
Abstract
Research has examined how the food environment affects the

risk of cardiovascular disease (CVD). Many studies have focused

on residential neighbourhoods, neglecting the activity spaces of
individuals. The objective of this study was to investigate whether
food environments in both residential and global positioning sys-
tem (GPS)-defined activity space buffers are associated with body
mass index (BMI) and blood pressure (BP) among low-income
adults. Data came from the New York City Low Income Housing,
Neighborhoods and Health Study, including BMI and BP data
(n=102, age=39.3±14.1 years), and one week of GPS data. Five
food environment variables around residential and GPS buffers
included: fast-food restaurants, wait-service restaurants, corner
stores, grocery stores, and supermarkets. We examined associa-
tions between food environments and BMI, systolic and diastolic
BP, controlling for individual- and neighbourhood-level socio-
demographics and population density. Within residential buffers, a
higher grocery store density was associated with lower BMI (β=-
0.20 kg/m2, P<0.05), and systolic and diastolic BP (β =-1.16 mm
Hg; and β=-1.02 mm Hg, P<0.01, respectively). In contrast, a
higher supermarket density was associated with higher systolic
and diastolic BP (β=1.74 mm Hg, P<0.05; and β=1.68, P<0.01,
respectively) within residential buffers. In GPS neighbourhoods,
no associations were documented. Examining how food environ-
ments are associated with CVD risk and how differences in rela-
tionships vary by buffer types have the potential to shed light on
determinants of CVD risk. Further research is needed to investi-
gate these relationships, including refined measures of spatial
accessibility/exposure, considering individual’s mobility. 

Introduction
Obesity and hypertension are thought to be significant public

health issues in the general U.S. population (Narkiewicz, 2006;
Kurukulasuriya et al., 2011).  Nearly 75 million U.S. adults (about
1 in 3; 32%) have high blood pressure (BP) (i.e. systolic BP ≥ 140
millimetre of mercury [mmHg]; diastolic BP ≥ 90 mmHg) (Merai
et al., 2016), contributing to the deaths of over 400,000 individu-
als (more than 1,100 deaths per day) in 2014 (Merai et al., 2016).
The estimated healthcare and medical costs attributed to high BP
amounted to $48.6 billion annually (Merai et al., 2016). Major
risk factors for high BP include unhealthy diet (e.g., eating foods
with high sodium content and high saturated fat), and being obese,
which is closely linked to diet and other lifestyle behaviours, such
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as physical activity (Li et al., 2009). 
There is an increasing interest in examining neighbourhood

contexts (e.g., food environments, such as the proximity of fast-
food restaurants and supermarkets) that may play a key role in
shaping these cardiovascular disease (CVD) risk factors (Diez
Roux, 2003; Li et al., 2009; Leal and Chaix, 2011; Duncan and
Kawachi, 2018). The existing research on neighbourhood environ-
ments in relation to CVD risk factors has focused almost exclu-
sively on geopolitical administrative boundaries and geographic
buffers around residential areas (Mujahid et al., 2008; Leal and
Chaix, 2011; Stark et al., 2013; Kaiser et al., 2016). A systematic
focus on residential areas and neighbourhoods defined by admin-
istrative units could lead to spatial misclassification (i.e. inappro-
priate assessment of the locations where individuals spend time)
(Duncan et al., 2017). For instance, one review study on the effects
of geographic environments on cardiometabolic risk indicated that
90% of 131 reviewed articles exclusively examined residential
areas, 6% focused exclusively on non-residential environments,
and only 4% considered both residential and non-residential envi-
ronments (Leal and Chaix, 2011). The majority (65%) of these
reviewed studies used circular buffers with radii between 100
meters (m) to 4800 m around residence and workplace, though
some used network buffers, ranging from 640 m to 2000 m radius
(Leal and Chaix, 2011).  However, recent studies highlight the con-
cept of spatial polygamy, in which individuals are generally
mobile and so are exposed to multiple locations (e.g., home, work,
shopping, socializing) in their daily lives (Matthews, 2011). Real-
time geospatial methods, including Global Positioning System
(GPS) technology, allow researchers to define more relevant
neighbourhoods of exposure taking into account individuals’ daily
mobility (called activity spaces, defined as the network of places
where individuals travel or move throughout a day and the trips
between these places) (Zenk et al., 2011). These approaches are a
rapidly developing methodology that can address limitations of
exclusively assessing exposures around residential neighbour-
hoods with circular and network buffers in the field of food envi-
ronment research and CVD risk (Boruff et al., 2012; Perchoux et
al., 2013). 

Studies applying GPS technologies have examined how neigh-
bourhoods influence CVD relevant behavioural outcomes (i.e.
physical activity and diet) ( Zenk et al., 2011; Almanza et al.,
2012; Rodríguez et al., 2012). For example, one study determined
the density of fast-food restaurants using GPS-defined food envi-
ronments based on daily path areas (i.e. buffering GPS monitoring
points with a 0.5 mile radius and dissolving the entire areas to cre-
ate one single feature (Zenk et al., 2011). A higher density of fast
food restaurants was associated with higher consumption of satu-
rated fat among a sample of adults in Detroit, Michigan (Zenk et
al., 2011). 

