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Summary
Background Few studies have investigated the relationship between the food and physical activity environment and
odds of gestational diabetes mellitus (GDM). This study quantifies the association between densities of several types
of food establishments and fitness centers with the odds of having GDM.

Methods The density of supermarkets, fast-food restaurants, full-service restaurants, convenience stores and fitness
centers at 500, 1000 and 1500 m (m) buffers was counted at residential addresses of 68,779 pregnant individuals from
Eastern Massachusetts during 2000–2016. The ‘healthy food index’ assessed the relative availability of healthy
(supermarkets) vs unhealthy (fast-food restaurants, convenience stores) food retailers. Multivariable logistic
regression quantified the cross-sectional association between exposure variables and the odds of having GDM,
adjusting for individual and area-level characteristics. Effect modification by area-level socioeconomic status (SES)
was assessed.

Findings In fully adjusted models, pregnant individuals living in the highest density tertile of fast-food restaurants had
higher GDM odds compared to those living in the lowest density tertile (500 m: odds ratio (OR):1.17 95% CI: [1.04,
1.31]; 1000 m: 1.33 95% CI: [1.15, 1.53]); 1500 m: 1.18 95% CI: [1.01, 1.38]). Greater residential density of
supermarkets was associated with lower odds of GDM (1000 m: 0.86 95% CI: [0.74, 0.99]; 1500 m: 0.86 95% CI:
[0.72, 1.01]). Similarly, living in the highest fitness center density tertile was associated with decreased GDM odds
(500 m:0.87 95% CI: [0.76, 0.99]; 1500 m: 0.89 95% CI: [0.79, 1.01]). There was no evidence of effect modification
by SES and no association found between the healthy food index and GDM odds.

Interpretation In Eastern Massachusetts, living near a greater density of fast-food establishments was associated with
higher GDM odds. Greater residential access to supermarkets and fitness centers was associated with lower the odds
of having GDM.

Funding NIH.
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creativecommons.org/licenses/by-nc-nd/4.0/).
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Introduction
Gestational diabetes mellitus (GDM), which is the onset
or first recognition of glucose intolerance during
*Corresponding author.
E-mail address: mshupler@hsph.harvard.edu (M. Shupler).
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pregnancy, affects an estimated 2–10% of pregnant in-
dividuals in the US.1 GDM can result in long-term
metabolic risk to both the mother and child.2 While
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Research in context

Evidence before this study
We searched Google Scholar for epidemiological studies
reporting on the association between the food environment
and gestational diabetes mellitus. We used the following
search terms: (“food environment” OR “supermarket” OR
“fast-food” OR “convenience store” OR “restaurant” OR
“fitness center”) AND (“gestational diabetes mellitus” OR
“GDM” OR “maternal diabetes”). Our search was limited to
studies published before October 1, 2023. Previous studies
conducted in the US have had mixed findings regarding the
association between less healthy food environments and odds
of GDM. Existing studies typically have used only a single food
environment indicator (e.g. grocery store density or fast-food
restaurant density) and measured the density at a census tract
or zip-code level. These single measures of grocery store or
restaurant density do not adequately capture the complexity
of the food environment, which contains a multitude of food
establishment types. Additionally, no prior US studies have
examined the association between fitness center density and
the odds of having GDM.

Added value of this study
This analysis of approximately 70,000 pregnant individuals in
Eastern Massachusetts is one of the first to examine multiple
indicators of the food environment (density of supermarkets,
fast-food restaurants, full-service restaurants and convenience

stores) and physical activity environment (fitness center
density) at a residential scale (500 m, 1000 m, 1500 m from
an individual’s household) to assess their associations with
the odds of developing GDM. We demonstrate that a greater
density of fast-food retailers is associated with increased odds
of GDM after adjusting for relevant socioeconomic and
individual factors. We detected associations between these
exposures and GDM at all examined spatial scales. We also
found that living in an area with a higher density of
supermarkets and fitness centers was associated with a lower
odds of GDM at multiple buffers.

