform 
appropriate buffer sizes in rural areas.36–40

Harmonized population-weighted distance to seven closest 
parks
We defined neighborhood spatial access to parks for each 
census tract using a population-weighted measure of the 
closest seven parks, as described previously.25 41 Briefly, 
this measure accounts for distance (miles) and size of 
the seven closest parks while adjusting for the heteroge-
neous population distribution within a census tract. Data 
on national, state, and local parks in 2010, provided by 
the CDC Division of Population Health, were derived 
from two sources: The Homeland Security Infrastructure 
Program Gold database and ESRI ArcGIS 10.1 Data DVD.

Harmonized census tract-level covariates
We measured percent Hispanic and percent non-
Hispanic Black and land use environment within each 
census tract as potential confounders. We obtained 
race/ethnicity data from the 2000 and 2010 decennial 
census. To measure the land use environment, we used 
factor scores from a multiple group confirmatory factor 
analysis, stratified by community type, which identified a 
single latent variable from seven components of the built 
environment: average block length, average block size, 
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intersection density, street connectivity, establishment 
density, percent developed land, and household density. 
Data were derived from ESRI 2009 Vintage Street and 
computed via ArcGIS Pro 2.3. Details on the land use 
measurement model have been described previously.42 
The z-score sums within each community type were scaled 
to range from 0 to 100, with a higher value indicating a 
more walkable neighborhood.

Individual-level covariates
Individual-level covariates, including age, sex, race and 
ethnicity, smoking status, and available proxies for indi-
vidual or family SES, were defined within each study. 
Age was defined at baseline in VADR and REGARDS 
or at the time of case or control selection in Geisinger. 
We considered race/ethnicity as a proxy for race-based 
discrimination, a social construct that is correlated 
with social determinants of health. Categories of race/
ethnicity were defined within each study (VADR: non-
Hispanic White, non-Hispanic Black, Hispanic, Asian, 
and other/unknown; REGARDS: non-Hispanic White vs 
non-Hispanic Black; Geisinger: non-Hispanic Black, non-
Hispanic White, or other race/ethnicity). SES was defined 
by baseline data on individual disability and income in 
VADR (disabled, low-income/non-disabled, or neither), 
as baseline household income in REGARDS (<$20 000, 
$20 000–$34 999, $35 000–$74 999, ≥$75 000, or refused 
to answer) and by receipt of medical assistance prior to 
case or control selection (0% vs >0% of time prior to case 
or control selection) in Geisinger.

Statistical analysis
Using a counterfactual framework, we estimated the 
average natural direct effect of NSEE on risk of T2D, not 
operating through the two hypothesized mediators, and 
the average natural indirect effect of NSEE on risk of 
T2D operating through the LTPA environment, adjusted 
a priori for confounding variables at the individual-level 
and census tract-level (online supplemental figure S1). 
When interpretable (ie, when direct and indirect effects 
were in the same direction), we calculated the proportion 
mediated (ie, the proportion of the total effect operating 
through the indirect pathway of interest).43 No sample 
size calculations were conducted.

In the VADR cohort study, we first examined expo-
sure–outcome and mediator–outcome associations using 
piecewise exponential survival models44 with 2-year inter-
vals and county random effects fit in R (V.4.04) using the 
‘lme4’ R package.45 County random effects were used 
because of convergence issues when clustering by census 
tract. We used generalized linear mixed effects Poisson 
regression models with a log link function and an offset 
of logarithm of time-at-risk during each interval to esti-
mate HRs assuming a constant hazard function within 
intervals over time. We estimated total, direct, and indi-
rect effects46 as differences in 2-year T2D incidence rates, 
with quasi-Bayesian approximation 95% CIs, at each 
NSEE quartile compared with the first quartile, using the 

‘mediation’ R package.47 Differences in incidence rates 
were multiplied by 100 for interpretability.

In the REGARDS cohort study, we examined exposure–
outcome associations using Poisson mixed models with 
robust variance estimation to account for correlation of 
participants within census tracts, and exposure–mediator 
associations using linear mixed models with robust vari-
ance estimation in R (V.4.04) using the ‘lme4’ package.45 
We estimated total, direct, and indirect effects46 as differ-
ences in T2D incidence rates, with bootstrapped 95% CIs, 
at each NSEE quartile compared with the first quartile, 
using the ‘mediation’ R package.47 Differences in inci-
dence rates were multiplied by 100 for interpretability.

In the Geisinger EHR case–control study, we estimated 
total, direct, and indirect effects using logistic regression 
models as ORs, with bootstrapped 95% CIs,48 at each 
NSEE quartile compared with the first quartile, in R 
(VV.4.04) using the ‘medflex’” R package49 in order to 
fit models appropriate for our study design and to use 
tract-level bootstrap resampling to account for clustering 
within census tracts.

Final models were adjusted for Network-harmonized 
census tract-level race/ethnicity and land use environ-
ment (factor score) and study-specific age, sex, race/
ethnicity, smoking status (REGARDS and Geisinger only), 
and SES. We treated age as a continuous variable with 
linear and quadratic terms. All VADR models included 
linear and quadratic age terms, while REGARDS and 
Geisinger models included quadratic age if the quadratic 
term was statistically significant (p<0.05). In VADR, we 
did not adjust for smoking status because of the large 
proportion of missingness (66%) at cohort entry.

