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Abstract

Introduction: Post-stroke physical activity (PA) has widespread health benefits. Environmental 

exposures may shape post-stroke PA behavior. This study investigates relationships between 

environmental exposures and post-stroke PA.

Methods: Stroke survivors (N=374) from a cohort of Black and White adults, with post-

stroke accelerometer data (2009-2013) were eligible for the current study. Participants’ home 

addresses were linked with secondary data to capture environmental characteristics, including 

annual density of neighborhood resources (e.g. parks, PA facilities, and intellectual stimulation 

destinations), 2010 neighborhood socioeconomic status (nSES), 2010 neighborhood crime, and 

daily information on extreme cold days. Post-stroke light PA (LPA) and moderate to vigorous PA 

(MVPA) were captured using accelerometers over a 7-day period. Linear regression and two-part/

hurdle models were used to estimate the relationship between density of neighborhood resources 

with LPA and MVPA, respectively. Analyses were conducted in 2021.

Results: A 10% increase in the number of extreme cold days was associated with 6.37 fewer 

minutes of daily LPA (95% CI:−11.37, −1.37). A one-standard deviation increase in nSES 

was associated with greater odds (OR=1.10; 95% CI:1.02, 1.19) of doing any MVPA. Among 

participants obtaining any MVPA, a one-unit (count/km2) increase in destinations for intellectual 

stimulation was associated with 0.99 (95% CI:0.02, 1.97) more minutes of daily MVPA. All other 

environmental exposures were not associated with post-stroke LPA or MVPA.
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Conclusions: Environmental exposures may facilitate PA participation among stroke survivors. 

This study found that weather, nSES, and proximity to destinations for intellectual stimulation 

were associated with PA over and above individual factors.

Introduction

PA is an important component of rehabilitation after stroke due to the widespread benefits 

including physical,1-4 cognitive,5 and emotional health.6-8 Previous research suggests that 

exercise and PA post-stroke is protective of bone health,1 walking ability,2 fatigue,3 and 

muscle strength.4 Furthermore, low levels of PA post-stroke are associated with risk for 

recurrent stroke and cardiovascular disease.9-11 Stroke survivors have previously indicated 

that neighborhood resources are important for PA post-stroke.12-14 PA facility access is 

associated with a greater number of steps taken post-stroke14 and traveling far distances to 

PA facilities serves as a primary barrier to exercise post-stroke.13 Additionally, retail and 

service destinations within the neighborhood environment can serve as motivating factors 

for active transportation (e.g. walking or biking).15-17 Walking long distances, including 

to public transportation, has been reported as a challenge for community mobility post-

stroke.18-23 Thus, access to transportation is an important feature to encourage mobility and 

participation post-stroke.12, 24

Environmental characteristics are important determinants of population health.25 However, 

very little is known of the role of environmental exposures for community-dwelling stroke 

survivors, estimated to represent 7.0 million Americans over the age of 20.26 Previous 

research found that neighborhood walkability was not associated with post-stroke daily 

stepping.27 However, this study was limited in geographic variability, did not account for 

the role of weather, and it is unclear if the assessment of neighborhood walkability preceded 

measurement of post-stroke walking.27 Targeting physical and social resources intervenes on 

structural factors associated with health and provides the context through which post-stroke 

physical activity takes place.28 Additional research is needed to examine the role of physical 

and social resources on objectively measured post-stroke PA behavior.

This study cross-sectionally examined the relationship between density of neighborhood 

resources with post-stroke PA. Neighborhood resources selected within this study overlap 

with the American Heart Association’s recommendation of built environment strategies 

to increase physical activity in the general population.28 It was hypothesized that greater 

density of neighborhood resources would be associated with more post-stroke PA. In 

a sample of stroke survivors with wide geographic variability, this project overcomes 

many limitations of previous research by integrating objectively measured community 

characteristics, data on outdoor climate, and objectively measured PA.

Methods

Study Population

The REasons for Geographic and Racial Differences in Stroke (REGARDS) is a national, 

population-based study which began in January 2003.29 REGARDS is a prospective cohort 

of 30,239 Black and White participants who continue to be followed for incident stroke.29 
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Participants were randomly sampled from commercially available lists and oversampled 

from the south-eastern United States.29 At baseline, participants self-reported previous 

stroke events. Prospectively, suspected stroke events were obtained through self-report or 

proxy report during six-month, follow-up phone calls. Medical records were retrieved for 

all suspected stroke cases and adjudicated by a physician panel. A total of 3,047 stroke 

survivors (1,921 self-reported stroke events, 1,126 physician adjudicated stroke events) were 

within the study cohort at the time of accelerometer data collection.