Implications of all the available evidence
The study findings underscore the potential for a reduction in
fast-food restaurant density and an increase in supermarket
density to encourage more healthy dietary patterns and
possibly reduce the odds of GDM in Eastern Massachusetts.
Greater residential access to fitness centers may also protect
against the odds of having GDM. Policymakers and city
planners should consider zoning laws that lower the number
of fast-food restaurants and replace with supermarkets or
other affordable healthier food options to potentially help
mitigate the burden of GDM. Expanding access to affordable
indoor fitness centers may also help lower the prevalence of
GDM in Eastern Massachusetts.
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several unmodifiable odds factors have been identified
for GDM, including advanced maternal age and family
history of diabetes,3 diet and exercise are modifiable risk
factors and key prevention and therapeutic strategies for
GDM.4

In turn, dietary behavior can be affected by the
availability, accessibility, and affordability of healthy
food options.5 For example, the presence of a super-
market around an individual’s residence may lead to
increased consumption of fresh fruits and vegetables.6

Similarly, research has indicated that living in prox-
imity to fitness centers increases exercise levels.7

Analyses have shown that the food and physical
activity environment can affect dietary quality and ex-
ercise levels, respectively, during pregnancy.8,9 Studies
conducted in Delaware,10 New York11 and Texas12 also
have found a link between less healthy food environ-
ments and increased odds of GDM. However, these
studies have focused on a single food environment
indicator (e.g. grocery store density only) and
measured the density at the census tract or zip-code
level. Thus, these studies were unable to comprehen-
sively assess the food environment and examine het-
erogeneity in access to healthy food and fitness centers
at a more granular spatial scale. Understanding
whether the density of healthy food options at small
scales (e.g. 5-min walk) can reduce the odds of having
GDM may help inform future urban planning policies
(e.g. via zoning laws).13

To our knowledge, no studies have assessed the
relationship between fitness center density and the odds
of having GDM. Studies have typically investigated the
relationship between urban greenspace as a proxy of
access to recreational spaces for engaging in outdoor
activities.14 However, some studies have not found as-
sociations between access to greenspace and physical
activity level.15 Additionally, greenspace access may not
be a suitable surrogate measure of overall physical ac-
tivity during pregnancy in northern areas due to cold
temperatures in winter months that may shift in-
dividuals’ exercise regimen predominantly indoors.
Thus, fitness center density may be a more accurate
measure of physical activity by incorporating indoor
spaces.

Socioeconomic status (SES) may shape dietary and
physical activity behaviors of individuals through the
quantity and quality of food options available in their
neighborhood,16 sensitivity to food prices,17 and the
availability of transportation modes, which affects the
accessibility of foods and physical activity spaces.18 For
example, a study conducted in the UK uncovered that
unhealthy food outlets were more likely to be associated
with poorer dietary quality among mothers with lower
educational attainment.19 Therefore, the association
www.thelancet.com Vol 35 July, 2024
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between the food and physical activity environment and
the odds of having GDM may vary by SES.

This cross-sectional analysis (1) examines associa-
tions between densities of a wide range of food estab-
lishments and fitness centers with odds of having GDM
in Eastern Massachusetts, USA and (2) assesses
whether the associations differ by SES.
Methods
Study population
Prenatal and obstetric data was obtained for births that
occurred at Beth Israel Deaconess Medical Center
(BIDMC) from 2000 through 2016. BIDMC is a private,
tertiary-care hospital in Boston, MA that serves Eastern
Massachusetts. Data included maternal residential
address; delivery characteristics; demographics; and
medical and obstetric history, including diagnosis of
type 2 diabetes or GDM. GDM was defined in the
dataset based on International Classification of Diseases
(ICD)-9 and ICD-10 codes (Supplementary Table S1).

Of the 69,815 identified pregnancies, those with
pregestational diabetes (1.5%; n = 1036) were excluded
since they would not meet the criteria for a GDM
diagnosis, which is defined as onset or first recognition
of glucose intolerance during pregnancy. The final an-
alytic sample included 68,779 pregnant women.

Exposure variables
Density of food establishments and fitness centers
across the contiguous US from every two-year period
from 1998 to 2016 was obtained from the Infogroup US
Historical Business Data.20 This database contains geo-
coded information and industry classifications as of the
last day of the year. All establishments with ≥20 loca-
tions across the US were classified into the following
categories: “fast-food restaurant”, “full-service restau-
rant”, “convenience store”, “supermarket or grocery
store” and “fitness or recreational sport center”. Entities
with >20 locations across the US were added to these
categories based on the North American Industry
Classification System 6-digit (NAICS6) codes. The
NAICS6 codes are the standard used by Federal statis-
tical agencies for classifying business establishments in
the US census.

