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Abstract

Objective: This study evaluated associations between neighborhood-level character-
istics and gestational weight gain (GWG) in a population-level study of 2015 New York
City births.

Methods: Generalized linear mixed-effects models were used to estimate odds ra-
tios (ORs) for associations between neighborhood-level characteristics (poverty, food
environment, walkability) within 1 km of a residential Census block centroid and ex-
cessive or inadequate GWG compared with recommended GWG. All models were
adjusted for individual-level sociodemographic characteristics.

Results: Among the sample of 106,285 births, 41.8% had excessive GWG, and 26.3%
had inadequate GWG. Residence in the highest versus lowest quartile of neighbor-
hood poverty was associated with greater odds of excessive GWG (OR: 1.17, 95% Cl:
1.08-1.26). Residence in neighborhoods in the quartile of highest walkability compared
with the quartile of lowest walkability was associated with lower odds of excessive
GWG (OR: 0.87,95% Cl: 0.81-0.93). Adjustment for prepregnancy BMI attenuated the
associations for neighborhood poverty, but not for walkability. Neighborhood vari-
ables were not associated with inadequate GWG.

Conclusions: These analyses indicate that greater neighborhood walkability is associ-
ated with lower odds of excessive GWG, potentially from differences in pedestrian
activity during pregnancy. This research provides further evidence for using urban

design to support healthy weight status during pregnancy.

INTRODUCTION

Excessive or inadequate weight gain during pregnancy poses nu-
merous health risks for both pregnant individuals and children (1-
6). Inadequate gestational weight gain (GWG) increases the risk of
infant mortality, preterm birth, and small-for-gestational-age (1,2).
Excessive GWG is associated with higher risk of pregnancy com-
plications, including pregnancy-related hypertension and greater

long-term postpartum weight retention (2-4). Excessive GWG is also
associated with increased odds of child asthma, obesity, and greater
percentage of body fat and abdominal adiposity (5,6).

In 2009, the Institute of Medicine (IOM) issued revised recommen-
dations for GWG based on prepregnancy BMI categories (7). However,
despite the new guidelines, most pregnant individuals in the United
States still do not gain the recommended amount of weight during
pregnancy. Estimates from 2011 show that almost 50% of pregnant
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individuals gain excess weight during pregnancy, whereas 21% do not
gain enough (8). Prepregnancy BMI is strongly associated with GWG
outside of the recommendations, particularly for those with higher
BMl values, as the recommended weight gain ranges are lower (8).
Given the health implications of GWG outside of recommended
ranges and the large body of evidence relating neighborhood char-
acteristics to diet, physical activity, and weight, more research on
environmental factors that support healthy GWG is critical. Of the
relatively few studies relating neighborhood factors to GWG, several
have shown neighborhood socioeconomic disadvantage to be asso-
ciated with both inadequate and excessive GWG, whereas others
have found no association (9-12). Even rarer are studies examining
the relationship across multiple neighborhood domains and GWG.
Although research on environmental factors and GWG is limited,
such studies can draw on a much larger literature relating neighborhood
features to health in the general population. Numerous studies evalu-
ating both neighborhood walkability features (e.g., population density,
land-use mix, density of public transit infrastructure, pedestrian-
friendly design, proportion of residents who walk to work) and mul-
tidimensional walkability indices have found an association between
higher walkability and lower BMI or risk of overweight/obesity (13-20).
Whereas evidence also supports a relationship between healthfulness
of the neighborhood food environment and BMI or risk of overweight/
obesity, the findings in this area are not as strong, and the direction of
association is less consistent. Living closer to food retail has been asso-
ciated in some studies with decreased BMI (21-23). Higher density of
healthy food retail has also been associated with lower BMI, even after
controlling for neighborhood walkability, population density, and land-
use mix (17,24). However, although some studies have found unhealthy
food retail density to be associated with higher BMI, particularly for
those without car access, others have found no effect (17,24,25).
Using a large population of more than 110,000 New York City
(NYC) birth records from 2015, we investigated associations between
neighborhood-level features previously shown to predict BMI in the
general population, including poverty rate, healthy and unhealthy
retail food environments, and neighborhood walkability, and inad-
equate and excessive GWG. We hypothesized that lower poverty
rates, healthier food environments, and more walkable neighbor-

hoods would all be associated with lower odds of unhealthy GWG.