Accelerometer Data Collection

20,557 REGARDS participants were screened for eligibility in an ancillary study to 

objectively capture PA using accelerometers from May 2009 to January 2013. Participants 

were eligible for the accelerometer ancillary study if they answered “yes” to the question 

“on a typical day, are you physically able to go outside where you live and walk, whether 

or not you actually do?” The majority of REGARDS participants were eligible and invited 

to participate (n=20,076, 97.7%).30 Among participants invited, 60.5% agreed to participate, 

36.4% declined, and 3.1% deferred enrollment.30 Most demographic characteristics did 

not meaningfully differ between participants who agreed versus declined participation.30 

Among participants agreeing to the ancillary study, 407 post-stroke participants had usable 

accelerometer data collected after their stroke event (Figure 1). Additional details on 

study design, sampling strategy, recruitment, and study procedures have been previously 

described.30, 31

Objective light PA (LPA) and moderate to vigorous PA (MVPA) were captured using Actical 

accelerometers. Participants wore the accelerometer over their right hip and completed a 

daily wear log over a seven-day period. Hip-worn Actical accelerometers have excellent 

retest reliability among post-stroke populations in a community setting.32,33 Actical devices 

were initialized to collect data in 60s epochs. Activity counts of 50-1,064 counts per 

minute (cpm) and >1,065 cpm distinguished LPA and MVPA, respectively. Cut-points were 

informed by a laboratory-based validation study among older adult34 with transferability to 

stroke survivors.35 Daily minutes of LPA and MVPA were summed across valid wear days 

(≥four days with ≥ten waking hours) and divided by the number of valid days to calculate 

average daily minutes of LPA and MVPA.36,37

Individual Characteristics

Information collected on individual participant characteristics was obtained from the 

REGARDS baseline data collection. A computer-assisted telephone interview was 

completed to obtain demographic (i.e. age, sex, race, region) and socioeconomic 

characteristics (i.e. education, income) of participants. Time since stroke was calculated 

from self-reported year of stroke at baseline (n=274) or from the date of observed stroke 

within the REGARDS study (n=133).

Geospatial Procedures

Participants’ home addresses were identified during initial enrollment, follow-up phone 

calls, and/or annual mailings. Addresses were updated through regular mailings, a public 

record database (i.e. LexisNexis)38,39, and ancillary study contacts. Participants’ home 
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addresses were geocoded using Environmental Systems Research Institute (Esri) ArcGIS® 

Business Analyst Desktop 10.5.1 with Esri 2016 Business Analyst Data. The address at the 

time of accelerometer wear was utilized, and participants missing a geocoded address were 

excluded (n=3; Figure 1).

Environmental Characteristics

Population Density—Using block-level 2010 Decennial Census population data and 

block geographies from the US Census Bureau, a weighted population count was generated 

within a 1 km radial buffer surrounding each participant’s home address.40 Population 

density was estimated using areal weighting interpolation to assign population data to 

geographies.41 Using block geographies, the population in proportion to the land area (units: 

100 people/km2) was calculated within the buffer (range: 0.02 to 187.07).

Park Area—Local, state, and national park area was calculated by triangulating three 

sources of data: Esri StreetMap Premium, Esri Living Atlas, and ParkServe®. After 

excluding water, each park layer was dissolved into one combined layer to account for 

overlapping parks across the data sources. Proportion of park area in 2016 was calculated 

within a 1 km radial buffer (range: 0 to 0.77).

Neighborhood Retail Environments—The annual number of neighborhood retail 

establishments was obtained from the National Establishment Time Series (NETS) database. 

To capture buildings set back from the street, research staff calculated a 1 km sausage buffer 

using a 0.85 km network distance with a 150 m radius from the street centerline.42 Counts 

of NETS establishments geocoded at the address point or street address range level were 

included in exposure calculation. The year of NETS exposures was determined by the year 

of participant accelerometry data collection.

Previous research has defined categories of NETS retail establishments that potentially 

impact PA behavior.43 Using Standard Industrial Classification (SIC) codes and name-based 

algorithms, NETS retail establishments theorized to impact PA behavior were combined into 

six categories of environmental exposures43 including: food stores (e.g. farmers markets; 

range: 0 to 61.64), restaurants and eating places (e.g. coffee shops; range: 0 to 79.12), PA 

facilities (e.g. gyms/fitness centers; range: 0 to 5.41), department stores (e.g. retail apparel; 

range: 0 to 1.66), general mass merchandisers (i.e. high volume merchandisers; range: 0 to 

0.75), destinations for intellectual stimulation (e.g. libraries; range: 0 to 23.03). Additional 

details on classification, integration, and quality control of NETS based data have been 

previously described.43

Public Rail—Subway, light rail, and commuter rail station information was obtained from 

the Center for Transit-Oriented Development database.44 Information from municipal transit 

agencies was used to code the year of station service.45 Counts of public rail stations within 

a 1 km sausage buffer in 2010 were included (range: 0 to 12.67).