The importance of GPS methods lies in the fact that they mea-
sure activity spaces, minimizing spatial misclassification and over-
coming the residential trap (i.e. restricting the information on
exposure to residential areas) (Chaix, 2009; Duncan et al., 2017).
Therefore, the purpose of this study was to explore the relevance
of using GPS data for defining neighbourhoods to investigate the
associations between neighbourhood food environments and both
BMI and systolic and diastolic BP among a sample of low-income
housing residents in NYC. In addition, we assessed mean density
of food environment variables and population density around resi-
dential and GPS-defined activity space among this sample of
adults. We hypothesized that higher densities of unhealthy food

outlets (i.e. fast food restaurants and corner stores) would be asso-
ciated with higher BMI and BP. In contrast, higher densities of
healthy food outlets (i.e. wait service restaurants, grocery stores,
and supermarkets) were hypothesized to be related to lower BMI
and BP. We also anticipated that these associations may be strongly
elucidated with the GPS-defined activity space, as opposed to res-
idential circular and network buffers.

Materials and Methods

Participants
Data came from the NYC Low-Income Housing,

Neighborhoods and Health Study (N=120) (Duncan et al., 2014).
Low-income housing residents in NYC were recruited through out-
reach activities, such as handing out flyers around public housing
developments in NYC, circulating flyers through community-based
organizations, or via social networks. Eligibility criteria to partici-
pate in the present study included: i) residing in public housing or a
low-income residence in NYC; ii) 18 years or older; iii) reading and
speaking English; iv) not being pregnant; v) no walking limitations;
and vi) willing to carry a GPS unit for one week. The majority (80%)
of our participants resided in public housing. Prior to data collection,
we obtained informed consent from all participants. We collected the
data in June through July 2014. The New York University School of
Medicine Institutional Review Board reviewed and approved
research procedures and study protocols. The previous studies have
described further detailed data collection and procedures (Duncan et
al., 2014; Duncan and Regan, 2015).

Global positioning system and geographic information
system data and processing

Trained research assistants instructed participants in how to
wear the GPS device (QStarz BT-Q1000XT GPS, Qstarz
International Co., Ltd., Taipei, Taiwan). At the baseline assessment
during the study orientation participants were asked to wear the
device at all times for one week except while sleeping, bathing, or
swimming. The protocol was adopted from a previous study
(Duncan et al., 2016a). In a diary log, we asked the following ques-
tion on a daily basis, “Did you charge the GPS monitor today?”
Before deploying the GPS device, we programmed it to record at
30-second intervals. After the data collection (participant wore the
device for a week, charged it every day, and completed the diary),
our research assistants met participants at public places or in our
office to collect the devices.

After downloading the GPS data using a Qstarz software pro-
gram, we created a geodatabase to manage and visualize the GPS
data; we then stored the data using ArcGIS (ESRI Redlands, CA).
We removed implausible GPS data (i.e. geographically isolated
points) and data with date time-stamp errors, and with duplicated
time-stamps, resulting in removal of five participants. Six out of
120 participants did not have GPS data because of battery prob-
lems, user error, or failure to return the device. Two participants
lacked sufficient data (Duncan et al., 2014). Five participants trav-
elled outside NYC and had the device with them for the majority
of the time outside of NYC, and so were not included in the total
sample.  Thus, the total sample in this study comprised 102 partic-
ipants. There are no statistically significant differences in the par-
ticipants’ characteristics between the current (n=102) and the par-

                                                                                                                                Article

                                                                              [Geospatial Health 2018; 13:712]                                                           [page 299]

Non
-co

mmerc
ial

 us
e o

nly



[page 300]                                                            [Geospatial Health 2018; 13:712]                                          

ticipants who were removed (n=18). The detailed data processing
procedures have been described previously (Duncan et al., 2014).

Food environments
We created five objective food environment variables using

ArcGIS 10.4 software (ESRI, Redland, CA). We used the data on
all restaurants’ locations (i.e. fast-food restaurants [national
chain/non-chain outlets, defined as fast food with no indication of
wait service] and wait-service restaurants [table service, and
chain/non-chain outlets indicating any types of wait service out-
let]) from the NYC Department of Health and Mental Hygiene
Restaurant Grading data. Each restaurant or food outlet was in
business by the end of 2014. All other food outlets’ locations (i.e.
corner stores [bodegas/convenience stores with less than 2,000

square feet], grocery stores [small/large groceries between 2,000
and 5,999 square feet], and supermarkets [classified as chain or
independent supermarkets]) came from the New York State
Department of Agriculture and Markets, Licensing and Inspection
data.  Density of each outlet type was based on the number of out-
lets divided by the total land area (square kilometers [km2]) for
each buffer: densities of fast-food restaurants (unit: 10
outlets/km2), wait-service restaurants (unit: 10 outlets/km2), corner
stores (unit: 10 outlets/km2), grocery stores (unit: 1 outlet/km2) and
supermarkets (unit: 1 outlet/km2). 

A 200-meter (m) and 400 m residential circular and line-based
street network buffer was created around the geocoded home
address of each participant (Figure 1) (Oliver et al., 2007). For the
line-based network buffer, we created a 25 m buffer on both sides

                   Article

Figure 1. Locations of fast-food establishments (orange dots), residential buffers (circular and line-based network buffers), and GPS
activity space buffers in New York City, 2014. Participant home line-based network buffer represent street network buffers around par-
ticipant’s home. Participant’s home and the residential and GPS activity space buffers are based on hypothetical data.
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of the street to capture areas along the streets located within a 200
m or 400 m from the residences along the street network (Oliver et
al., 2007). In addition, we created 200 m and 400 m buffers around
participants’ GPS-defined activity space (i.e. daily mobility path)
derived from GPS data. This method has been used in behavioural
geography to illustrate where people travel during the day and
what they are exposed to in their neighbourhood environments
(Tamura et al., 2017; Duncan and Kawachi, 2018). A recent review
of studies on the food environment and GPS technology found that
the size of buffers typically used for GPS-defined activity spaces
(i.e. daily mobility path), for adult samples ranged from 0.25 (~400
m) miles to 0.5 miles (~800 m) (Cetateanu and Jones, 2016).
Consistent with our prior studies (Duncan et al., 2017; Tamura et
al., 2017), we chose a 200 m and 400 m radius for the GPS-defined
activity space buffer, because our interests are immediate food
environment exposures (i.e. walkable distance) around the loca-
tions where participants travel and move throughout a day. 