Limited-service restaurants and snack and non-
alcoholic beverage bars identified from NAICS6 codes
were included in the “fast-food restaurant” category.
Supermarkets, grocery stores, warehouse clubs and su-
percenters were grouped into the “supermarket or gro-
cery store” category.

Using Google Earth Engine and R,21 rasters of 100
square meter grid cells covering the contiguous US were
developed every two years from 1998 to 2016. We
counted all entities of each category (fast-food restau-
rants, full-service restaurants (restaurants), convenience
stores, supermarkets, and fitness centers) in circular
www.thelancet.com Vol 35 July, 2024
buffers of 500, 1000, and 1500 m around each grid cell.
A 500 m radius represents around a 10-min walk, while
a 1000–1500 m buffer is equivalent to a walking time of
approximately 15–20 min.22 These buffer sizes likely
capture a radius beyond which most individuals would
not be willing to travel to food retailers23 and therefore
probably represent most of their residential food
consumption.

As the distribution of the exposure variables was
skewed left due to a high percentage of residences
having zero retailers within 500–1500 m, all food and
physical activity density variables were grouped into
tertiles such that approximately one-third of re-
spondents fell into each category. The tertile cutoffs
varied by buffer size. The tertile with the lowest density
was used as the referent category. The exposure vari-
ables were linked to participants’ residential address on
the date of delivery to conduct a cross-sectional analysis
examining the density of food establishments and
fitness centers during their pregnancy as the exposures
of interest.

Healthy food index
The US Center for Disease Control (CDC) developed the
Modified Retail Food Environment Index (mRFEI)24 to
compare the number of healthy and less healthy food
retailers within census tracts across the US:

mRFEI = number of healthy food retailers/(number
of health food retailers + number of less healthy food
retailers).

For the mRFEI definition, healthy food retailers
include supermarkets, grocery stores, supercenters, and
produce stores while less healthy food retailers include
fast-food restaurants, small grocery stores, and conve-
nience stores.

In line with the mRFEI, we created the “healthy food
index”:

Healthy food index = number of supermarkets/
(number of supermarkets + number of fast-food
restaurants + number of convenience stores).

Covariates
Individual-level covariates abstracted from BIDMC
medical records included marital status, maternal age,
maternal education, insurance type (public/private),
parity and fetal sex. Self-reported maternal race and
ethnicity was also included as a covariate in the models
as an indicator of differences in residential patterns that
influence the local environment and a marker of struc-
tural racism that can influence pregnancy outcomes.25

Zip code-level median household income and pop-
ulation density obtained from the 2010 US census were
additionally linked to the dataset. The tertiles for popu-
lation density were 0–2685 people/mile2; 2686–10,000
people/mile2; >10,000 people/mile2. The Area Depriva-
tion Index (ADI), which is a composite measure of 17
3
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census variables designed to describe socioeconomic
disadvantage across the entire US based on income,
education, employment, and housing quality, was ob-
tained through the Neighborhood Atlas.26 ADI was
available at the census tract level.

Statistical analysis
Spearman correlation coefficients between all food and
physical activity variables were calculated to assess for
potential multicollinearity. If a particular food or phys-
ical activity environment variable was highly correlated
(correlation coefficient ≥0.90) with other exposure vari-
ables at any buffer, that exposure variable was removed
from final, adjusted models (at all buffers) to generate
more precise effect estimates.

Logistic regression was used to assess the relation-
ship between the food and physical activity environment
and the odds of GDM. The lowest tertile of each expo-
sure was compared to the middle and highest tertile
when generating odds ratios. As a robustness check, we
also modeled food and physical activity environment
variables as dichotomous (above/below median density)
exposures.

First, we built unadjusted logistic regression models
containing only the food and physical activity environ-
ment variables. Then, we simultaneously added in po-
tential confounding variables based on an a priori
believed association with the exposure and outcome. All
potential confounders were retained in the final model,
regardless of their impact on model fit.

