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BACKGROUND: There has been growing interest in understanding how neighborhoods may be
related to cardiovascular risk. Neighborhood effects on sleep apnea could be one contributing
mechanism. We investigated whether neighborhood walking environment and personal
activity levels are related to OSA.

METHODS: Data were analyzed from a subpopulation of the Multi-Ethnic Study of Athero-
sclerosis (MESA), including subjects who participated in both the MESA Sleep and Neigh-
borhood studies (N ¼ 1,896). Perceived neighborhood walking environment and subjects’
objective activity were evaluated in multivariate, multilevel models to determine any asso-
ciation with sleep apnea severity as defined by using the apnea-hypopnea index. Sex, race/
ethnicity, and obesity were examined as moderators.

RESULTS: Residing in the lowest quartile walking environment neighborhoods (score < 3.75)
was associated with more severe sleep apnea (mean, 2.7 events/h greater AHI [95% CI, 0.7 to
4.6]), after adjusting for demographic characteristics, BMI, comorbidities, health behaviors,
neighborhood socioeconomic status, and site. Associations were stronger among obese and
male individuals. Approximately 1 SD greater objective activity in men was associated with a
lower AHI (mean, –2.4 events/h [95% CI, –3.5 to –1.3]). This association was partially
mediated by BMI (P < .001).

CONCLUSIONS: Living in neighborhoods with a low walking environment score is associated
with greater severity of sleep apnea, especially in male and obese individuals. In men, greater
activity level is associated with less severe sleep apnea, independent of BMI, comorbidities,
and socioeconomic status. Neighborhood-level interventions that increase walkability and
enable increased physical activity may potentially reduce the severity of sleep apnea.
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OSA is strongly associated with hypertension, diabetes,
stroke, and ischemic heart disease.1-3 Neighborhood-
built environmental features, independent of race and
individual socioeconomic status, are also associated with
cardiovascular health.4-8 OSA could represent one
pathway through which neighborhood factors influence
cardiovascular outcomes.

The built environment may lead to OSA by promoting
obesity and reducing physical activity. Perceptions of
safety, density of fast food restaurants, and
neighborhood disorder have been associated with
BMI,9-12 possibly by affecting health behaviors and
cultivating psychological distress,13 which leads to
obesity14 and thus promotes OSA. Walkability is
negatively associated with BMI.15,16 Neighborhood
features that promote physical activity, including street
connectivity, mixed land use, and green space,17-19 may
be inversely associated with OSA. Walkability is
associated with greater physical activity levels,20,21 and
exercise interventions have been found to reduce the risk
and severity of sleep apnea, independent of inducing
weight loss.22,23 Recent studies have found an
association between walkability and incident
diabetes,24,25 which has risk factors similar to those of
OSA.

Neighborhood features that limit physical activity may
foster sedentary habits.26,27 Peripheral edema may be
more prominent in those with sedentary lifestyles.
Research indicates that lower extremity edema can
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exacerbate OSA by serving as a reservoir of extravascular
fluid that can redistribute to the upper airway during
sleep, causing airway narrowing.28 Variation in edema
has been correlated to interindividual variation in the
apnea-hypopnea index (AHI), with greater edema
associated with more severe OSA.29 Increased physical
activity has been shown to reduce both leg edema and
AHI.30

Few studies have investigated the relationship between
neighborhood environment and OSA in adults.
Neighborhood disadvantage has been associated with
OSA in children.31,32 Neighborhood-level crowding,
however, has been associated with greater severity of
OSA in adults, which seems to be mediated by BMI.33

Previous studies have examined associations of the
neighborhood-built environment with subjective sleep
disturbance in adults but did not include objective
measures of sleep disorders.34

In the present study, we hypothesized that living in a
neighborhood with lower walking environment (WE)
scores would be associated with a greater severity of
OSA, as assessed by using the AHI, and that this
association would be mediated by objective activity level.
We also hypothesized that a greater objective activity
level would be inversely associated with OSA severity
and mediated by BMI. The study explored if sex, obesity,
and race/ethnicity moderate these associations as
walking behaviors and if the impact of exercise would
differ among the groups.
Material and Methods
Data