Body mass index and blood pressure
Our trained research staff used a Tanita 351 scale to measure

participants’ heights and weights, which were then used to com-
pute BMI (weight in kg/height in m2). To measure their BP, we had
our participants sit in a chair without crossing their legs, while
their arms were extended for the measurement of BP for about 15-
30 seconds (Hess et al., 2007; Ravenell et al., 2013; Duncan et al.,
2016b; Tamura et al., 2017). Subsequently, our staff assessed sys-
tolic and diastolic BP (based on mmHg) with a Welch Allyn Vital
Signs 300 monitor (https://www.welchallyn.com/en/products/cate-
gories/patient-monitoring/vital-signs-devices/vital-signs-monitor-
300-series.html).

Covariates
Covariates included: age (18-24, 25-44, and 45 years and

older), gender (male, female), race/ethnic groups (Black, Hispanic,
and Other [White, Asian, and other]), education (< high school vs.
≥ high school), employment (unemployed, part-time, or full-time),
and total household income (<$25,000, $25,000-$49,999, ≥
$50,000). To control for populous areas in NYC, we calculated
population density (using U.S. Census 2010 at the census block
level), defined as the number of population divided by the total
area (km2) for each size (i.e. 200 m and 400 m) and type of buffer
(i.e. residential circular, residential network, and GPS-defined
activity space buffers) (Tamura et al., 2017). Further, to account
for neighbourhood effects by socio-demographic groups, we
included percentage of non-Hispanic Black residents and median
household income at the census block group level. 

Statistical analysis 
We used ordinary least square to investigate relationships

between GIS-measured food environment attributes (i.e. densities
of fast-food restaurants, wait-service restaurants, corner stores, gro-
cery stores, and supermarkets) and BMI and systolic and diastolic
BP, clustered by census block group with robust standard errors,
using PROC SURVEYREG in SAS version 9.4 (Cary, NC, USA).
All the analyses were controlled for clustering effect at the census
block group with clustered robust standard errors.  Further, we test-
ed for non-linearity of the relationships by adding a quadratic term
in the models. These associations were separately investigated for
each 200 m and 400 m residential circular and network buffers
around respondents’ home addresses with respect to each food out-

let type, as well as for each 200 m and 400 m GPS-defined activity
space. Our modelling strategy employed a two-step process. For
example, in Model 1 we examined the relationship between the
density of fast-food restaurants around residences with a 200 m cir-
cular buffer, controlling for individuals’ demographics (i.e. age,
gender, race/ethnicity groups, education attainment level, employ-
ment, and total household income at the individual level). In Model
2, we examined the relationship between the density of fast-food
restaurants around residences with a 200 m circular buffer, control-
ling for other food outlets together (i.e. in this case with four other
food outlets with a 200 m circular buffer) and neighbourhood
demographic characteristics (i.e. percent of non-Hispanic Black and
median household income at the census block group, and popula-
tion density within each buffer) in addition to the individual demo-
graphic variables aforementioned in Model 1. 

Results

Individual and neighbourhood characteristics
We summarized all the study variables in Table 1. The mean

participant age was 39.3 (SD±14.1) years. Forty-eight percent of
participants were female and the majority (69%) were either Black
or Hispanic (chi-squared test, P<.0001) (Table 1). Roughly one
third of participants had some college education. The majority of
the participants earned less than $25,000 a year (72%) (P<.0001)
and were unemployed (57%) (P<.0001). On average, participants
had BMI = 29.8 (SD ± 7.95), systolic BP = 130.9 (SD±17.9), and
diastolic BP =77.7 (SD±12.2). The mean census block group per-
cent of non-Hispanic Blacks and household income were 31.5
(SD±21.3) and $44,003 (SD±28,030), respectively. 

Mean density of food environment variables and popu-
lation density

Overall, each food outlet type and population density around
residential areas is higher than those of the GPS activity space
buffers (Table 2 and Figure 1).  Furthermore, among GPS activity
space buffers, densities were systematically higher in 200 m than
in 400 m buffers. For example, mean density of fast-food restau-
rants ranged from 116.2 per square kilometer (km2) (SD±53.5)
with a 400 m GPS-defined activity space buffer to 172.8/km2

(SD±191.3) with a 200 m network buffer. Population density was
the highest with the 200 m circular buffer (37,719 people/km2) and
the lowest with the 400 m GPS-defined buffer (25,787
people/km2). 

Associations between the food environment and body
mass index

Overall, higher densities of food outlets are associated with
lower BMI in Model 1 (i.e. adjusting for individual-level demo-
graphic characteristics), except for corner stores (Table 3). For
example, in Model 1, considering a 400 m residential circular
buffer, a higher fast-food restaurant density (i.e. a 10-outlets/km2

increase) was associated with a lower BMI (β=-0.2 kg/m2; 95%
Confidence Interval [CI]=-0.3, -0.1), and a higher supermarket
density (a 1-outlet/km2 increase) was associated with lower BMI
(β=-0.34 kg/m2; 95% CI=-0.54, -0.13). A higher grocery store den-
sity was consistently associated with lower BMI (Range: β=-0.08
to -0.19) with residential circular and network buffers. However,
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the majority of the fully-adjusted models (Model 2) did not reach
statistical significance, except for grocery stores (β=-0.20 kg/m2;
95% CI=-0.40, 0.00, marginally significant, P=0.0054) within the
400 m network buffer. Generally, the overall model fit (R2)
improved from Model 1 (range: 0.20-0.27) to Model 2 (range:
0.24-0.29) (Table 3). 