Models were built separately at each buffer (500 m,
1000 m, 1500 m) to assess consistency in the effect es-
timates as a robustness check. Within each buffer, two
exposure models were built: (1) a model that included
the density of each individual food retailer (supermar-
kets, fast-food restaurants, full-service restaurants, con-
venience stores) and fitness centers and (2) a model that
included the healthy food index and fitness center
density. Model (1) quantified the independent effect of
each exposure variable, and model (2) assessed whether
the ratio of healthy to unhealthy food establishments
would produce a stronger association with GDM than
the density of each individual food establishment. ADI
was tested as an effect modifier using an interaction
term in all models.

All analyses were performed in R (version 4.1.1).21

Ethical approval was obtained from the institutional re-
view boards of Harvard T.H. Chan School of Public
Health and Beth Israel Deaconess Medical Center.
Informed consent was not needed as the data was pre-
viously collected from medical and administrative
records.

Role of the funding source
The funders of the study had no role in study design,
data collection, data analysis, data interpretation, or
writing of the report.
Results
The prevalence of GDM among the 68,779 study par-
ticipants was 4.5% (n = 3094). A greater proportion of
White individuals were likely to live in areas with the
lowest density of fast-food restaurants (n = 16,869; 69%)
compared with medium (n = 11,809; 49%) or high
density (8983; 45%) (Table 1). For all other races/eth-
nicities, a greater proportion lived in areas within the
middle or highest tertile of fast-food restaurant density
than the lowest tertile (Table 1). Population density was
strongly correlated with fast-food restaurant and super-
market density; half of individuals in the lowest tertile of
population density lived in areas with the lowest density
of fast-food restaurant (Supplementary Table S2) and
supermarket density (Supplementary Table S3).

The density of the food and physical activity envi-
ronmental variables at a 1500 m buffer was highest in
more urban settings within Massachusetts (e.g. Boston
metro area) (Fig. 1). The distribution of the exposure
variables was similar at 500 m (Supplementary
Figure S1) and 1000 m buffers (Supplementary
Figure S2).

The density of full-service restaurants was highly
correlated (rSpearman ≥0.90) with the density of fast-food
restaurants, supermarkets, and convenience stores at a
1500 m buffer (Supplementary Table S4). Due to mul-
ticollinearity, full-service restaurant density was
removed from models assessing the association be-
tween each other exposure variable and the odds of
having GDM.

Spearman correlations between fitness centers and
each of the food environment variables were lower,
ranging from 0.60 to 0.74 at 500-m and 1000-m buffers
and 0.70–0.80 at a 1500-m buffer (Supplementary
Tables S5 and S6).

There also was a high correlation between the den-
sity of each exposure variable at each buffer size, with
Spearman correlation coefficients ranging from 0.70 to
0.90 (Supplementary Tables S7–S10). Correlations be-
tween the density of fitness centers at the three buffer
sizes were slightly lower (rSpearman = 0.55–0.85)
(Supplementary Table S11).

Multivariable modeling
While the number of food establishments and fitness
centers included in each tertile varied by buffer size
(Supplementary Table S12), living in the highest density
tertile of supermarkets and fitness centers was associ-
ated with lower odds of having GDM in nearly all
buffers in unadjusted models (Table 2). Conversely, an
increasing density of fast-food restaurants, full-service
restaurants and convenience stores were associated
with greater GDM odds in unadjusted models.

In the final models, excluding full-service restaurant
density as a covariate due to multicollinearity generated
slightly narrower confidence intervals (Supplementary
Table S13).
www.thelancet.com Vol 35 July, 2024
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Low (0–6) (N = 24,409) Middle (7–16) (N = 24,317) High (17+) (N = 20,064)

Age (Mean (SD)) 32.6 (4.8) 31.2 (5.5) 31.2 (5.2)

Race/ethnicity (N (%))

White 16,869 (69) 11,809 (49) 8983 (45)

Black 1783 (7) 4011 (16) 2003 (10)

Hispanic 603 (2) 1658 (7) 1429 (7)

Asian 2089 (9) 3472 (14) 4162 (21)

Unspecified 3065 (13) 3367 (14) 3487 (17)