Sensitivity analyses
We conducted sensitivity analyses to evaluate the robust-
ness of the main effects. First, we refitted mediation 
models for PA facility density with larger street network 
buffers (2 mile driving buffers in higher density urban, 
6 mile driving buffers in lower density urban, and 10 mile 
driving buffers in suburban/small town and rural commu-
nities). Second, we removed land use environment from 
models because this variable could be on the causal 
pathway. Third, we took advantage of the national VADR 
cohort to restrict VADR models to census tracts shared 
with either REGARDS or Geisinger. Although the effects 
across studies cannot be quantitatively compared due 
to differences in study design and analytic approaches, 
we qualitatively evaluated the consistency (eg, presence 
vs absence) of mediation results. We hypothesized that 
comparisons between primary mediation results from 
REGARDS or Geisinger and the geographically restricted 
VADR models, which compared different populations 
within the same census tracts, could suggest whether the 
observed discrepancies in primary findings across sites 
could partly be attributed to differences in geographic 
context or in population composition. Fourth, we 
conducted a post hoc analysis in the REGARDS rural 
community model in which we treated the PA facility 
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density mediator as a binary variable, dichotomized at 
the median, to investigate whether the observed associ-
ations in REGARDS rural communities of mediation via 
PA facility density could be due to a misspecification of 
the PA facility density mediator as a continuous variable.

RESULTS
Participant characteristics
Demographic characteristics and geographic coverage 
of participants in the three study samples are summa-
rized in table 1 (individual level) and table 2 (tract level). 

Briefly, the VADR cohort included more than 4.1 million 
veterans (539 369 incident T2D cases) in 71 835 census 
tracts across most of the continental USA. The REGARDS 
cohort included 11 208 participants (1409 incident T2D 
cases) in 7502 census tracts, of which roughly half were 
in the southeast. The Geisinger nested case–control study 
sample included 15 888 new onset T2D cases and 79 435 
controls in 785 census tracts in northeastern and central 
Pennsylvania. The VADR and REGARDS cohorts had a 
median follow-up of 5.0 and 9.5 years, respectively, while 
the median contact in the Geisinger EHR was 11.2 years.

Table 1  Baseline individual-level characteristics of three independent study samples in the Diabetes LEAD Network

Study VADR REGARDS Geisinger

Geographic coverage 3108 counties across USA 
(71 835 census tracts)

1349 counties across USA 
(7502 census tracts)

37 counties in Pennsylvania
(785 census tracts)

Study design Retrospective EHR-based 
cohort

Prospective population-
based cohort

Retrospective EHR-based nested case–
control

Study period 2008–2018 2003–2016 2008–2016

 �  Cases Control encounters

Follow-up or contact time, years, 
median (IQR)*

5.0 (2.4,9.0) 9.5 (8.7, 9.9) 11.2 (7.5, 14.1) 11.2 (7.5, 14.1)

Number of participants 4 100 650 11 208 15 888 79 435

Number of new onset diabetes 
cases

539 369 1409 NA NA

Age, years, mean (SD) 59.4 (17.2) 63.0 (8.5) 54.9 (15.1) 54.9 (15.3)

Age, n (%)

 � 10–17 NA NA 230 (1.5) 1184 (1.5)

 � 18–34 486 304 (11.9) NA 1361 (8.6) 6771 (8.5)

 � 35–49 637 553 (15.6) 649 (5.8) 4038 (25.4) 20 189 (25.4)

 � 50–64 1 332 938 (32.5) 5884 (52.5) 6202 (39.0) 31 007 (39.0)

 � 65–79 1 087 570 (26.5) 4321 (38.6) 3331 (21.0) 16 654 (21.0)

 � 80+ 556 227 (13.6) 354 (3.2) 726 (4.6) 3630 (4.6)

Sex, female, n (%) 321 013 (7.8) 6256 (55.8) 7798 (49.1) 38 988 (49.1)

Race/ethnicity, n (%) †

 � Non-Hispanic White 2 783 756 (76.3) 7534 (67.2) 15 112 (95.1) 76 971 (96.9)

 � Non-Hispanic Black 584 655 (16) 3674 (32.8) 293 (1.8) 905 (1.1)

 � Hispanic 189 177 (5.2) NA 369 (2.3) 1094 (1.4)

 � Asian 34 838 (1.0) NA 63 (0.4) 267 (0.3)

 � Other/unknown 56 804 (1.6) NA 51 (0.32) 198 (0.3)

Smoking status, n (%)†

 � Current smoker 610 506 (40.3) 1245 (11.1) 3272 (20.6) 14 831 (18.7)

 � Non-smoker (former or never) 902 901 (59.7) 9926 (88.9) 12 223 (76.9) 63 241 (79.7)

HbA1c, mean (SD) ‡ † 5.7 (0.6) NA 7.3 (1.9) 5.6 (0.4)

*Follow-up time (VADR and REGARDS) or contact time (Geisinger): VADR: cohort subjects were followed from the date of cohort entry until 
censoring defined as date of incident T2D, death, no encounters with the VA system for 2 years, or the end of the study. REGARDS: follow-up time 
was measured as the time between the two in-home visits. Geisinger: time from first clinical encounter to T2D onset or clinical encounter during 
matched encounter year.
†Missing data: VADR: race/ethnicity, 451 420 (11% missing); smoking status, 2 587 243 (63% missing); HbA1C, 2 423 788 (59% missing); REGARDS: 
smoking status, 37 (0.3% missing); Geisinger: HbA1C: 8391 (53% missing) cases and 75 280 (95% missing) controls.
‡All baseline clinical measures: VADR: most recent measure prior or on cohort entry date. REGARDS: at enrollment. Geisinger: closest within 1 year 
prior to T2D diagnosis/matched encounter date.
HbA1c, hemoglobin A1c; IQR, Interquartile range (25th, 75th percentile); NA, not applicable; REGARDS, REasons for Geographic and Racial 
Differences in Stroke; T2D, type 2 diabetes; VADR, Veterans Administration Diabetes Risk.
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Table 2  Baseline census tract-level characteristics of three independent study samples in the Diabetes LEAD Network

Study
 �  VADR REGARDS

Geisinger

Cases
Control 
encounters

Higher density urban

 � Number of census tracts 17 035 1318 80 99

 � Number of persons 478 668 1810 1039 4121

 � NSEE Q1, n (%)* (lowest disadvantage) 50 404 (10.5) 415 (22.9) 243 (23.4) 1082 (26.3)