Associations between the food environment and systolic
and diastolic blood pressure

Overall, higher densities of all five food outlets were associat-
ed with lower systolic BP in Model 1 (Table 4). However, only a
higher grocery store density remained statistically significant in
the fully adjusted models, which was associated with lower sys-
tolic BP for the circular and network buffers, as well as for the den-
sity of supermarkets within a 400 m circular buffer. For example,
in the fully adjusted model (Model 2), a higher grocery store den-
sity (1-outlet/km2 increase) was associated with lower systolic BP
within a 400 m residential network buffer (β=-0.78 mmHg;
95%CI= -1.23, -0.34, P=0.0009). In contrast, higher supermarket
density (1-outlet/km2 increase) was associated with higher systolic
BP within a 400 m residential circular buffer (β=1.73 mmHg;
95%CI=0.21, 3.25], P=0.027).  No relationships were documented
in the fully-adjusted models with systolic BP between fast-food
restaurants, wait-service restaurants, and corner stores for 200 m
and 400 m residential circular buffers, residential network buffers,
and GPS-defined activity space buffers.

Higher densities of fast-food restaurants, wait-service outlets,
grocery stores, and supermarkets were associated with lower dias-
tolic BP in Model 1 with the residential circular and network and
with the GPS activity space buffers.  In the fully adjusted models
(Model 2), a higher grocery store density (1-outlet/km2 increase)
was associated with lower diastolic BP within the 400 m residen-
tial circular (β=-1.02 mmHg; 95%CI= -1.61, -0.43, P=0.0012) and
400 m residential network buffers (β=-0.58 mmHg; 95%CI=-0.88,
-0.29, P=0.0003), but not within the 200 m GPS activity space
buffers. A higher supermarket density (1-outlet/km2 increase) was
associated with higher diastolic BP within a 400 m residential cir-
cular buffer (β=1.67 mmHg; 95%CI= 0.52, 2.83, P=0.0054).
Although we tested for non-linearity of the models with a quadrat-
ic term, most of them were not significant. For both systolic and
diastolic BP, the overall model fit (R2) improved from Model 1 to
Model 2 (Tables 4 and 5).

Discussion
The present study investigated associations of density of food

environments around residential areas and GPS-defined activity
space with BMI and systolic and diastolic BP among a sample of
low-income-housing residents in NYC. Overall, in the fully adjust-
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Table 1. Individual demographic and health-related characteristics,
and census-block group characteristics of participants (n = 102).

Individual characteristics                                 n (%)               Pc

Age groups                                                                                                          0.0577
       18-24 years                                                                   23 (22.55)                   
       25-44 years                                                                   37 (36.27)                   
       45+ years                                                                     42 (41.18)                   
Gender                                                                                                                 0.6921
       Male                                                                               49 (48.04)                   
       Female                                                                          53 (51.96)                   
Race/ethnicitya                                                                                                   <.0001
       Black                                                                              69 (69.00)                   
       Hispanic                                                                        22 (22.00)                   
       Other (White, Asian and other)                               9 (9.00)                     
Education                                                                                                            0.0979
       < High school                                                             27 (26.47)                   
       High school graduate                                                44 (43.14)                   
       Some college or more                                              31 (30.39)                   
Total household incomea                                                                                <.0001
       < $25,000                                                                      73 (72.28)                   
       $25,000-$49,999                                                            21 (20.79)                   
       ≥ $50,000                                                                        7 (6.93)                     
Employment statusa                                                                                         <.0001
       Full-time                                                                       13 (13.00)                   
       Part-time                                                                      18 (18.00)                   
       Unemployed                                                                57 (57.00)                   
       Retired or school                                                       12 (12.00)                   
                                                                      Mean (SDb)           

Body mass index                                                              29.84 (7.95)                 
Blood pressure (mmhg)                                                                                       
       Systolic                                                                      130.90 (17.90)               
       Diastolic                                                                     77.73 (12.23)                
Census block group demographic characteristics                                         
       % non-Hispanic Black                                             31.50 (21.26)                
       Household income                                                44,003 (28,029)              
Analytic sample (N=102) is based on when outcomes are no missing. aRace/ethnicity, total household
income, employment status are missing with 2, 1, and 2 participants, respectively; bSD: Standard
Deviation; cP-value was based on Chi-square test for categorical variables. 

Table 2. Mean density of food environment variables and population density around home and global positioning system defined activ-
ity space neighborhoods among 102 participants in 2014.

                     Residential circular buffer Residential network buffer GPS-defined activity space buffer
                                               200 m (SDa)       400 m (SD)             200 m (SD)            400 m (SD)          200 m (SD)                400 m (SD)

Fast food                                           132.01 (137.47)         117.71 (96.86)                172.76 (191.30)              153.50 (124.07)             124.34 (61.86)                     116.24 (53.45)
Wait service                                      109.84 (166.21)         94.31 (118.93)                141.06 (222.17)              139.01 (186.78)              98.81 (60.00)                       93.07 (51.88)
Corner stores                                     31.23 (23.01)            25.97 (12.89)                   38.73 (32.46)                   37.54(16.78)                 23.79 (8.38)                         21.83 (6.62)
Grocery                                                16.39 (24.52)            10.65 (10.51)                   13.82 (21.80)                  17.52 (19.52)                  8.05 (3.31)                           7.31 (2.49)
Supermarket                                         5.31 (5.05)                5.70 (5.20)                      5.51 (11.51)                     6.60 (4.71)                    4.64 (1.64)                           4.16 (1.31)
Population density                            37719 (17429)          32621 (15357)                 37309 (18033)                35951 (15792)               26709 (7108)                       25787 (6082)
aSD: Standard Deviation.