Insurance (N (%))

Public/uninsured 1964 (8) 4908 (20) 4083 (20)

Private 22,445 (92) 19,409 (80) 15,981 (80)

Maternal education (N (%))

College or higher 7312 (30) 6645 (27) 5364 (27)

Lower than college 2844 (12) 5085 (21) 4096 (20)

Unspecified 14,253 (58) 12,587 (52) 10,604 (53)

Parity (N (%))

First born 9857 (40) 11,640 (48) 11,193 (56)

Second or more 14,552 (60) 12,677 (52) 8871 (44)

Population density (N (%))

Low (0–2685 people/mile2) 16,612 (68) 5115 (21) 631 (3)

Middle (2686–10,000 people/mile2) 6334 (26) 11,897 (49) 4499 (22)

High (>10,000 people/mile2) 1457 (6) 7303 (30) 14,931 (74)

Area deprivation index (Mean (SD)) 13.36 (9.89) 18.59 (11.78) 15.33 (11.13)

Table 1: Characteristics of study population (n = 68,779) by tertile of fast-food restaurant density at 1500 m buffer.

Articles
After adjusting for individual and area-level con-
founding variables, the significant protective association
between supermarket and fitness center density with
GDM odds remained (Table 2). However, the density of
fast-food restaurants was the only exposure that was
significantly associated with increased odds of GDM at
all buffer sizes in fully adjusted models (Table 2).

Individuals living in the tertile with the highest
density of fast-food restaurants within 500 m, 1000 m
and 1500 m had 1.19 (95% CI: 1.06, 1.33), 1.33 (95%
CI: 1.15, 1.55) and 1.18 (95% CI: 1.01, 1.38) times the
odds, respectively, of developing GDM as those living
in the tertile with the lowest fast-food restaurant
density. Living in the highest tertile of supermarket
density was associated with lower odds of GDM at a
1000 m buffer (0.86 95% CI: 0.74, 0.99) and margin-
ally associated with lower odds of having GDM at a
1500 m buffer (0.86 95% CI: 0.72, 1.01) in the final
model. Living in the highest density tertile of fitness
centers was associated with lower GDM odds at a
500 m buffer (0.87 95% CI: 0.76, 0.99) and marginally
associated with lower odds at a 1500 m buffer (0.89
95% CI: 0.79, 1.01).

These associations generally remained when con-
ducting a sensitivity analysis with the food and physical
activity environment exposures re-defined as dichoto-
mous (above vs below median density) variable
(Supplementary Table S14). In another sensitivity anal-
ysis involving a Bonferroni correction to account for
multiple hypothesis testing, the association between
www.thelancet.com Vol 35 July, 2024
fast-food restaurant density and the odds of having
GDM remained significant only at the 1000 m buffer
(Table 2).

There was not a consistent association between the
healthy food index and GDM odds at any buffer size
(Table 3).

Effect modification by socioeconomic status
In models stratified by ADI, we did not find evidence of
effect modification between fast-food restaurant density
and the odds of having GDM (Fig. 2). However, the
association appeared to be the most robust in low SES
neighborhoods; in census tracts with the highest ADI,
pregnant individuals living in the highest tertile of fast-
food restaurant density had 1.13 (95% CI: [0.95, 1.35]),
1.34 (95% CI: [1.09, 1.65]) and 1.17 (95% CI: [0.94, 1.45])
times the odds of GDM as those living in the lowest
tertile of fast-food restaurant density at 500, 1000 and
1500 m buffers, respectively (Supplementary Table S15).
There was not significant effect modification by ADI in
the association between supermarket density and the
odds of having GDM (Fig. 2).
Discussion
This study of nearly 70,000 pregnant individuals exam-
ined the association between density of food establish-
ments (e.g. supermarkets, convenience stores, fast-food
restaurants, full-service restaurants) and fitness centers
and GDM in Eastern Massachusetts. We firstly found
5
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Fig. 1: Map of food and physical activity environment (density at 1500 m) in Massachusetts.
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that the density of fast-food restaurants was associated
with higher odds of GDM (Table 2).