 � NSEE Q2, n (%)* 99 851 (20.9) 509 (28.1) 310 (29.8) 1142 (27.7)

 � NSEE Q3, n (%)* 127 723 (26.7) 486 (26.9) 288 (27.7) 1040 (25.2)

 � NSEE Q4, n (%)* (highest disadvantage) 200 273 (41.9) 400 (22.1) 189 (19.1) 857 (20.8)

 � Population-weighted distance to seven 
closest parks, miles, median (IQR)

0.5 (0.4, 0.8) 0.5 (0.4, 0.8) 0.78 (0.5, 1.2) 0.73 (0.59, 1.0)

 � PA facility density within 1 mile walking buffer, 
count/km2, median (IQR)

1.3 (0.6, 2.4) 0.8 (0.4, 1.5) 2.1 (1.5, 2.7) 2.2 (1.6, 2.9)

 � Land use environment score, median (IQR) −0.07 (−0.59, 0.50) 0.13 (−0.50, 0.64) 0.24 (−0.34, 0.66) 0.24 (−0.38, 0.70)

 � % non-Hispanic Black, mean (SD) 25.1 (31.7) 64.4 (32.9) 6.2 (7.8) 5.1 (5.9)

 � % Hispanic, mean (SD) 22.7 (24.3) 8.4 (11.4) 5.8 (7.3) 5.8 (8.2)

Lower density urban

 � Number of census tracts 25 630 2973 101 148

 � Number of persons 1 509 042 4524 1890 8665

 � NSEE Q1, n (%)* (lowest disadvantage) 597 922 (39.6) 948 (21.0) 84 (4.4) 673 (7.8)

 � NSEE Q2, n (%)* 467 687 (31) 1094 (24.2) 410 (21.7) 2144 (24.7)

 � NSEE Q3, n (%)* 277 240 (18.4) 1205 (26.6) 547 (28.9) 2486 (28.7)

 � NSEE Q4, n (%)* (highest disadvantage) 165 515 (11) 1277 (28.2) 849 (44.9) 3362 (38.8)

 � Population-weighted distance to seven 
closest parks, miles, median (IQR)

0.8 (0.5, 1.4) 0.8 (0.5, 1.4) 1.3 (0.66, 2.1) 1.2 (.55. 2.1)

 � PA facility density within 2 mile driving buffer, 
count/km2, median (IQR)

0.7 (0.4, 1.1) 0.5 (0.2, 0.8) 1.0 (0.72, 1.5) 1.0 (0.72, 1.5)

 � Land use environment score, median (IQR) 0.09 (−0.58, 0.68) −0.00 (−0.63, 0.65) 0.31 (−0.47, 1.02) 0.15 (−0.57, 0.93)

 � % non-Hispanic Black, mean (SD) 15.4 (22.8) 43.4 (35.9) 2.6 (3.3) 2.5 (2.9)

 � % Hispanic, mean (SD) 14.8 (18.1) 5.0 (7.9) 3.0 (5.3) 2.7 (4.4)

Suburban/small town

 � Number of census tracts 11 743 1491 159 209

 � Number of persons 919 281 2224 5009 24 886

 � NSEE Q1, n (%)* (lowest disadvantage) 331 549 (36.1) 482 (21.7) 779 (15.6) 4817 (19.4)

 � NSEE Q2, n (%)* 303 951 (33.1) 493 (22.2) 906 (18.1) 5140 (20.7)

 � NSEE Q3, n (%)* 189 142 (20.6) 560 (25.2) 1537 (30.7) 7509 (30.2)

 � NSEE Q4, n (%)* (highest disadvantage) 94 385 (10.3) 689 (31.0) 1787 (35.7) 7420 (29.8)

 � Population-weighted distance to seven 
closest parks, miles, median (IQR)

2.0 (1.1, 3.5) 2.1 (1.2, 4.1) 2.7 (1.7, 5.6) 2.4 (1.5, 4.6)

 � PA facility density within 6 mile driving buffer, 
count/km2, median (IQR)

0.2 (0.1, 0.4) 0.2 (0.1, 0.3) 0.19 (0.14, 0.35) 0.19 (0.15, 0.39)

 � Land use environment score, median (IQR) −0.06 (−0.70, 0.54) 0.02 (−0.64, 0.57) 0.71 (−0.54, 1.85) 0.26 (−0.68, 1.82)

 � % non-Hispanic Black, mean (SD) 9.5 (15.9) 28.0 (30.3) 1.9 (4.4) 1.8 (4.3)

 � % Hispanic, mean (SD) 9.8 (14.4) 3.3 (5.3) 1.5 (2.6) 1.5 (2.5)

Rural

 � Number of census tracts 17 427 1719 235 296

 � Number of persons 1 193 659 2650 7950 41 763

Continued
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The Geisinger and REGARDS study samples had 
approximately equal proportions of males and females. 
The VADR cohort, reflecting overall veteran demo-
graphics, was 7.8% female. The average REGARDS 
participant was slightly older compared with VADR or 
Geisinger participants (63.0 vs 59.4 and 54.9 years, respec-
tively). The REGARDS cohort had a greater proportion 
of non-Hispanic Black participants (32.8%) compared 
with the VADR and Geisinger study samples (16.0% and 
1.8%, respectively). Within community type, median 
NSEE values did not vary substantially across study 
samples (online supplemental figure S2). The VADR 
cohort, the most geographically diverse study sample, 
had a greater range of NSEE values and longer upper tail 
(worse socioeconomic disadvantage) compared with the 
other study samples. PA facility density generally declined 
from urban to rural community types, while distance to 
parks generally increased (online supplemental figures 
S3 and S4, respectively). There was greater variability in 
the two LTPA environment measures in the VADR cohort 
compared with the other study samples.