Rural-Urban Commuting Area (RUCA) Codes—RUCA codes capture measures of 

population density, urbanization, and daily commuting to code census tracts into levels of 

urbanicity.46 Using 2010 RUCA 4, primary and secondary RUCA codes were aggregated 
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into four categories (i.e. urban, large, rural, small rural, isolated).46 Due to small cell size, 

“small rural” and “isolated” categories were collapsed into one category.

Neighborhood Socioeconomic Status (nSES)—nSES was measured using 

previously defined methods.47 Briefly, the nSES index variable is the sum of six 

census variables representing income, occupation, and education from the 2010 American 

Communities Survey.47 Higher values of this index indicate higher nSES within the census 

tract (range: −10.10 to 14.61).

Crime—Using 2010 Esri CrimeRisk Indexes data, crime was separated into personal crime 

(e.g. murder; range: 2.60 to 692.58) and property crime (e.g. motor vehicle theft; range: 

1.52 to 624.65). An index of 100 is considered the national average, with higher index 

scores representing greater amounts of crime. Using a 1 km modified sausage buffer, crime 

risk was estimated using areal weighting interpolation to assign CrimeRisk Indexes to 

geographies.41 The modified sausage buffer differs from the sausage buffer, in that all space 

fully enclosed by the buffered area is included.42

Extreme Cold Days—Data on extreme cold days were derived from the Global Historical 

Climatology Network-Daily dataset integrating daily climate observations from multiple 

sources.48 Weather station geocodes were downloaded and spatially joined to 2010 US 

County shapefiles. Extreme cold temperatures were defined as county temperatures below 

the 5th percentile of all days over the past year within the county. The variable of “extreme 

cold days” captures the 10 percent change of days, during the accelerometer wear days 

with extremely cold temperatures (range: 0 to 10). This study examined extreme cold 

temperatures because of the established relationship between cold climate and post-stroke 

spasticity.49

Statistical Analysis

Minutes per day spent in LPA was approximately normally distributed within the study 

sample. Therefore, LPA was treated as a continuous outcome within a linear regression 

model. MVPA was right skewed within the study population with a large proportion 

(20.1%) obtaining 0 minutes of MVPA. Therefore, a two-part/hurdle model was used 

to examine the association (1) between individual and environmental characteristics with 

obtaining any MVPA using logistic regression and (2) between individual and environmental 

characteristics with the number of minutes of MVPA using linear regression among 

participants accumulating any MVPA. Analyses were completed for (1) LPA and (2) MVPA; 

with MVPA having two parts (2.1) logistic regression and (2.2) linear regression.

Using a sequential model building strategy, this study examined the association of individual 

characteristics, environmental characteristics, and these models combined. All models 

controlled for participant wear time. To estimate the severity of multicollinearity of 

independent variables, variance inflation factor was calculated and reported for all models. 

All analyses were conducted using Stata 16.1. Participants provided written informed 

consent to be a part of REGARDS, and this study was approved by all participating 

Institutional Review Boards.
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Results

A total of 374 participants met inclusion criteria (Figure 1). On average, participants 

accumulated 142.02 minutes of LPA per day and 5.75 minutes of MVPA per day. 

Participants were on average 73 years (range: 53-94) of age, with 52% male and 37% self-

identified as Black. PA measurement was on average 10 years (SD: 8.99) after a participant 

experienced a stroke. Participants were distributed across socioeconomic measures of 

education and income. Environmental characteristics were highly variable across the study 

sample, with 82% of participants living within urban areas. Additional details on descriptive 

statistics of individual and environmental characteristics can be found in Table 1.

Within the individual characteristics model, a one-year increase in age was associated with 

3.94 (95% CI:−4.82, −3.05) fewer minutes of LPA per day (Table 2). Black participants 

accumulated on average 18.58 (95% CI:−33.51, −3.65) fewer minutes of LPA in comparison 

to White participants. Within the environmental characteristics model, a one-unit increase in 

the percentage of extreme cold days was associated with 8.33 (95% CI:−13.75, −2.90) fewer 

minutes of LPA per day. Within the joint individual and environmental characteristics model, 

age (β=−3.82; 95% CI:−4.73, −2.92), race (β=−21.33; 95% CI:−39.65, −3.02), and extreme 

cold weather (β=−6.37; 95% CI:−11.37, −1.37) were all significantly associated with lower 

minutes of LPA. Other environmental exposures examined were not significantly associated 

with post-stroke LPA behavior.