Two previous studies examining the association
between fast-food restaurant density and the odds of
having GDM have had mixed results.11,12 One study,
which found no association between census tract-level
density of fast-food restaurants and GDM odds in New
York City, noted probable misclassification of the
neighborhood food environment that likely biased the
results toward the null. The other study, which was
conducted in Houston, Texas and grouped fast-food
restaurant density at a zip code-level into quartiles,
found a significant association with the odds of having
GDM that was similar in magnitude to those reported in
this study (Table 3). While the Texas study found asso-
ciations using density of fast-food restaurants at a zip
code-level, we found a similar association between fast-
food restaurant density and GDM odds at a residential
level. Thus, the availability of fast-food restaurants in the
immediate vicinity of residence may be important for
shaping dietary behaviors during pregnancy.

There are several pathways that may explain why fast-
food restaurant density was strongly associated with
increased GDM odds. US studies have shown that those
living closer to fast-food restaurants consume a less
healthy diet,6 which contributes to weight gain and an
elevated odds of GDM.27 Additionally, fast food in the
US is typically high in saturated fat and added sugars;
consuming these nutrients in high quantities can lead to
insulin sensitivity28 and beta cell damage, which are
precursors to GDM.29 Processed meats commonly
consumed in fast-food restaurants contain certain
compounds (e.g. nitrosamines) that can damage beta
cells and cause oxidative stress.4 Moreover, fast food is
www.thelancet.com Vol 35 July, 2024
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Exposure Buffer Density tertile
(# in buffer)
(ref = lowest)

Unadjusted odds ratio (95% CI)a Adjusted odds ratio (95% CI)b

Supermarkets 500 m 1–2 1.06 (0.97, 1.17) 1.04 (0.94, 1.15)

3+ 1.01 (0.89, 1.14) 1.02 (0.89, 1.17)

1000 m 1–4 0.94 (0.84, 1.05) 0.90 (0.81, 1.00)d

5+ 0.84 (0.73, 0.97)d 0.86 (0.74, 0.99)d

1500 m 3–10 1.12 (0.99, 1.26) 1.02 (0.90, 1.15)

11+ 0.91 (0.78, 1.06) 0.86 (0.72, 1.01)

Fast-food restaurants 500 m 1–2 1.08 (0.98, 1.19) 1.08 (0.97, 1.19)

3+ 1.17 (1.05, 1.32)d 1.19 (1.06, 1.33)d

1000 m 3–8 1.20 (1.07, 1.34)d 1.17 (1.04, 1.31)d

9+ 1.37 (1.19, 1.57)d 1.33 (1.15, 1.53)d,e

1500 m 7–16 1.17 (1.04, 1.31)d 1.11 (0.98, 1.24)

17+ 1.26 (1.09, 1.47)d 1.18 (1.01, 1.38)d

Full-service restaurantsc 500 m 1–6 1.34 (1.23, 1.46)d 1.19 (1.06, 1.33)d

7+ 1.11 (1.01, 1.22)d 0.99 (0.84, 1.16)

1000 m 6–22 1.18 (1.08, 1.28)d 0.99 (0.86, 1.13)

23+ 1.11 (1.02, 1.21)d 0.93 (0.77, 1.12)

1500 m 16–50 1.22 (1.12, 1.33)d 1.07 (0.92, 1.23)

51+ 1.09 (1.00, 1.20) 1.14 (0.92, 1.42)

Convenience stores 500 m 1 1.08 (0.98, 1.20) 1.01 (0.91, 1.12)

2+ 1.09 (0.98, 1.21) 1.01 (0.90, 1.13)

1000 m 2–5 1.08 (0.98, 1.20) 0.96 (0.86, 1.07)

6+ 1.13 (0.99, 1.30) 0.95 (0.82, 1.10)

1500 m 2–7 1.04 (0.93, 1.17) 0.92 (0.82, 1.03)

8+ 1.24 (1.06, 1.46)d 0.98 (0.83, 1.16)

Fitness centers 500 m 1 0.97 (0.88, 1.08) 0.97 (0.87, 1.07)

2+ 0.78 (0.69, 0.89)d 0.87 (0.76, 0.99)d

1000 m 1–2 1.08 (0.98, 1.19) 1.08 (0.98, 1.20)

3+ 0.90 (0.79, 1.01) 1.00 (0.88, 1.13)