The Multi-Ethnic Study of Atherosclerosis (MESA) is a longitudinal
trial of cardiovascular disease among adults aged 45 to 84 years.
Subjects were recruited from the community in six US cities (Los
Angeles, CA; New York, NY; Chicago, IL; Winston-Salem, NC; St.
Paul, MN; and Baltimore, MD).35 The current sample was restricted
to those who agreed to participate in the ancillary MESA
Neighborhood Study and the MESA Sleep Study (N ¼ 1,896), which
occurred at the 10-year MESA follow-up (examination 5 in 2010-
2012). The study was approved by the institutional review boards
at each site, and all participants provided written informed consent
(e-Appendix 1).
Neighborhood WE was assessed as part of the MESA Neighborhood
Study. Participants completed a four-item questionnaire during
MESA examination 5, responding on a 5-point scale ranging from
“strongly agree” to “strongly disagree.” Questions included: “It is
pleasant to walk in my neighborhood,” “In my neighborhood it is
easy to walk to places,” “I often see other people walking in my
neighborhood,” and “I often see other people exercise in my
neighborhood.” An identical questionnaire was administered to a
random community sample identified via random-digit dialing or
list-based sampling. These participants (n ¼ 4,212), referred to as
the Community Survey, resided in the same census tracts as MESA
subjects in 2011 and 2012.

The WE scale was calculated by taking the mean of the responses for all
respondents from both the MESA and Community Survey samples
living within a 1-mile buffer of the participant’s home address,
excluding the subject’s survey response. The WE scale has been
previously validated (Cronbach alpha, 0.79).36 A higher score on a
range of 1 to 5 indicates a better WE. We compared those subjects
with a WE score < 3.75 (25% of the sample) vs those residing in
neighborhoods with a WE score $ 3.75.

Sleep metrics were made through the ancillary MESA Sleep Study.
Eligible participants (not on positive airway pressure, an oral
appliance, or oxygen) were invited to participate, and 60% agreed.
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As described previously, participants underwent in-home full
polysomnography with a 15-channel monitor (Somte System;
Compumedics Ltd.) enabling scoring of sleep stage and respiratory
events. Participants wore an Actiwatch Spectrum actigraph (Philips
Respironics) on their nondominant wrist for 1 week.37 Our main
outcome was the AHI calculated by using the American Academy of
Sleep Medicine’s hypopnea scoring criterion of $ 3% desaturation or
an arousal.38 Objective activity level was derived from 7-day wrist
actigraphy findings. The activity status for each 30-s epoch was
computed by using the Actiware-Sleep version 5.59 (Mini-Mitter Co.
Inc.) scoring algorithm. Sleep periods were identified by technicians
using sleep diaries, light levels, event markers, and activity levels.39

Activity counts per minute divided by 100, approximating the SD,
were averaged for periods scored as active (excluding sleep periods
and nonwear time) over the 7-day recording.

The sociodemographic and comorbidity data were obtained from the
MESA health and medical history surveys and examination. Subjects
reported race/ethnicity (white non-Hispanic, black non-Hispanic,
Hispanic, and Chinese), cigarette smoking status (never, current/
former), education level (dichotomized according to college degree
or higher), and household income (categorized as less than $25,000,
$25,000-75,000, or greater than $75,000). Depressive symptoms were
based on a Center for Epidemiologic Studies-Depression scale score
> 16.40 Diabetes status was categorized based on the 2003 American
Diabetes Association criteria (impaired fasting glucose, untreated
diabetes, and treated diabetes).41 Hypertension was defined as BP
$ 140/90 mm Hg or use of antihypertensive medication. Measured
weight and height were used to calculate BMI category (< 25,
25-29.9, 30-40, and > 40 kg/m2). To account for neighborhood
socioeconomic status, a factor scale for neighborhood socioeconomic
status was used, generated from census tract-level data from the
American Community Survey 5-year estimates from 2007 through
2011. These data comprised information on median household value,
percentage of subjects with college education, percent with a
1044 Original Research
managerial/professional occupation, percent with a high school
diploma, and median household income.9