Table 3 displays results of the two-step/hurdle model estimating associations with MVPA. 

Within the individual and environmental characteristics model, a one-year increase in age 

(OR=0.90; 95% CI:0.87, 0.94) and one-standard deviation increase in nSES (OR=1.10; 95% 

CI:1.02, 1.19) were associated with the likelihood of accumulating any minutes of MVPA. 

In addition, the odds of males accumulating any minutes of MVPA were 2.36 (95% CI:1.26, 

4.41) times the odds of any MVPA among women. Other environmental exposures examined 

were not significantly associated with the likelihood of participating in post-stroke MVPA. 

Among participants accumulating any amount of MVPA (n=299), age (β=−0.52; 95% CI:

−0.70, −0.34) and Black race (β=−4.05; 95% CI:−7.60, −0.50) were associated with fewer 

minutes of MVPA per day. Additionally, annual income categories of less than $20,000 

(β=−6.46; 95% CI:−12.07, −0.86) and Refused (β=−7.70; 95% CI:−13.96, −1.44) were 

associated with fewer minutes of MVPA per day in comparison to those earning >$75,000 a 

year. A one-unit increase in destinations for intellectual stimulation (β=0.99; 95% CI:0.02, 

1.97) was associated with more minutes of MVPA, conditional on participating in any 

MVPA. All other environmental exposure examined were not significantly associated with 

minutes of post-stroke MVPA.

Discussion

To date, few studies have comprehensively examined the role of individual characteristics 

and environmental exposures on post-stroke PA participation. In a geographically diverse, 

bi-racial cohort, this study found that individual and environmental characteristics were 

associated with PA participation post-stroke. Age, race, and extreme cold weather were 

all significantly associated with minutes of LPA post-stroke. Age, sex, and nSES were 
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associated with the likelihood of participating in any MVPA. Among participants who 

accumulated any MVPA, age, race, income, and greater density of destinations for 

intellectual stimulation was associated with more minutes of MVPA. Caution interpreting 

the clinical significance of these changes is warranted. The observed associations between 

environmental characteristics and PA were modest in size (range: 1-6 min/day). Without 

established minimal important differences in post-stroke physical activity behavior we 

cannot place these results into clinical context. However, epidemiologic evidence suggests 

that even small increases in physical activity have clinically-relevant health benefits.50

Of the environmental characteristics examined, this study found that extreme cold weather, 

nSES and destinations for intellectual stimulation were associated with PA. Extreme cold 

weather can influence PA by changing individual motivation to participate and also elicit 

concerns of safety in the outdoor environment.51 Stroke survivors might have greater 

awareness of the effect cold weather has on function (e.g. spasticity),49 built environment 

experiences (e.g. icy surfaces), and the combined effects on safe mobility (e.g. loss of 

balance). Higher nSES was associated with the likelihood of participating in any MVPA. 

It is possible that nSES captured the underlying quality/investment in infrastructure of 

the built environment (e.g. sidewalk maintenance), providing greater accessibility of the 

neighborhood environment for PA participation. Accessible sidewalks are critical for 

independent mobility and might allow for post-stroke active travel benefits.52 Lastly, a 

one-unit increase in destinations for intellectual stimulation was associated with 0.99 (95% 

CI:0.02, 1.97) more daily minutes of MVPA. This sample of older stroke survivors might 

have high motivation to travel to these destinations (e.g. libraries) for social interaction, 

community integration, and lifelong learning.53

Many neighborhood destinations were not associated with post-stroke PA. Among 

the destinations examined in this project, many were privately owned businesses and 

establishments (e.g. restaurants, food stores), while few were publicly owned (e.g. 

destinations for intellectual stimulation). One potential explanation might be the physical 

accessibility of these destinations. After traveling to an establishment, upon arrival, 

stroke survivors may find the physical building/infrastructure to be inaccessible, thereby 

discouraging future travel to the destination. While both private and public destinations have 

federal regulations for accessible infrastructure, laws regulating private destinations (1990) 

were put into place 17 years after public destinations (1973).54,55 Destinations may have 

been inaccessible during data collection given the time needed to implement accessibility 

standards. Unfortunately, national data measuring the extent to which establishments 

complied with accessibility standards is not available.