Non
-co

mmerc
ial

 us
e o

nly



ed models, almost all five of the built environment variables are
not associated with BMI and systolic and diastolic BP, with a few
exceptions for grocery stores and supermarkets. Specifically, a
higher grocery store density within 200 m network buffer was
related to lower BMI (with 200 m network buffer) and BP with
both circular and network buffers. A higher supermarket density
was associated with higher systolic and diastolic BP. Associations
between GPS-defined food environments and BMI and BP are
mostly null.

The total areas of an individual’s activity space are generally
bigger compared to residential buffers around homes (e.g., 200 m
circular buffer), implying that individuals move beyond their resi-
dential areas on a daily basis. Also, our food outlet densities dif-
fered by types of buffers (e.g., 200 m residential circular and net-
work buffers for fast-food outlets: 132.1 outlets/km2 and 172.8/km2

vs 200 m GPS activity space: 124.7/km2). Our findings on residen-
tial and GPS activity space food environments suggest that the res-
idential and the food environment landscape in NYC is unique,
specifically within the low-income housing communities. Contrary
to our findings, a recent study investigating the distance to food
purchasing locations from home in Melbourne, Australia, found
that the median distance from which participants purchased foods
was 3.6 km (Thornton et al., 2017). Our findings may also suggest

that the neighbourhoods in NYC are relatively well represented by
residential circular or network buffers, compared to GPS-defined
activity space. Yet, this is attributed to NYC because of its density
of development and preponderance of mixed use development.
Therefore, further research is needed to utilize both residential and
GPS activity space buffers to determine the food environments in
relation to BMI and BP, because most previous studies only used
residential areas to quantify the environmental exposures. As dis-
cussed, people generally move and travel during their day-to-day
activities. Thus, both residential areas and locations where people
travel throughout a day are crucial to better understand how the
food environments may be associated with BMI and BP among
adults.  

There may be several reasons for the findings from our study.
First, other studies examined more proximal relationships (i.e.
food environments and certain food consumptions; Zenk et al.,
2011; Christian, 2012; Shearer et al., 2015) compared to ours (i.e.
food environments and BMI/BP). As our linkages are more distal,
other factors, such as food preparation and physical activity could
also influence increase and decrease in BMI and BP. Second, pre-
vious studies among adult samples used larger buffers (e.g., 0.5
miles, equivalent to 800 m) around GPS activity space (Zenk et al.,
2011; Christian, 2012), which may capture a greater number of
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Table 3. Relationships between food environments and body mass index among 102 participants.

                                                                                                                              Model 1a                                                   Model 2b

                                                                                                              β              95% C.I.c             R2                      β            95% C.I.          R2 g

Fast food (10 outlets/km2)                          200 m circulard                                  -0.14***           -0.21, -0.07                0.25                          -0.22        -0.60, 0.15              0.28
                                                                          400 m circular                                    -0.20***           -0.30, -0.10                0.25                          -0.15        -0.47, 0.17              0.26
                                                                          200 m networke                                 -0.09***           -0.13, -0.04                0.24                           0.01        -0.21, 0.22              0.29
                                                                          400 m network                                   -0.15***           -0.23, -0.08                0.25                           0.09        -0.28, 0.46              0.29
                                                                          200 m GPSf                                                -0.22            -0.47, 0.03                0.23                          -0.52        -1.96, 0.93              0.24
                                                                          400 m GPS                                                 -0.22            -0.50, 0.05                0.22                          -0.53        -2.06, 1.00              0.24
Wait service (10 outlets/km2)                    200 m circular                                    -0.11***           -0.16, -0.06                0.25                           0.24        -0.15, 0.62              0.28
                                                                          400 m circular                                    -0.15***           -0.23, -0.08                0.25                           0.13        -0.25, 0.51              0.26
                                                                          200 m network                                   -0.07***           -0.11, -0.08                0.24                           0.07        -0.09, 0.22              0.29
                                                                          400 m network                                   -0.10***           -0.15, -0.05                0.25                           0.10        -0.13, 0.32              0.29
                                                                          200 m GPS                                                 -0.19            -0.43, 0.06                0.22                           0.40        -1.22, 2.03              0.24
                                                                          400 m GPS                                                 -0.19            -0.49, 0.11                0.21                           0.42        -1.39, 2.23              0.24
Corner store (10 outlets/km2)                   200 m circular                                           -0.49            -1.29, 0.31                0.22                           0.39        -0.54, 1.33              0.28
                                                                          400 m circular                                           -0.52            -1.97, 0.92                0.21                           0.46        -1.18, 2.09              0.26
                                                                          200 m network                                          -0.14            -0.56, 0.27                0.20                          -0.12        -0.61, 0.38              0.29
                                                                          400 m network                                          -0.80            -1.65, 0.04                0.23                          -0.28        -1.43, 0.88              0.29
                                                                          200 m GPS                                                 -0.52            -2.62, 1.58                0.20                          -0.07        -3.35, 3.22              0.24
                                                                          400 m GPS                                                 -1.02            -3.48, 1.45                0.21                          -0.56        -3.46, 2.35              0.24
Grocery store (1 outlet/km2)                     200 m circular                                    -0.08***           -0.12, -0.04                0.25                          -0.11        -0.30, 0.09              0.28
                                                                          400 m circular                                    -0.19***           -0.29, -0.09                0.26                          -0.16        -0.56, 0.25              0.26
                                                                          200 m network                                   -0.10***           -0.14, -0.06                0.27                        -0.12*       -0.22, -0.02              0.29
                                                                          400 m network                                   -0.12***           -0.17, -0.07                0.27                          -0.20        -0.40, 0.00              0.29
                                                                          200 m GPS                                                 -0.27            -0.59, 0.06                0.21                           0.23        -0.73, 1.19              0.24
                                                                          400 m GPS                                                 -0.37            -0.82, 0.08                0.21                           0.60        -1.29, 2.49              0.24
Supermarket (1 outlet/km2)                       200 m circular                                        -0.33*           -0.65, -0.01                0.24                          -0.21        -0.61, 0.18              0.28
                                                                          400 m circular                                      -0.34**           -0.54, -0.13                0.24                          -0.02        -0.80, 0.76              0.26
                                                                          200 m network                                          -0.04            -0.18, 0.10                0.24                          -0.08        -0.25, 0.08              0.29
                                                                          400 m network                                          -0.34            -0.69, 0.01                0.23                          -0.05        -0.54, 0.43              0.29
                                                                          200 m GPS                                                 -0.67            -1.36, 0.01                0.22                          -0.45        -2.50, 1.60              0.24
                                                                        400 m GPS                                               -0.93*           -1.76, -0.10                0.22                          -0.81        -4.29, 2.67              0.24
Statistical significance based on ***P<0.001; **P<0.01; *P<0.05.  aModel 1 controlled for individual demographics; bModel 2 fully-adjusted for individual demographics, neighbourhood demographic characteristics and
population density, and other food environment variables; cC.I.: Confidence Interval; dResidential circular buffer; eResidential network buffer; fGPS-defined activity space buffer; gModel 2 R2 values are presented the
same for each food outlet, as all five food outlets variables are adjusted.
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food stores within the buffers, compared to our food outlet mea-
sures using 200 m and 400 m buffers around GPS activity space.
Our participants residing in low-income housing may seek out
foods near and around their residences compared to areas away
from home (i.e. GPS activity space), as we did not observe any sta-
tistically significant associations using GPS activity space, but for
residential buffers. The rationale for our buffer size is that NYC is
highly populous and has more stores in the city compared to other
urban areas (e.g., Lexington, Kentucky (Christian, 2012)  and
Detroit, Michigan (Zenk et al., 2011) in the U.S. These differences
in size of buffers could potentially influence our results.