Analysis

The WE score was dichotomized after identifying a threshold effect for
the lowest quartile with our outcome of AHI and a lack of a linear or
dose-response relationship. Subjects living in neighborhoods with the
lowest quartile WE (< 3.75) were compared with the rest of the
cohort by using sample characteristics; c2 tests were used for
categorical variables and t tests for continuous variables.

We then examined the associations of AHI with neighborhood WE
score and with actigraphy-derived activity counts by using two linear
mixed, two-level models with random effect to account for clustering
according to census tract as a proxy for neighborhood. Models
adjusted for age, race/ethnicity, sex (except in stratified analyses),
household income, education, study site, cigarette smoking, diabetes,
hypertension, depressive symptoms, and neighborhood
socioeconomic status. Observations with any missing covariates were
excluded. In secondary analyses, multiple imputation was applied to
account for missing data (e-Appendix 1).42,43 BMI was included in
select models. Effect modification was evaluated according to sex and
obesity (BMI $ 30 kg/m2; when BMI was not identified as a
mediator) by adding an interaction term and performing a stratified
analysis; in exploratory analysis, effect modification was evaluated
according to race/ethnicity.

We examined if activity level mediated the association between WE
and AHI, as well if BMI mediated the association between activity
level and AHI. Using methods described by Baron and Kenny,44 a
series of regression models were fit (Fig 1); mixed effects models
were used with the same clustering according to census tract. The
mediated effect point estimate was calculated by using methods
described by Krull and MacKinnon45 using boot-strapping to
calculate the 95% CIs.
BMIA B

AHI

Mediated effect,
β β = –0.86; 95% CI, (–1.17 to –0.55)

Activity level
(actigraphy counts)

C β = –4.06; 95% CI, (–5.15 to –2.96)
unadjusted for BMI

β = 0.84;
95% CI, (0.70 to 0.98)

β = –1.02;
95% CI, (–1.33 to –0.72)

C’ β = –3.20; 95% CI, (–4.19 to –2.21)
adjusted for BMI

Figure 1 – A-C, Mediation analysis demonstrating that the association
of activity level on AHI is mediated by BMI. Activity level is associated
with both (A) BMI and (C) AHI. (B) BMI is also strongly associated
with AHI. The mediated effect is C-C0 or the difference in the point
estimate of activity level on AHI without and with adjustment for BMI.
AHI ¼ apnea-hypopnea index.
Results
Of the 1,896 MESA subjects with sleep and
neighborhood data included in the analysis, the mean �
SD age was 68.5 � 9.1 years and BMI was 28.6 �
5.5 kg/m2, with racial/ethnic and geographic diversity
(Table 1). The median WE score for the subject
neighborhood was 3.9 (interquartile range, 3.75-4.15);
the median AHI was 14.4 (interquartile range, 6.9-27.2).
Of those residing in neighborhoods with a lower WE
score (< 3.75), a significantly greater proportion of
subjects were black, hypertensive, diabetic, obese, had a
household income less than $25,000, had an AHI $ 30,
and were from the Baltimore, Maryland, site. A lower
proportion of subjects were white, college educated, had
a household income greater than $75,000, and were
from the St. Paul, Minnesota, site.

Living in the lowest quartile WE neighborhoods was
associated with higher AHI, (mean, 3.21 more events/h
[95% CIs, 1.13 to 5.29]) in adjusted models (Table 2,
model 1). The association was attenuated after adjusting
for BMI but remained significant (model 2). Obesity
(BMI $ 30 kg/m2) and sex seemed to modify the
association between WE and AHI (Pint ¼ .05 for obesity;
Pint ¼ .06 for sex), with a significant association between
WE and AHI among obese subjects and men. Results of
stratified exploratory analyses indicate that the
association between low WE and AHI was strongest
among black participants (e-Table 1).