METHODS
Data

This study used NYC Department of Health and Mental Hygiene
(DOHMH) Bureau of Vital Statistics birth record data for the year
2015 to examine neighborhood-level risk factors for GWG. Using
medical record data, the DOHMH compiles data on all live births
in NYC, including basic health and demographic information for
the pregnant individual and birth outcome statistics (e.g., birth
weight, gestational age). This study was approved by the Columbia
University Irving Medical Center Institutional Review Board.

Study Importance

What is already known?

» Most pregnant individuals do not gain the recommended
amount of weight during pregnancy, and both inade-
quate and excessive gestational weight gain (GWG) can
negatively impact the long-term health of pregnant indi-
viduals and children.

» Very little research examines the relationship between

neighborhood characteristics and GWG.

What does this study add?

» Living in a more walkable neighborhood is associ-
ated with lower odds of excessive GWG, which could
be due to differences in pedestrian activity during
pregnancy.

How might these results change the direction of
research?

» Given the long-lasting benefits of healthy pregnancies
for parental and child health, this research provides
further impetus for the use of urban design to support
healthy weight and reduce the risk of excessive GWG
and associated sequalae.

Cohort selection

The analyses included data from 110,744 births reported in the 2015
NYC Vital Statistics records. We excluded all observations missing
the pregnant individual’s height or weight data, either prepregnancy
or at time of birth (less than 0.6%, n = 694). We also excluded ob-
servations with multiple births (n = 3,746) and with an implausible
prepregnancy BMI (n = 6), which was defined as BMI < 12 or >70
kg/m2. Last, we excluded observations missing neighborhood data
(n=13). Table 1 provides sample characteristics for the final analytic
sample of 106,285 births.

Measures
Outcome variable

GWG in kilograms was calculated by the authors by subtracting the
pregnant individuals’ prepregnancy weight from weight at time of
delivery. Inadequate, recommended, and excessive GWG categories
were then determined using the IOM recommendations for total
weight gain, which are prepregnancy BMI-category specific and are
used in clinical guidance (7,26).
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TABLE 1 Sample characteristics for pregnant individuals