1500 m 3–5 0.94 (0.86, 1.04) 0.96 (0.87, 1.06)

6+ 0.77 (0.68, 0.87)d 0.89 (0.79, 1.01)

aUnadjusted models include all food establishment (except full-service restaurants due to multicollinearity) and fitness center exposures simultaneously. bAdjusted models
additionally control for maternal race/ethnicity, maternal age, maternal education, parity, type of insurance (public/private), zip code-level median household income, zip
code-level population density and Area Deprivation Index. cOdds ratios for full-service restaurant density do not include any other food environment variables (only fitness
center density) due to multicollinearity. dSignificant at alpha = 0.05 level. eSignificant at alpha = 0.0017 level (Bonferroni correction applied).

Table 2: The association between food and physical activity environment variables and the odds of having gestational diabetes mellitus (GDM) in
Eastern Massachusetts (n = 68,779 pregnancies).

Articles
low in fiber, which can protect against the development
of GDM.30 Additionally, pregnancy-related fatigue may
inhibit cooking and lead women to eat out more than
they did pre-pregnancy.31

We additionally found that a greater density of su-
permarkets near participants’ residences was associated
with lower odds of GDM at multiple buffers (Table 2).
Other studies have also found that greater access to
supermarkets is associated with lower odds of having
GDM.12,32,33 As studies have documented a link between
supermarket proximity and greater dietary quality dur-
ing pregnancy,8,11 increased consumption of healthier
food at grocery stores can likely lower pregnant
women’s odds of obesity, which is a odds factor for
www.thelancet.com Vol 35 July, 2024
GDM.34,35 Similarly, the association of increased density
of fitness centers with lower GDM odds at multiple
buffers is likely through the promotion of increased
exercise before and/or during pregnancy, which many
studies have shown reduces the odds of GDM.36

Socioeconomic status
We did not find evidence of effect modification by SES
between the density of food retailers and odds of GDM
(Fig. 2). However, other studies have reported that a lack
of access to healthy foods can mediate the relationship
between lower SES and higher body fat during preg-
nancy,37 and that lower neighborhood-level SES was
associated with reduced vegetable consumption.38 Thus,
7
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Exposure Buffer Density (# in buffer)
(ref = lowest)

Unadjusted odds ratio (95% CI) Adjusted odds ratio (95% CI)

Healthy food index 500 m Medium 1.16 (1.05,1.30)a 1.13 (1.01,1.27)a

High 1.00 (0.90, 1.12) 1.00 (0.89, 1.13)

1000 m Medium 1.04 (0.94,1.15) 1.04 (0.94, 1.15)

High 0.96 (0.87, 1.06) 0.93 (0.84, 1.03)

1500 m Medium 1.04 (0.95, 1.14) 0.98 (0.90, 1.08)

High 0.97 (0.88, 1.06) 0.96 (0.87, 1.06)

Fitness centers 500 m 1 0.96 (0.86, 1.07) 0.97 (0.87, 1.08)

2+ 0.78 (0.69,0.88)a 0.88 (0.77,0.99a

1000 m 1–2 1.13 (1.03,1.25)a 1.13 (1.02,1.13)a

3+ 1.01 (0.91, 1.24) 1.09 (0.97, 1.23)

1500 m 3–5 1.08 (0.98, 1.18) 1.02 (0.93, 1.12)

6+ 0.93 (0.85, 1.02) 0.97 (0.86, 1.09)

aUnadjusted models include all food establishment and fitness center exposures simultaneously. Adjusted models additionally control for maternal race/ethnicity, maternal
age, maternal education, parity, type of insurance (public/private), zip code-level median household income, zip code-level population density and Area Deprivation Index
(ADI).

Table 3: The association between the healthy food index and other food and physical activity environment variables and the odds of having
gestational diabetes mellitus (GDM) in Eastern Massachusetts (n = 68,779 pregnancies).
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Fig. 2: The association between density of fast-food restaurants and supermarkets stratified by Area Deprivation Index (ADI).
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research in other settings is warranted to determine if
SES disparities exist in the relationship between the
food environment the odds of having GDM among
pregnant individuals.