Living in the lowest quartile WE neighborhood was not
associated with activity level in mixed-level models, and
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TABLE 1 ] MESA Neighborhood and Sleep Cohort Characteristics, N ¼ 1,896

Characteristic All Subjects (n ¼ 1,896) WE $ 3.75 (n ¼ 1,424) WE < 3.75 (n ¼ 472)

BMI, mean � SD, kg/m2a 28.6 � 5.5 28.3 � 5.4 29.6 � 5.7

Age, mean � SD, y 68.5 � 9.1 68.3 � 9.0 69.0 � 9.3

Male sex 45.6 (864) 45.5 (648) 45.8 (216)

Racea

White 35.7 (677) 41.0 (584) 19.7 (93)

Chinese-American 12.2 (231) 12.6 (180) 10.8 (51)

Black 28.4 (538) 22.5 (321) 46.0 (217)

Hispanic 23.7 (450) 23.8 (339) 23.5 (111)

College educationa,b

(bachelor degree and higher)
39.6 (750) 44.0 (626) 26.3 (124)

Hypertensiona,b 57.0 (1080) 54.4 (774) 64.8 (306)

Diabetesa,b 39.9 (750) 38.6 (545) 44.0 (205)

Depression (CES-D $ 16)b 14.5 (269) 14.4 (201) 14.8 (68)

Obese (BMI $ 30 kg/m2)a,b 34.7 (656) 32.2 (457) 42.3 (199)

Smokerb 45.7 (860) 45.6 (646) 45.9 (214)

Household income, $a,b

< 25,000 26.6 (489) 24 (335) 34 (154)

25,000-75,000 45 (829) 44 (612) 48 (217)

> 75,000 28.4 (524) 32 (444) 18 (80)

Sitea

Wake Forest University
(Winston-Salem, NC)

14.9 (282) 13.4 (191) 19.3 (91)

Columbia University (NY, NY) 18.5 (351) 19.1 (272) 16.7 (79)

Johns Hopkins University
(Baltimore, MD)

14.3 (271) 11.4 (162) 23.0 (109)

University of Minnesota
(St. Paul, MN)

17.1 (324) 20.7 (295) 9.0 (29)

Northwestern University
(Chicago, IL)

19.0 (360) 20.7 (295) 13.8 (65)

University of California, Los Angeles
(Los Angeles, CA)

16.2 (308) 14.7 (209) 21.0 (99)

Neighborhood scales

Neighborhood WE score, median (IQR) 3.9 (3.75-4.15) 4.0 (3.9-4.3) 3.6 (3.5-3.7)

Actigraphy data

Activity counts, median (IQR),
per min during active intervals

218.2 (172.1-275.6) 219.1 (173.4-275.5) 216.3 (168.4-275.6)

PSG data

AHI $ 15 47.8 (894) 47.6 (672) 48.4 (223)

AHI (hypopnea defined as 3% desaturation
or cortical arousal), median (IQR)

14.4 (6.9-27.2) 14.3 (6.8-26.6) 14.6 (7.2-29.2)

AHI $ 30a 20.8 (390) 19.7 (278) 24.3 (112)

Unless otherwise indicated, data are presented as % (no.). AHI ¼ apnea-hypopnea index; CES-D ¼ Center for Epidemiologic Studies-Depression;
IQR ¼ interquartile range; PSG ¼ polysomnography; WE ¼ walking environment.
aSignificant difference between lowest quartile neighborhood WE and all other quartiles, P < .05, via c2 test for categorical variables and Wilcoxon rank
sum test for continuous variables.
bMissing values: smoking (n ¼ 14), education (n ¼ 4), BMI (n ¼ 4), depression (n ¼ 35), hypertension (n ¼ 5), diabetes (n ¼ 18), household income (n ¼ 54),
actigraphy-derived activity counts (n ¼ 81), and neighborhood socioeconomic status (n ¼ 46). Details of imputation are provided in e-Appendix 1.
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TABLE 2 ] Mean Difference in AHI According to Low WE Score (< 3.75) in Adjusted Models