Our findings of inverse and positive relationships between
food outlets (grocery stores, fast food outlets) and BP are inconsis-
tent with the findings from previous studies on food outlet-access
in relation to BP (Morland et al., 2006; Li et al., 2009; Dubowitz
et al., 2012). For example, one study examined associations of
supermarkets, grocery stores, and convenience stores at the census
tract level with hypertension among 10,763 men and women par-
ticipants from Mississippi, North Carolina, Maryland, and
Minnesota. They found that only a higher density of grocery stores
within the census tract where participants reside was related to
greater prevalence of hypertension in the fully adjusted models.
However, no associations were reported for supermarkets and con-
venience stores (Morland et al., 2006). Another study investigating

changes in neighbourhood environments and BP among 1,145
middle-aged and older adults found that high density of fast-food
restaurants in low walkable neighbourhoods was related to an
increase in BP over time (Li et al., 2009). Furthermore, higher den-
sity of supermarkets within a 1.5 mile buffer around residences
was associated with lower diastolic BP among 60,775 middle-aged
and older women (Dubowitz et al., 2012). Contrary to our hypoth-
esis, a higher density of supermarkets around the residential areas
was associated with higher systolic and diastolic BP in the current
study. However, consistent with the findings from the previous
study, the presence of a supermarket near a residential area was
associated with higher BMI among children (Fiechtner et al.,
2013). One potential explanation is that having a higher density of
supermarkets around residential areas could lead to the purchase of
more high caloric foods (Aktas Arnas, 2006). Additionally, the
high price of healthy foods may be related to participants’ purchas-
ing unhealthy foods at a supermarket nearby.

Generally, the directions of associations between grocery
stores and weight status are mixed. For example, a study on gro-
cery stores found that women participating in the WIC program in
Kansas (Ford and Dzewaltowski, 2010) who had grocery stores
within 1 mile of their home addresses had higher odds of being
obese. In contrast, another study found that having mid-size gro-
cery stores within 1 mile of homes was related to lower odds of
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Table 4. Relationships between food environments and systolic blood pressure among 102 participants.

                                                                                                                              Model 1a                                                   Model 2b

                                                                                                              β              95% C.I.c             R2                      β            95% C.I.          R2 g