Mediation via PA facility density
We found some limited evidence for mediation of the 
effect of NSEE on T2D via PA facility density in the 
VADR cohort, although of small magnitude, and in 
the REGARDS cohort, while there was no evidence of 
mediation in the Geisinger sample (table 3). The most 
consistent effects were observed in rural communities, 
where the indirect effects were positive and strength-
ened across increasing quartiles of NSEE, and where 
the proportion mediated was 3% in VADR and 51% in 

REGARDS (comparing the fourth vs first quartile of 
NSEE). In all other community types, we observed incon-
sistent exposure–outcome relations and directions of 
the indirect effects. In suburban/small town communi-
ties, we observed negative indirect effects in VADR (ie, 
inconsistent mediation opposing the direct effect) and 
positive indirect effects in REGARDS (ie, mediation in 
the same direction as the direct effect), although in the 
REGARDS cohort, the positive significant indirect effect 
was limited to the NSEE second vs first quartile only. In 
urban communities, we observed significant, although 
less consistent, indirect effects in the VADR cohort only. 
In VADR lower density urban communities, positive indi-
rect effects in the second and third (vs first) quartiles of 
NSEE represented a proportion mediated of about 1%, 
whereas in higher density urban communities, indirect 
effects were negative.

Mediation via distance to parks
We found limited evidence for mediation of the effect of 
NSEE on T2D via distance to parks in the VADR cohort 
only (table 4), and specifically, in rural communities. In 
these communities, the population-weighted distance 
to the seven closest parks mediated a small proportion 
(<1%) of the total effect of NSEE on T2D comparing 
the NSEE fourth vresus first quartiles. In the VADR 
cohort, there was minimal evidence for mediation in 
suburban/small town and lower density communities 
and no evidence for mediation in higher density urban 
communities.

Study
 �  VADR REGARDS

Geisinger

Cases
Control 
encounters

 � NSEE Q1, n (%)* (lowest disadvantage) 79 421 (6.7) 500 (18.9) 2256 (28.4) 13 010 (31.2)

 � NSEE Q2, n (%)* 332 667 (27.9) 531 (20.0) 1802 (22.7) 9.744 (23.3)

 � NSEE Q3, n (%)* 507 151 (42.5) 638 (24.1) 2470 (31.1) 12 096 (29.0)

 � NSEE Q4, n (%)* (highest disadvantage) 274 277 (23) 981 (37.0) 1422 (17.9) 6931 (16.6)

 � Population-weighted distance to seven 
closest parks, miles, median (IQR)

5.9 (3.3, 9.8) 7.0 (3.9, 11.5) 6.3 (4, 8.5) 6 (3.9, 8.1)

 � PA facility density within 6 mile driving buffer, 
count/km2, median (IQR)

0.04 (0.01, 0.09) 0.03 (0.01, 0.08) 0.08 (0.02, 0.14) 0.08 (0.02, 0.15)

 � Land use environment score, median (IQR) −0.04 (−0.53, 0.59) 0.11 (−0.42, 0.79) 0.27 (−0.11, 0.67) 0.28 (−0.10, 0.67)

 � % non-Hispanic Black, mean (SD) 6.6 (13.6) 31.5 (27.5) 2.2 (4.4) 2.2 (4.3)

 � % Hispanic, mean (SD) 5.8 (10.5) 2.6 (5.1) 2.2 (3.6) 2.0 (3.3)

*Time-varying NSEE assignment: VADR: patients who entered the cohort before 2010 were assigned NSEE based on the 2000 Census data; 
otherwise, patients were assigned NSEE based on 2006–2010 ACS data. REGARDS: all participants were assigned NSEE based on the 2000 
Census data. Geisinger: new cases/matched controls in years 2008–2012 were assigned NSEE based on 2000 Census; new cases/matched 
controls in years 2013–2016 were assigned NSEE based on 2006–2010 ACS data.
ACS, American Community Survey; IQR, Interquartile range (25th, 75th percentile); NA, not applicable; NSEE, neighborhood socioeconomic 
environment; PA, physical activity; Q, quartile; REGARDS, REasons for Geographic and Racial Differences in Stroke; VADR, Veterans 
Administration Diabetes Risk.

Table 2  Continued
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Table 3  Total, direct, and indirect effects of higher NSEE (higher socioeconomic disadvantage) on T2D via PA facility density 
within street network buffers

NSEE quartiles

Mediation via PA facility density (count/km2)

Total effect (95% CI) Average direct effect (95% CI) Average indirect effect (95% CI)

Higher density urban (1-mile walking buffer)

VADR cohort (difference in incidence rates)*

 � Q2 versus Q1 0.0017 (0.0009 to 0.0024) 0.0018 (0.0010 to 0.0026) −0.0111 (−0.0165 to 0.0055)

 � Q3 versus Q1 0.0023 (0.0015 to 0.0030) 0.0025 (0.0017 to 0.0032) −0.0177 (−0.0247 to 0.0105)

 � Q4 versus Q1 0.0024 (0.0015 to 0.0035) 0.0025 (0.0016 to 0.0036) −0.0117 (−0.0165 to 0.0055)

REGARDS cohort (difference in incidence rates)*

 � Q2 versus Q1 4.15 (−1.06 to 9.24) 4.24 (−0.96 to 9.41) −0.10 (−0.67 to 0.40)

 � Q3 versus Q1 5.76 (0.25 to 11.05) 5.78 (0.27 to 10.94) −0.02 (−0.35 to 0.25)

 � Q4 versus Q1 3.17 (−2.36 to 8.55) 3.26 (−2.25 to 8.71) −0.09 (−0.65 to 0.41)

Geisinger nested case–control (OR)*

 � Q2 versus Q1 1.19 (0.94 to 1.53) 1.14 (0.90 to 1.47) 1.04 (0.97 to 1.13)

 � Q3 versus Q1 1.11 (0.88 to 1.41) 1.08 (0.86 to 1.37) 1.03 (0.95 to 1.11)

 � Q4 versus Q1 0.78 (0.56 to 1.11) 0.80 (0.59 to 1.09) 0.97 (0.87 to 1.08)