WE
Score

Model 1,
N ¼ 1,732

Model 2,
n ¼ 1,730

Model
(Men),
n ¼ 787

Model 3B
(Women),
n ¼ 943

Model 4A
(BMI $ 30
kg/m2),
n ¼ 598

Model 4B
(BMI < 30
kg/m2),
n ¼ 1132

< 3.75 3.21 (1.13 to
5.29)

2.73 (0.74 to
4.63)

3.74 (0.24 to
7.24)

0.81 (–1.46 to
3.07)

5.21 (1.42 to
9.01)

1.02 (–1.25 to
3.29)

Data are presented as ß (95% confidence interval), N ¼ 1,732. All models were adjusted for age, race/ethnicity, sex (except model 3), BMI (except models
1 and 4), education, site, diabetes, hypertension, depression, smoking status, household income, and neighborhood socioeconomic status with two-level
mixed effects linear model with random effect for census tract. See Table 1 legend for expansion of abbreviations.
activity level did not mediate the association between
low WE and AHI. Higher activity level was associated
with lower AHI; approximately 1 SD greater activity was
associated with an average decrease in AHI by 3.3
events/h (Table 3). This association was attenuated after
adjusting for BMI and low WE score, but it was still
statistically significant. The effect of activity on AHI
differed by sex (Pint ¼ .04), with the association observed
among men (AHI mean difference, –3.61 [95% CI, –5.41
to –1.81]) but not women. Similarly, a significant
association was seen among black and Hispanic subjects
but not among white or Chinese-American subjects
(e-Table 2) when stratified.

The association of activity level with AHI was partially
mediated by BMI. The mediated effect of BMI was –0.86
event/h (95% CI, –1.17 to –0.55) (Fig 1). BMI explained
21% of this association.

Sensitivity analyses using imputeddata for the samplewith
missing covariate data revealed modest attenuation of the
main effects. For the fully adjusted models, the mean AHI
change associatedwith lowWEwas 1.89 events/h (95%CI,
0.02 to 3.80), and with activity level, it was –1.92 events/h
(95% CI, –3.01 to –0.82) (e-Tables 3 and 4).
Discussion
This study provides novel data linking neighborhood
WE with sleep apnea. We found that living in the least
TABLE 3 ] Mean Difference in AHI According to Activity Lev
Actigraphy-Measured Counts Per Minute

Level
Model 1

N ¼ 1,781
Model 2

n ¼ 1,781

Activity count (per
min/100)

–3.32 (–4.43 to
–2.20)

–2.40 (–3.48 to
–1.32)

Data are presented as ß (95% confidence interval), N ¼ 1,781 in adjusted mod
BMI (except model 1) site, diabetes, hypertension, depression, smoking status, h
two-level mixed effects linear model with random effect for census tract.
aLowest quartile neighborhood walking environment score included in model 4
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walkable neighborhoods was associated with greater
severity of OSA, specifically in male and obese subjects.
The association persisted after adjusting for
comorbidities and sociodemographic characteristics.
The mean difference of a 2.7 AHI associated with
neighborhood is comparable to a 5% to 10% weight loss
or 20% of the effect of using a mandibular advancement
device or undergoing uvulopalatopharyngoplasty,
depending on baseline severity.46-48 Living in a less
walkable environment may promote a sedentary lifestyle
and favor vehicular transportation.27 Reduced walking
might also promote peripheral edema, which has been
identified as a risk factor for sleep apnea.28 Although
higher neighborhood walkability has not been associated
with less sitting time,49,50 greater walkability may
encourage greater physical activity and promote social
interaction and time spent outdoors.51