Fast food (10 outlets/km2)                           200 m circulard                                      -0.22              -0.44, 0.00                0.18                         0.61             -0.51, 1.74            0.25
                                                                           400 m circular                                       -0.30              -0.64, 0.04                0.18                         0.76             -0.33, 1.84            0.27
                                                                           200 m networke                                  -0.13*             -0.26, -0.00                0.18                         0.01             -0.68, 0.71            0.23
                                                                           400 m network                                      -0.24              -0.48, 0.01                0.18                         0.32             -0.78, 1.41            0.26
                                                                           200 m GPSf                                           -0.57*             -1.08, -0.06                0.19                        -0.32             -2.81, 2.17            0.24
                                                                           400 m GPS                                           -0.60*             -1.16, -0.05                0.19                         0.37             -2.24, 2.99            0.23
Wait service (10 outlets/km2)                     200 m circular                                  -0.20**             -0.35, -0.06                0.19                         0.20             -0.68, 1.08            0.25
                                                                           400 m circular                                     -0.25*             -0.47, -0.04                0.19                        -0.42             -1.62, 1.84            0.27
                                                                           200 m network                                    -0.12*             -0.22, -0.02                0.18                         0.11             -0.45, 0.67            0.23
                                                                           400 m network                                    -0.16*             -0.28, -0.03                0.18                         0.39             -0.26, 1.03            0.26
                                                                           200 m GPS                                           -0.53*             -0.98, -0.09                0.19                        -0.38             -3.18, 2.41            0.24
                                                                           400 m GPS                                           -0.63*             -1.13, -0.13                0.19                        -1.36             -4.40, 1.67            0.23
Corner store (10 outlets/km2)                    200 m circular                                       -1.23              -3.07, 0.62                0.18                        -0.69             -3.12, 1.74            0.25
                                                                           400 m circular                                       -1.34              -4.03, 1.35                0.17                        -0.08             -4.25, 4.10            0.27
                                                                           200 m network                                        0.21              -0.80, 1.22                0.16                      -0.001             -1.02, 1.02            0.23
                                                                           400 m network                                      -0.58              -2.70, 1.54                0.16                         0.41             -2.60, 3.42            0.26
                                                                           200 m GPS                                           -3.04*             -5.81, -0.28                0.18                        -3.22             -8.56, 2.12            0.24
                                                                           400 m GPS                                              -3.30              -6.77, 0.16                0.17                        -5.78           -12.22, 0.65            0.23
Grocery store (1 outlet/km2)                      200 m circular                                -0.18***             -0.26, -0.09                0.21                     -0.55*           -1.08, -0.02            0.25
                                                                           400 m circular                                  -0.42**             -0.67, -0.17                0.21                   -1.16**           -1.89, -0.42            0.27
                                                                           200 m network                                    -0.15*             -0.28, -0.03                0.19                        -0.24             -0.60, 0.11            0.23
                                                                           400 m network                               -0.23***             -0.34, -0.11                0.21                 -0.78***           -1.23, -0.34            0.26
                                                                           200 m GPS                                         -1.11**             -1.88, -0.34                0.20                        -0.20             -2.67, 2.27            0.24
                                                                           400 m GPS                                           -1.34*             -2.34, -0.33                0.19                         0.94             -4.06, 5.96            0.23
Supermarket (1 outlet/km2)                        200 m circular                                       -0.44              -1.22, 0.33                0.17                        -0.08             -1.07, 0.91            0.25
                                                                           400 m circular                                       -0.41              -1.08, 0.26                0.17                       1.73*              0.21, 3.25            0.27
                                                                           200 m network                                      -0.14              -0.53, 0.24                0.17                        -0.28             -0.70, 0.15            0.23
                                                                           400 m network                                      -0.35              -1.26, 0.55                0.17                         0.33             -0.83, 1.49            0.26
                                                                           200 m GPS                                              -1.69              -3.40, 0.02                0.18                         2.53             -2.16, 7.23            0.24
                                                                          400 m GPS                                           -2.50*             -4.85, -0.16                0.19                         0.74         -10.01, 11.50            0.23
Statistical significance based on ***P<0.001; **P<0.01; *P<0.05.  aModel 1 controlled for individual demographics; bModel 2 fully-adjusted for individual demographics, neighbourhood demographic characteristics and
population density, and other food environment variables; cC.I.: Confidence Interval; dResidential circular buffer; eResidential network buffer; fGPS-defined activity space buffer; gModel 2 R2 values are presented the
same for each food outlet, as all five food outlets variables are adjusted.
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being obese among California adults (Hattori et al., 2013).
Consistent with the previous study on inverse relationships
between grocery stores and BMI among adults aged 25-64 (Zick et
al., 2009), our study also found inverse associations between gro-
cery stores around residential areas and BMI, which we hypothe-
sized (i.e. a higher grocery stores density linked to lower BMI).
One possible explanation is that those living in low-income neigh-
bourhoods and housing residents may shop for healthy foods at
grocery stores within an immediate neighbourhood. These findings
show that having access to grocery stores around residential areas
could be related to weight status among low-income residents.

There are several limitations to be addressed. The present
study has a cross-sectional design; therefore, causal inferences
cannot be made from these data.  The findings from the present
study cannot be generalized to populations that come from high or
middle-income families in NYC, who reside in suburbs or rural
areas of the U.S., or who are non-English-speaking residents. BP
was measured only once by our research staff.  However, in a clin-
ical BP assessment, it is generally required to be measured two or
more times, while discarding the first measurement. Therefore,
measurement error of BP in our sample may be possible due to just
a single BP measurement. Some GPS coordinates may not be
recorded because skyscraper buildings in a city like NYC, may
impede GPS satellite signals. Our study made efforts to address

confounding, by controlling for population density and neighbour-
hood socioeconomic status. We adjusted for population density
because the density of food stores is connected to the degree of
urbanicity in the neighbourhood, which is itself related to other
potential determinants of metabolic health. However, there may be
residual confounding, for example, by other food outlets, or aggre-
gate indices, such as the Modified Retail Food Environment Index
(i.e. indicator of healthy and unhealthy retail ratio in each census
tract) (Gustafson et al., 2012), or even by the physical activity
opportunities (e.g., sport facilities) around residential areas and
GPS activity space, which we did not measure in our study. Other
sources of confounding are related to selective residential migra-
tion and selective daily mobility biases (Chaix et al., 2013a; Chaix
et al., 2013b). The first is related to the existence of dietary prefer-
ences that would lead residents to live in specific neighbourhoods
(as a confounder for the identified residential association) and the
second to the preferences for specific foods leading participants to
visit specific outlets during the GPS follow-up and therefore bias-
ing our GPS activity space exposure variables. Our GPS activity
space buffers may include locations such as rivers (e.g., Hudson,
East River), which might lead to decreased positive predictive
value in our estimates. However, this may be minimal, because our
sizes of GPS activity space (i.e. 200 m and 400 m) are smaller than
those of previous studies (0.5 miles is about 800 m) (Zenk et al.,
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Table 5. Relationships between food environments and diastolic blood pressure among 102 participants.