Lower density urban (2-mile driving buffer)

VADR cohort (difference in incidence rates)*

 � Q2 versus Q1 0.0010 (0.0007 to 0.0012) 0.0010 (0.0007 to 0.0012) 0.0017 (0.0013 to 0.0023)

 � Q3 versus Q1 0.0019 (0.0002 to 0.0022) 0.0019 (0.0016 to 0.0022) 0.0010 (0.0008 to 0.0011)

 � Q4 versus Q1 0.0012 (0.0008 to 0.0015) 0.0012 (0.0009 to 0.0015) −0.0012 (−0.0015 to 0.0008)

REGARDS cohort (difference in incidence rates)*

 � Q2 versus Q1 0.92 (−2.61 to 4.07) 0.90 (−2.62 to 4.09) 0.01 (−0.06 to 0.12)

 � Q3 versus Q1 4.40 (0.49 to 7.82) 4.45 (0.49 to 7.82) −0.05 (−0.27 to 0.15)

 � Q4 versus Q1 3.94 (−0.47 to 7.98) 4.00 (−0.39 to 8.18) −0.07 (−0.06 to 0.12)

Geisinger nested case–control (OR)*

 � Q2 versus Q1 1.55 (1.16 to 2.05) 1.55 (1.17 to 2.04) 1.00 (0.95 to 1.05)

 � Q3 versus Q1 1.67 (1.26 to 2.23) 1.68 (1.26 to 2.23) 1.01 (0.97 to 1.06)

 � Q4 versus Q1 1.70 (1.29 to 2.30) 1.68 (1.27 to 2.26) 1.01 (0.97 to 1.06)

Suburban/small town (6-mile driving buffer)

VADR cohort (difference in incidence rates)*

 � Q2 versus Q1 0.0013 (0.0009 to 0.0017) 0.0013 (0.0009 to 0.0017) −0.0035 (0.0058 to 0.0006)

 � Q3 versus Q1 0.0023 (0.0020 to 0.0028) 0.0024 (0.0021 to 0.0029) −0.0085 (−0.0147 to 0.0039)

 � Q4 versus Q1 0.0028 (0.0023 to 0.0032) 0.0030 (0.0024 to 0.0033) −0.0109 (−0.0157 to 0.0050)

REGARDS cohort (difference in incidence rates)*

 � Q2 versus Q1 −0.31 (−4.81 to 3.97) −1.21 (−5.77 to 3.05) 0.90 (0.04 to 1.99)

 � Q3 versus Q1 2.33 (−2.53 to 6.68) 0.77 (−4.37 to 5.39) 1.55 (−0.001 to 3.27)

 � Q4 versus Q1 4.97 (−0.64 to 10.89) 2.69 (−3.33 to 8.74) 2.28 (−0.09 to 4.73)

Geisinger nested case–control (OR)*

 � Q2 versus Q1 1.06 (0.90 to 1.26) 1.05 (0.91 to 1.23) 1.01 (0.97 to 1.04)

 � Q3 versus Q1 1.15 (0.98 to 1.35) 1.17 (0.99 to 1.38) 0.99 (0.95 to 1.02)

 � Q4 versus Q1 1.22 (1.02 to 1.45) 1.23 (1.03 to 1.47) 0.99 (0.95 to 1.03)

Rural (6-mile driving buffer)

VADR cohort (difference in incidence rates)*

 � Q2 versus Q1 0.0007 (0.0003 to 0.0011) 0.0006 (0.0002 to 0.0011) 0.0025 (0.0011 to 0.0034)

 � Q3 versus Q1 0.0011 (0.0008 to 0.0015) 0.0011 (0.0002 to 0.0011) 0.0048 (0.0028 to 0.0075)

Continued
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Sensitivity analyses
In analyses using larger buffer sizes to define PA facility 
density, results for REGARDS, but not VADR or Geisinger, 
differed from the primary analysis (online supplemental 
table S2). In REGARDS, using larger buffers resulted 
in slightly larger indirect effect sizes in lower density 
urban, suburban/small town, and rural communities. 
Removing the land use environment measure from medi-
ation models did not substantially affect the magnitude 
or direction of the indirect effects (results not shown). 
When we restricted VADR analyses to REGARDS census 
tracts, we no longer observed any statistically signif-
icant indirect effects via PA facility density that were 
present in the REGARDS suburban/small town and 
rural communities (online supplemental table S3). For 
the corresponding analysis examining mediation via 
distance to parks, we did not observe substantial quali-
tative differences compared with the main REGARDS 
analysis (online supplemental table S3). In VADR models 
restricted to Geisinger census tracts, the indirect effects 
via both PA facilities and distance to parks (online 
supplemental table S4) were not qualitatively different 
than the Geisinger main analysis (ie, close to null). In 
the sensitivity analysis examining the PA facility density 
mediator as a binary variable, the indirect association in 
REGARDS rural communities was slightly attenuated in 
magnitude but remained statistically significant (online 
supplemental table S5).

DISCUSSION
In a causal mediation analysis of three independent study 
samples, with harmonized exposure and neighborhood-
level confounding variables, and geographic coverage 
across rural, suburban, and urban communities in the 
US, we found little evidence that the LTPA environment 
mediates the association between NSEE and new onset of 

T2D. We observed some statistically significant mediation 
via PA facility density and distance to parks; however, the 
magnitude of the indirect effects was small, especially in 
the VADR cohort, and in most models, the LTPA envi-
ronment mediated only a small proportion of the effect 
of NSEE on T2D. Overall, the observed indirect effects 
through the LTPA environment are of insufficient magni-
tude to inform policy decisions aimed at reducing the 
impact of NSEE on T2D. Despite the lack of evidence for 
policy-relevant indirect effects via the LTPA environment, 
our heterogeneous mediation findings by community 
type affirm that future research should consider commu-
nity type as a key modifying factor by which neighbor-
hood context affects T2D.