A greater objectively recorded activity level was
associated with lower AHI independent of WE. This
association was only partially mediated by BMI,
suggesting a beneficial effect of physical activity on OSA
independent of BMI. This finding supports previous
studies that reported a reduction in AHI and a decrease
in incident OSA with exercise interventions that did not
result in weight loss.22,23,30,52 Potential mechanisms
include reduction in dependent edema and rostral fluid
shift to the pharynx during the night.30 In addition,
exercise may lead to a reduction in visceral adipose
el, Standardized by Approximately 1 SD of

Model 3A
(Men),
n ¼ 820

Model 3B
(Women),
n ¼ 908

Model 4,a

n ¼ 1,656

–3.61 (–5.41 to
–1.81)

–0.81 (–2.09 to
0.47)

–2.12 (–3.25 to
–1.00)

els. All models were adjusted for age, race/ethnicity, sex (except model 3),
ousehold income, education, and neighborhood socioeconomic status with

.
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tissue, which might also reduce the risk of OSA.53 The
stronger association between activity level and AHI in
men may be due to sex differences in the distribution of
fluid, including a male predisposition to accumulate
neck fluid volume when supine.54

A stronger association between WE and a lower AHI
was observed in men compared with women.
Neighborhood attributes may also have less of an impact
on walking behavior in women due to a greater
underlying fear of crime than men.17

There was limited power to detect modification of
associations by race/ethnicity. However, stratified analyses
suggest that associations were strongest in black subjects
(for bothWE and activity level) andHispanic subjects (for
activity level). These data suggest the potential beneficial
role of environmental and behavioral interventions in
minority groups at increased risk for OSA.

No association was observed between WE and objective
activity level; accordingly, there was no evidence of
mediation according to activity level as hypothesized.
The WE score reflects perceived environment for
walking and may only roughly reflect actual walking/
exercise behavior.55-57 Misclassification of physical
activity level with use of wrist actigraphy may bias the
association toward the null.

The strengths of the present study include the diversity
of the subjects (both in racial/ethnic background and
geography), the large sample size gathered from the
community, and the use of objective sleep and activity
measures. A well-validated neighborhood WE scale was
used, which provided information unbiased by the
participant’s own response, reducing the effect of same
source bias.9,11,25 This study confirms previous findings
of the relationship of neighborhood features to sleep
disturbance35 but with objective measures of sleep apnea
journal.publications.chestnet.org
and actigraphy to provide an objective measure of wake-
time activity.

Limitations of the study include the cross-sectional and
observational nature of the analysis, restricting
evaluation of causality and the direction of association.
The use of mediation analysis with cross-sectional data
should be viewed cautiously.58 We also only captured a
1-week snapshot of activity, considering current
neighborhood and BMI, and did not account for
previous neighborhoods and factors leading to the
development of obesity and OSA. Our WE measure did
not include geographical information systems data on
street connectivity, population density, or recreational
facilities to better assess walkability20,56,58 and perhaps
walking behavior. In addition, the sample of MESA
participants in the present study cohort had a mean age
of 68.5 years, and our findings may thus not be
generalizable to younger individuals.
Conclusions
This study provides strong evidence that neighborhood
WE is associated with severity of sleep apnea, with
associations strongest in men and among obese as well
as black subjects. Urban planning may be an important
tool of public health to improve cardiovascular and sleep
health, potentially reducing OSA and health disparities.
Being more active during the day may reduce the
severity of OSA. Public health measures that increase
walking behaviors could potentially reduce the severity
of sleep disorders and resulting cardiovascular disease.
Further studies are needed to assess for longitudinal
changes in OSA severity as neighborhood walkability
evolves. Ultimately, large-scale public health studies are
need to evaluate if neighborhood-level interventions
aimed at improving walkability and activity levels lead to
reductions in OSA severity and improved sleep health.
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