Future Research

Additional research is needed to understand the potential role that quality of built 

environment infrastructure has on post-stroke PA participation. Many environmental 

destinations examined in this study were not associated with post-stroke PA as hypothesized. 

Future research should evaluate if the quality of the built environment moderates the 

association between neighborhood destinations and PA, or if these destinations are not 

associated with PA participation post-stroke regardless of quality of the built environment.
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Strengths and Limitations

This study has many strengths. The REGARDS study is a national cohort, and post-

stroke participants had geographic variability across the US to allow for comparisons 

across heterogeneous environments. This study measured environmental destinations using 

comprehensive, longitudinal data sources which allowed for linking of the year of 

environmental characteristics with the year that PA measures were obtained. PA was 

objectively measured using accelerometers, which are less prone to measurement bias 

compared to self-reported PA.56 Lastly, information about weather data during the week 

of accelerometer data collection was integrated into the analysis, an important predictor of 

PA participation.

This study is not without limitations. There was large variability in the time from 

stroke to the date of accelerometer data collection, limiting our ability to make specific 

recommendations for specific post-stroke patients. Post-stroke REGARDS participants had 

different probabilities of inclusion into the study (Appendix Table 1), potentially subjecting 

this study to selection bias. Post-stroke participants who were included in this study 

sample were generally healthier than those who were excluded from the study and lived 

in environments with fewer destinations, higher nSES, and less crime. This study excluded 

cases with missing data, possibly biasing our study findings. This study did not control for 

stroke severity, a characteristic associated with physical activity levels post stroke.57 While 

the integration of weather was a strength of this study, only one dimension of weather 

(extreme cold days) was examined.

Conclusions

While many environmental characteristics were not associated with post-stroke PA, extreme 

cold weather, nSES, and destinations for intellectual stimulation appear important for 

PA participation post-stroke. Future research is needed to understand if the quality and 

accessibility of outdoor spaces are modifying the relationship between neighborhood 

establishments and post-stroke PA.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Analytic study sample flowchart
Analytic sample from the REasons for Geographic and Racial Differences in Stroke 

(REGARDS) study, United States, May 2009 to January 2013. SR = Self-reported a stroke at 

baseline REGARDS; OB = Stroke was observed during the REGARDS study period prior to 

accelerometer data collection
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Table 1.

Sample characteristics are reported for the analytic sample (n=374).

Analytic Sample
a

(n = 374)

Sample characteristics Mean SD

Light physical activity (minutes/day) 142.02 74.74

Moderate to vigorous physical activity (minutes/day) 5.75 11.62

Individual characteristics

 Wear Time 868.54 120.27

 Age 72.63 8.16

 Gender (n, % Male participants) 195 52.14%

 Race (n, % Black participants) 139 37.17%

 Time since stroke (years) 10.04 8.99

 Education (n, %)

  College graduate or more 125 33.42%

  Some college 120 32.09%

  High school graduate 90 24.06%

  Less than high school 39 10.43%

 Income

  > $75,000 47 12.57%

  $35,000 - $74,999 118 31.55%

  $20,000 - $34,999 112 29.95%

  < $20,000 65 17.38%

  Refused 32 8.56%

Environmental characteristics

 Population density (n/km2)
b 12.40 16.42

 Park area (proportion) 0.04 0.08

 Food stores (count/km2) 2.61 4.28

 Restaurants and eating places (count/km2) 2.56 5.29

 Physical activity facilities (count/km2) 0.28 0.68

 Department stores (count/km2) 0.04 0.19

 General mass merchandise (count/km2) 0.01 0.07

 Intellectual stimulation (count/km2) 0.93 1.94

 Public rail (count/km2) 0.09 0.76

 RUCA codes (n, %)

  Urban 306 81.82%

  Large rural 42 11.23%

  Small rural & isolated 26 6.95%

 Region (n, %)

  Non-stroke belt/buckle 185 49.47%

  Stroke belt 116 31.02%

  Stroke buckle 73 19.52%
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Analytic Sample
a

(n = 374)

Sample characteristics Mean SD

 Neighborhood socioeconomic status −0.81 5.11

 Personal crime 183.85 155.16

 Property crime 159.84 123.59

 Extreme cold days
c 0.36 1.40

Note. SD=standard deviation; km=kilometer; RUCA=rural-urban community area

a
Post-stroke participants from the REasons for Geographic and Racial Differences in Stroke (REGARDS) cohort, who have valid accelerometry 

data and no missing covariate data.

b
Summarized in units of 100 people per square kilometer

c
Summarized in units of 10 percent of days with extremely cold temperatures
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