Mediation via PA facility density
In non-rural community types, findings were inconsistent 
in direction and study sample and provided little evidence 
that PA facility density explains NSEE’s harmful effects on 
T2D. We found some evidence for mediation of NSEE on 
T2D via PA facility density in rural communities—small 
magnitude and small proportion mediated in VADR and 
a relatively large proportion mediated in REGARDS—
but this finding warrants caution in its interpretation. 
Although no prior studies of mediation of NSEE-T2D 
associations via access to PA facilities exist, evidence 
for a relation between neighborhood SES and access to 
PA facilities24 26 50 51 and between access to PA facilities 
and T2D21 23 52 support the plausibility of this mediation 
pathway. Given that most studies of PA facility access and 
T2D risk have been limited to urban and suburban areas, 
our study’s finding of mediation in rural communities 
provides some evidence that the harmful effect of NSEE 
on T2D risk may be in part due to low access to PA facil-
ities in rural communities, which have fewer PA facilities 
compared with more urbanized areas.26 However, given 

NSEE quartiles

Mediation via PA facility density (count/km2)

Total effect (95% CI) Average direct effect (95% CI) Average indirect effect (95% CI)

 � Q4 versus Q1 0.0020 (0.0019 to 0.0023) 0.0020 (0.0018 to 0.0022) 0.0066 (0.0038 to 0.0099)

REGARDS cohort (difference in incidence rates)*

 � Q2 versus Q1 5.63 (0.91 to 10.59) 4.69 (0.15 to 9.49) 0.94 (0.18 to 1.90)

 � Q3 versus Q1 3.55 (−1.11 to 8.25) 2.31 (−2.55 to 7.14) 1.24 (0.16 to 2.39)

 � Q4 versus Q1 3.00 (−2.24 to 8.21) 1.48 (−4.35 to 6.67) 1.53 (0.25 to 3.05)

Geisinger nested case–control (OR)*

 � Q2 versus Q1 1.04 (0.93 to 1.16) 1.04 (0.92 to 1.16) 1.00 (0.99 to 1.02)

 � Q3 versus Q1 1.15 (1.06 to 1.26) 1.15 (1.05 to 1.26) 1.00 (0.99 to 1.02)

 � Q4 versus Q1 1.17 (1.06 to 1.32) 1.17 (1.05 to 1.32) 1.00 (0.99 to 1.02)

Bolded values indicate statistically significant (p<0.05).
*For the cohort studies (VADR and REGARDS), mediation effects are presented as differences in incidence rates and rescaled by multiplying 
by 100 for interpretability. For the case–control study (Geisinger EHR), mediation effects are presented as ORs.
EHR, electronic health record; NSEE, neighborhood socioeconomic environment; PA, physical activity; Q, quartile; REGARDS, REasons for 
Geographic and Racial Differences in Stroke; T2D, type 2 diabetes; VADR, Veterans Administration Diabetes Risk.
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Table 4  Total, direct, and indirect effects of higher NSEE (higher socioeconomic disadvantage) on T2D via population-
weighted distance to seven nearest parks

NSEE quartiles

Mediation via population-weighted distance to seven nearest parks (miles)

Total effect (95% CI) Average direct effect (95% CI) Average indirect effect (95% CI)

Higher density urban

VADR cohort (difference in incidence rates)*

 � Q2 versus Q1 0.0018 (0.0013 to 0.0022) 0.0018 (0.0013 to 0.0022) 0.0001 (−0.0005 to 0.0006)

 � Q3 versus Q1 0.0025 (0.0021 to 0.0030) 0.0025 (0.0021 to 0.0030) −0.0002 (−0.0020 to 0.0021)

 � Q4 versus Q1 0.0022 (0.0010 to 0.0031) 0.0022 (0.0010 to 0.0031) 0.0000 (−0.0015 to 0.0018)

REGARDS cohort (difference in incidence rates)*

 � Q2 versus Q1 4.12 (−0.87 to 9.15) 4.00 (−1.11 to 8.95) 0.12 (−0.10 to 0.47)

 � Q3 versus Q1 5.78 (0.38 to 11.38) 5.77 (0.25 to 11.49) 0.01 (−0.25 to 0.30)

 � Q4 versus Q1 3.00 (−2.69 to 8.06) 3.08 (−2.65 to 8.23) −0.08 (−0.39 to 0.12)

Geisinger nested case–control (OR)*

 � Q2 versus Q1 1.19 (0.93 to 1.54) 1.15 (0.91 to 1.47) 1.03 (0.98 to 1.09)

 � Q3 versus Q1 1.11 (0.89 to 1.40) 1.11 (0.90 to 1.39) 1.00 (0.95 to 1.04)

 � Q4 versus Q1 0.78 (0.56 to 1.09) 0.78 (0.57 to 1.08) 1.00 (0.93 to 1.07)

Lower density urban

VADR cohort (difference in incidence rates)*

 � Q2 versus Q1 0.0011 (0.0008 to 0.0013) 0.0011 (0.0008 to 0.0013) −0.0007 (−0.0010 to to 0.0003)

 � Q3 versus Q1 0.0019 (0.0017 to 0.0022) 0.0019 (0.0017 to 0.0022) −0.0008 (−0.0022 to to 0.0002)

 � Q4 versus Q1 0.0011 (0.0009 to 0.0014) 0.0011 (0.0010 to 0.0014) −0.0013 (−0.0044 to to 0.0014)

REGARDS cohort (difference in incidence rates)*

 � Q2 versus Q1 1.15 (−2.18 to 4.43) 1.19 (−2.13 to 4.50) −0.04 (−0.15 to 0.04)

 � Q3 versus Q1 4.38 (0.59 to 7.93) 4.50 (0.80 to 8.01) −0.12 (−0.43 to 0.11)

 � Q4 versus Q1 3.97 (−0.16 to 7.89) 4.09 (−0.15 to 8.11) −0.12 (−0.43 to 0.14)