Healthy food index
We did not find an association between a higher healthy
food index and odds of GDM (Table 3). It is possible that
the association was attenuated by the inclusion of con-
venience stores as an ‘unhealthy’ retailer when calcu-
lating the index since there was no association between
residential density of convenience stores and GDM odds
(Table 2). This lack of association may suggest that the
food in convenience stores does not make up a sub-
stantial component of our study population’s diet
relative to the food available in supermarkets and at fast-
food restaurants. This indicates the importance of
prioritizing policies targeting specific food retailers
(supermarkets, fast-food restaurants) when seeking to
possibly help prevent GDM.

Strengths and limitations
A key strength of this study was the assessment of the
food and physical activity environment at small spatial
scales (500 m, 1000 m, 1500 m from residence), which
more accurately represents individuals’ access to retail
food establishments. We therefore increased the hetero-
geneity of our exposure profile from that of previous
studies examining the food environment at a census tract
or zip-code level.10,11 We adjusted for several individual
and neighborhood-level SES indicators and included food
and physical activity environment exposures in the same
model to assess independent effects. However, we note
that over half of participants did not specify their educa-
tion level (Table 1), which may have led to slightly biased
results. However, we believe our other variables of zip
code-level median household income and ADI were able
to capture potential confounding due to SES. The density
of food establishments and fitness centers is not a perfect
proxy of the actual frequency of visits to food outlets nor
dietary or physical activity patterns, which could lead to
residual bias. We do not expect exposure misclassifica-
tion to vary by GDM status and therefore believe potential
person-to-person variations in eating habits would likely
be non-differential and bias towards a null finding.

The population of Eastern Massachusetts is generally
of higher SES than the national US population; the
median ADI in the US is 50, while the average ADI of
our study population was approximately 16 (Table 1).
Additionally, the prevalence of GDM in our study (4.5%)
was slightly below that reported by other national
studies, including the Nurses’ Health study (5–6%).39

Although our study population is racially and ethni-
cally diverse, it is not necessarily representative of the
Eastern Massachusetts population; patients of the Beth
Israel Deaconess Medical Center are more highly
educated and have higher enrollment in private health
www.thelancet.com Vol 35 July, 2024
insurance plans than the general population. Thus, the
generalizability of these findings may be limited to
higher SES areas in Eastern Massachusetts.

Our food retailer and fitness center exposures were
updated every two years to account for changes in es-
tablishments during the 15-year study period. We found
that the median density of fast-food and full-service
restaurants in Eastern Massachusetts roughly doubled
across the study period (2000–2016) (Supplementary
Table S16). Hence, our ability to use two-year windows
to characterize the food environment represents another
strength of this study. Other studies have used longer
intervals (e.g. 5-years)10 when assessing the food envi-
ronment, which are prone to greater exposure misclas-
sification. Nonetheless, potential changes in the density
of retailers over the course of participants’ pregnancy
were not captured since the density of food establish-
ments and fitness centers was only measured at the end
of the calendar year. However, we expect that this will
have had minimal effect on our results as the density of
all food establishments and fitness centers did not
typically increase by more than 1 vendor over a 2-year
period (Supplementary Table S16).

We did not have information on whether our study
participants were employed during their pregnancy;
exposure misclassification will be present in our study if
individuals travel to eateries or fitness centers beyond a
1500 m radius (e.g. near their office). We expect this
misclassification to be non-differential and bias toward a
null finding.

Despite nondifferential exposure misclassification
due to possible variation in individuals’ eating habits
within the same neighborhood (ecological fallacy), we
detected robust associations at multiple buffers in our
analysis. This highlights the potentially strong influence
of the type of food establishments at a neighborhood-
level on dietary behavior during pregnancy.

Conclusions
This study identifies the potential importance of
reduced fast-food restaurant density in protecting
against GDM. The influence of fast-food restaurant ac-
cess on the odds of having GDM appears to be partic-
ularly important in lower income neighborhoods.
Additionally, a greater density of supermarkets and
fitness center may lower the burden of GDM. Hence,
policymakers who wish to lower the burden of GDM in
their communities should consider urban planning
policies (e.g. zoning laws) that limit the number of fast-
food establishments and promote the establishment of
additional fitness facilities and supermarkets offering
affordable, healthy food options.
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