                                                                                                                              Model 1a                                                   Model 2b

                                                                                                              β              95% C.I.c             R2                      β            95% C.I.          R2 g

Fast food (10 outlets/km2)                           200 m circulard                               -0.20***              -0.30, -0.09              0.15                         0.11             -0.59, 0.81            0.21
                                                                           400 m circular                                   -0.27**              -0.47, -0.07              0.14                         0.44             -0.16, 1.04            0.27
                                                                           200 m networke                                -0.13**              -0.20, -0.05              0.14                        -0.07             -0.48, 0.34            0.19
                                                                           400 m network                               -0.23***              -0.35, -0.10              0.15                         0.14             -0.51, 0.80            0.24
                                                                           200 m GPSf                                           -0.36*              -0.70, -0.02              0.13                        -0.98             -2.79, 0.83            0.16
                                                                           400 m GPS                                              -0.35               -0.70, 0.00              0.12                        -0.19             -2.14, 1.77            0.14
Wait service (10 outlets/km2)                     200 m circular                                -0.17***              -0.25, -0.08              0.15                         0.30             -0.43, 1.03            0.21
                                                                           400 m circular                                         0.30               -0.43, 1.03              0.15                        -0.37             -1.09, 0.35            0.27
                                                                           200 m network                                      -0.38               -1.09, 0.34              0.13                        -0.11             -0.25, 0.48            0.19
                                                                           400 m network                               -0.14***              -0.22, -0.07              0.15                         0.18             -0.25, 0.62            0.24
                                                                           200 m GPS                                            -0.30*              -0.60, -0.00              0.12                         0.86             -1.22, 2.94            0.16
                                                                           400 m GPS                                              -0.35               -0.71, 0.00              0.12                         0.03             -2.43, 2.48            0.14
Corner store (10 outlets/km2)                    200 m circular                                       -0.85               -2.02, 0.32              0.12                         0.20             -1.36, 1.75            0.21
                                                                           400 m circular                                       -0.78               -2.54, 0.97              0.11                         0.49             -2.30, 3.28            0.27
                                                                           200 m network                                      -0.04               -0.66, 0.58              0.10                        -0.08             -0.69, 0.53            0.19
                                                                           400 m network                                      -0.56               -0.69, 0.53              0.11                         0.20             -1.63, 2.02            0.24
                                                                           200 m GPS                                              -1.53               -3.60, 0.53              0.11                         0.13             -4.19, 4.46            0.16
                                                                           400 m GPS                                              -1.15               -3.74, 1.45              0.11                        -0.86             -6.90, 5.18            0.14
Grocery store (1 outlet/km2)                      200 m circular                                -0.14***              -0.20, -0.09              0.18                      -0.42*            -0.78, -0.07            0.21
                                                                           400 m circular                                -0.36***              -0.52, -0.20              0.19                   -1.02**            -1.61, -0.43            0.27
                                                                           200 m network                               -0.15***              -0.23, -0.07              0.16                      -0.24*            -0.45, -0.02            0.19
                                                                           400 m network                             -0.186***              -0.27, -0.10              0.18                 -0.58***            -0.88, -0.29            0.24
                                                                           200 m GPS                                            -0.68*              -1.28, -0.08              0.13                        -0.54             -1.96, 0.89            0.16
                                                                           400 m GPS                                              -0.82               -1.70, 0.06              0.13                        -0.15             -2.41, 2.12            0.14
Supermarket (1 outlet/km2)                        200 m circular                                       -0.06               -0.66, 0.54              0.10                         0.24             -0.51, 0.99            0.21
                                                                           400 m circular                                       -0.30               -0.83, 0.22              0.12                     1.67**               0.52, 2.83            0.27
                                                                           200 m network                                      -0.03               -0.26, 0.21              0.10                        -0.11             -0.39, 0.16            0.19
                                                                           400 m network                                      -0.10               -0.93, 0.74              0.10                         0.64             -0.23, 1.52            0.24
                                                                           200 m GPS                                              -1.14               -2.33, 0.06              0.12                         0.38             -2.07, 2.82            0.16
                                                                           400 m GPS                                            -1.57*              -3.01, -0.13              0.13                        -1.27             -6.05, 3.51            0.14
Statistical significance based on ***P<0.001; **P<0.01; *P<0.05.  aModel 1 controlled for individual demographics; bModel 2 fully-adjusted for individual demographics, neighbourhood demographic characteristics and
population density, and other food environment variables; cC.I.: Confidence Interval; dResidential circular buffer; eResidential network buffer; fGPS-defined activity space buffer; gModel 2 R2 values are presented the
same for each food outlet, as all five food outlets variables are adjusted.
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2011; Christian, 2012). A final limitation of this work is that our
study did not assess where participants were effectively purchasing
foods.

Conclusions
We examined associations between the densities of food outlet

types within residential and GPS activity spaces and both BMI and
BP among low-income public housing residents in NYC. Results
from the study overall show that grocery stores in residential
neighbourhoods are associated with lower BMI and BP.
Supermarkets in residential neighbourhoods, on the other hand,
were associated with higher BP. Future research using longitudinal
designs should examine how neighbourhood food environments
around residences and GPS activity spaces are associated with car-
diovascular disease risk among low-income residents.
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