Geisinger nested case control (OR)*

 � Q2 versus Q1 1.55 (1.16 to 2.07) 1.53 (1.17 to 2.01) 1.01 (0.93 to 1.10)

 � Q3 versus Q1 1.67 (1.26 to 2.23) 1.64 (1.25 to 2.14) 1.02 (0.94 to 1.12)

 � Q4 versus Q1 1.70 (1.29 to 2.26) 1.66 (1.29 to 2.17) 1.02 (0.92 to 1.13)

Suburban/small town

VADR cohort (difference in incidence rates)*

 � Q2 versus Q1 0.0013 (0.0010 to 0.0016) 0.0013 (0.0010 to 0.0016) 0.0002 (0.0000 to 0.0003)

 � Q3 versus Q1 0.0022 (0.0019 to 0.0026) 0.0022 (0.0019 to 0.0016) 0.0003 (−0.0001 to 0.0008)

 � Q4 versus Q1 0.0026 (0.0019 to 0.0034) 0.0026 (0.0019 to 0.0034) −0.0002 (−0.0005 to 0.0001)

REGARDS cohort (difference in incidence rates)*

 � Q2 versus Q1 −0.77 (−5.07 to 3.65) −0.95 (−5.13 to 3.40) 0.18 (−0.18 to 0.59)

 � Q3 versus Q1 1.81 (−2.81 to 6.28) 1.48 (−3.21 to 5.86) 0.34 (−0.32 to 0.99)

 � Q4 versus Q1 4.04 (−1.36 to 9.64) 3.53 (−2.01 to 9.11) 0.51 (−0.51 to 1.56)

Geisinger nested case–control (OR)*

 � Q2 versus Q1 1.06 (0.90 to 1.27) 1.04 (0.89 to 1.24) 1.02 (0.98 to 1.05)

 � Q3 versus Q1 1.15 (0.97 to 1.36) 1.16 (0.99 to 1.36) 0.99 (0.97 to 1.01)

 � Q4 versus Q1 1.22 (1.02 to 1.45) 1.20 (1.01 to 1.43) 1.01 (0.97 to 1.05)

Rural

VADR cohort (difference in incidence rates)*

 � Q2 versus Q1 0.0005 (0.0002 to 0.0008) 0.0005 (0.0002 to 0.0008) 0.0007 (0.0002 to 0.0012)

 � Q3 versus Q1 0.0011 (0.0008 to 0.0014) 0.0011 (0.0008 to 0.0014) 0.0014 (0.0005 to 0.0022)
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that we only observed a substantial proportion mediated 
in one study sample and the limitations in the supporting 
data, this finding should be interpreted with caution. 
In REGARDS rural communities, the distribution of 
PA facility density was relatively narrow and skewed 
(ie, many census tracts had no PA facilities), especially 
among tracts with high NSEE. In addition, confounding 
by individual-level factors is more likely when a study 
population has few persons per census tract; of the three 
study samples, the number of persons per census tract 
was lowest in REGARDS. To address concerns about the 
skewed distribution of PA facility density, we conducted a 
sensitivity analysis in which PA facility density was treated 
as a binary, rather than continuous, mediator. Indirect 
effects remained statistically significant, suggesting this 
association was not due to misspecification of the expo-
sure–mediator or mediator–outcome exposure–response 
relation. While this bolsters evidence for the mediation 
finding, our sensitivity analysis restricting the VADR 
analysis to overlapping census tracts with the other study 
samples suggested that the mediation effects we observed 
in REGARDS may have been due to differences in popu-
lation composition rather than contextual differences. 
The lack of mediation effects observed for Geisinger 
remains unclear but could potentially reflect overall 
regional differences in T2D risk12 or the lower T2D risk 
in rural areas within the Geisinger study region.31

In our study’s main analysis, we used street network 
buffer sizes for PA facility density in the two types of 
urban communities that were comparable with past 
studies of PA facility density and T2D, which have typi-
cally used 1-mile circular buffers.21 53 With limited prior 
studies on which to base our selection of street network 
buffers in rural areas, we selected 6-mile driving buffers 
in suburban/small town and rural communities. In a 
sensitivity analysis, we found that expanding the size of 

the buffers used to measure PA facility density resulted in 
slightly larger indirect effect sizes in REGARDS in most 
community types, suggesting that the relevant activity 
space for measuring LTPA resources may be larger in 
less dense, car dependent communities. Alternatively, 
using larger buffer sizes may have captured additional PA 
facilities in adjacent communities, increasing the effect 
sizes observed for the REGARDS cohort. There is no 
consensus in the literature on the most relevant activity 
spaces for LTPA across the rural to urban continuum. 
Empirical studies measuring how activity spaces relevant 
for LTPA differ across rural, suburban, and urban areas 
are an important area for future research. In addition, 
future mediation analyses should evaluate other aspects 
of the LTPA environment, such as the role of quality or 
affordability of PA facility access.

Mediation via distance to parks
We found only a small positive indirect effect (<1% 
mediation) via population-weighted distance to the 
seven closest parks that was limited to VADR rural 
communities. No prior studies have evaluated whether 
access to parks mediates the relation between NSEE 
and T2D; however, mediation via park access is plau-
sible based on evidence of associations between NSEE 
and park access and between park access and T2D. 
As previously shown, higher poverty tracts in rural 
areas were farther from parks—as measured by the 
same definition in our study, the population-weighted 
distance from census tract centroid to the seven closest 
parks—whereas in urban and suburban areas, higher 
poverty tracts were closer to parks.25 Although few 
studies have specifically examined park access, similar 
exposures such as greenspace and public open spaces 
have been associated with lower risk of T2D.54 Our 
measure of park access may not influence individual 

NSEE quartiles

Mediation via population-weighted distance to seven nearest parks (miles)

Total effect (95% CI) Average direct effect (95% CI) Average indirect effect (95% CI)

 � Q4 versus Q1 0.0017 (0.0014 to 0.0020) 0.0016 (0.0014 to 0.0020) 0.0015 (0.0000 to 0.0043)

REGARDS cohort (difference in incidence rates)*

 � Q2 versus Q1 5.48 (0.60 to 10.09) 6.06 (1.25 to 10.86) −0.58 (−1.37 to 0.10)

 � Q3 versus Q1 3.56 (−1.06 to 7.85) 4.38 (−0.32 to 8.91) −0.82 (−1.85 to 0.07)

 � Q4 versus Q1 3.18 (−1.99 to 8.69) 4.04 (−1.18 to 9.74) −0.86 (−1.84 to 0.08)

Geisinger nested case–control (OR)*

 � Q2 versus Q1 1.04 (0.94 to 1.15) 1.02 (0.92 to 1.14) 1.02 (0.99 to 1.05)

 � Q3 versus Q1 1.15 (1.06 to 1.26) 1.12 (1.02 to 1.23) 1.03 (0.99 to 1.07)

 � Q4 versus Q1 1.17 (1.06 to 1.31) 1.14 (1.03 to 1.28) 1.03 (0.99 to 1.07)

Bolded values indicate statistically significant (p<0.05).
*For the cohort studies (VADR and REGARDS), mediation effects are presented as differences in incidence rates and rescaled by multiplying 
by 100 for interpretability. For the case–control study (Geisinger EHR), mediation effects are presented as ORs.
EHR, electronic health record; NSEE, neighborhood socioeconomic environment; PA, physical activity; Q, quartile; REGARDS, REasons for 
Geographic and Racial Differences in Stroke; T2D, type 2 diabetes; VADR, Veterans Administration Diabetes Risk.

Table 4  Continued
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LTPA as we hypothesized. Despite the strengths of our 
distance to parks measure, which accounted for the 
population distribution within a census tract, the size 
of the parks, and was unconstrained by tract bound-
aries, our largely null mediation results could indicate 
that this may not be an appropriate measure of park 
access for these populations or geographies. A system-
atic review of the relation between proximity and 
density of parks and LTPA found inconsistent asso-
ciations across studies, which suggests that perceived 
measures of park access—as opposed to objective 
measures used in our study—may have more rele-
vance to LTPA.20 Other features of the LTPA environ-
ment that could be more relevant to increasing LTPA, 
such as affordability, features, and quality, should be 
examined in future studies of mediation via the LTPA 
environment.21 26

Strengths
This study is the first to employ a formal causal media-
tion framework to examine whether features of the LTPA 
environment mediate the observed harmful association 
between NSEE and T2D. The main strengths of this anal-
ysis, made possible through collaboration of the Diabetes 
LEAD Network, was the development of complementary 
analysis plans across sites, including creating harmonized 
analytic variables (exposure and key neighborhood-level 
variables) and conducting statistical modeling as consis-
tently as possible, despite the differences in study designs. 
This allowed us to address often-cited limitations in the 
comparison of epidemiologic study findings, namely, the 
extent to which methodological heterogeneity contrib-
utes to lack of replication across studies. Furthermore, 
our study samples represented both national and region-
specific contexts and a broad spectrum of community 
types, which allowed exploration of heterogeneity across 
these dimensions of interest.

Limitations
Although our methodological approach eliminated 
important sources of variation between the three anal-
yses, replication in different study samples and geog-
raphies does not allow for a full disentanglement of 
contextual and composition effects. Our study samples 
differed in their distributions of race/ethnicity, sex, 
age, SES, veteran status, and in the geographic regions 
covered. Residual confounding may have remained, 
such as from individual-level SES, which was measured 
differently in the three study samples. We were unable 
to completely harmonize the diagnostic criteria for T2D 
across samples, which could have contributed to the 
heterogeneity of results across studies. For some commu-
nity types, small sample sizes for particular combinations 
of NSEE quartiles and PA mediators in the REGARDS and 
Geisinger study samples may have constrained our ability 
to detect the small mediation effects in the substantially 
larger VADR sample, but the small effect sizes detected in 
the VADR cohort may not be meaningful for informing 

policy or interventions to reduce the impact of NSEE on 
T2D. The LTPA environment variables were defined from 
population-weighted centroids, rather than individual 
addresses, which may not capture the relevant activity 
space of participants. For causal inference, these media-
tion analyses assume no unmeasured exposure–outcome 
confounding, exposure–mediator confounding, or medi-
ator–outcome confounding. Stratifying statistical models 
by community type and evaluating NSEE as within-
community quartiles reduced potential bias from census 
tract-level residual confounding and non-positivity, but 
this also restricted our ability to interpret mediation 
effects across community types. With cross-sectional 
address data, we could not address possible bias from 
residential self-selection, where health-related behav-
iors and preferences predict neighborhood choice and 
health outcomes.

CONCLUSIONS
In the first causal mediation analysis of the NSEE-T2D 
association through neighborhood LTPA resources, 
we found little evidence for partial mediation via the 
density of PA facilities or distance to parks in three 
unique study samples. Given the small magnitude of 
the indirect effects observed, alongside the heteroge-
neity by study sample and community type, the rele-
vance of our findings for policy or interventions to 
reduce T2D is not straightforward. Our differential 
findings by community type highlight the importance 
of considering community type as a key factor in the 
contextual impacts on T2D, and by extension, suggest 
that approaches to change the LTPA environment to 
reduce T2D will require local tailoring to maximize 
population health benefits. Inequities in local desti-
nations for walking, social engagement, and PA are 
widening across the socioeconomic gradient and by 
race and ethnicity in the USA.55 Our understanding 
of the best approaches to measure the LTPA environ-
ment in rural communities is particularly limited. 
Research evaluating alternative measures of the LTPA 
environment is needed, particularly methods that 
capture features beyond proximity and using multiple 
spatial scales.
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