IOM GWG levels
Recommended Excessive
Total (n = 106,285) Inadequate (n = 27,990) (n = 33,887) (n = 44,408)
no. (%) no. (%) no. (%) no. (%)
Age (y), mean (SD) 29.91 (+6.0) 30.00 (+£6.2) 30.15 (£5.9) 29.85 (+5.9)
Married 62,760 (59.1) 17,138 (61.2) 21,445 (63.3) 24,177 (54.4)
Education
Some high school 20,702 (19.5) 6,480 (23.2) 6,244 (18.4) 7978 (18.0)
High school grad 24,360 (22.9) 6,825 (24.4) 7,528 (22.2) 10,007 (22.5)
Some college 17,039 (16.0) 3,869 (13.8) 4,953 (14.6) 8,217 (18.5)
Associate's 7,098 (6.7) 1,534 (5.5) 2,176 (6.4) 3,388 (7.6)
Bachelor's 20,742 (19.5) 5,082 (18.2) 7,062 (20.8) 8,598 (19.4)
Master's 12,225 (11.5) 3,110 (11.1) 4,362 (12.9) 4,753 (10.7)
Doctorate/professional 3,889 (2.7) 1,011 (3.6) 1,505 (4.4) 1,373 (3.1)
degree
Missing 230 (0.2) 79 (0.3) 57 (0.2) 94 (0.2)
Race/ethnicity
Puerto Rican 6,868 (6.5) 1,521 (5.4) 1,714 (5.1) 3,633 (8.2)
Other Hispanic 25,800 (24.3) 6,655 (23.8) 7,872 (23.2) 11,273 (25.4)
Asian/Pacific Islander 18,166 (17.1) 5,812 (20.8) 6,573 (19.4) 5,781 (13.0)
White non-Hispanic 33,149 (31.2) 8,671 (31.0) 11,669 (34.4) 12,809 (28.8)
Black non-Hispanic 20,754 (19.5) 4,875 (17.4) 5,619 (16.6) 10,260 (23.1)
Other/mixed race/ 1,519 (1.4) 447 (1.6) 432 (1.3) 640 (1.4)
non-Hispanic
Missing 29 (<0.1) 9 (<0.1) 8 (<0.1) 12 (<0.1)
Foreign-born 56,678 (53.3) 16,169 (57.8) 18,640 (55.0) 21,869 (49.3)
Missing 23 (<0.1) 13 (<0.1) 6 (<0.1) 4 (<0.1)
wiIC 55,641 (52.4) 15,040 (53.7) 16,845 (49.7) 23,756 (53.5)
Missing 466 (0.4) 134 (0.5) 146 (0.4) 186 (0.4)
Prepregnancy BMI category
Underweight 6,065 (5.7) 2,176 (7.8) 2,625 (7.8) 1,264 (2.9
Normal 56,060 (52.7) 18,380 (65.7) 20,737 (61.2) 16,943 (38.2)
Overweight 25,876 (24.4) 4,207 (15.0) 7,193 (21.2) 14,476 (32.6)
Obesity class 1 11,644 (11.0) 1,697 (6.1) 2,118 (6.3) 7,829 (17.6)
Obesity class 2 4,331 (4.1) 899 (3.2) 792 (2.3) 2,640 (5.9)
Obesity class 3 2,309 (2.2) 631 (2.3) 422 (1.3) 1,256 (2.8)
Total GWG (kg), mean (SD) 13.36 (+6.0) 7.28 (+£3.6) 12.35 (+2.8) 17.96 (£5.2)
Previous live births
0 47,182 (44.4) 11,427 (40.8) 15,138 (44.7) 20,617 (46.4)
1 32,550 (30.6) 8,940 (31.9) 10,577 (31.2) 13,033 (29.4)
2 15,021 (14.1) 4,170 (14.9) 4,604 (13.6) 6,247 (14.1)
3+ 11,519 (10.8) 3,451 (12.3) 3,565 (10.5) 4,503 (10.1)
Missing 13 (<0.1) 2 (<0.1) 3 (<0.1) 8 (<0.1)
Poverty rate®
Quartile 1 (low) 13,060 (12.3) 3,244 (11.6) 4,622 (13.6) 5,194 (11.7)
Quartile 2 17,750 (16.7) 4,388 (15.7) 5,909 (17.4) 7,453 (16.8)

(Continues)



NEIGHBORHOOD FEATURES AND GESTATIONAL WEIGHT GAIN

LBRWIESE Obesity o}

TABLE 1 (Continued)

IOM GWG levels

Recommended Excessive
Total (n = 106,285) Inadequate (n = 27,990) (n = 33,887) (n = 44,408)
no. (%) no. (%) no. (%) no. (%)

Quartile 3 29,226 (27.5) 7,749 (27.7) 9,234 (27.3) 12,243 (27.6)

Quartile 4 (high) 46,249 (43.5) 12,609 (45.1) 14,122 (41.7) 19,518 (44.0)
Healthy food density®

Quartile 1 (low density) 11,358 (10.7) 2,722 (9.7) 3,228 (9.5) 5,408 (12.2)

Quartile 2 17,107 (16.1) 4,165 (14.9) 5,151 (15.2) 7,791 (17.5)

Quartile 3 29,536 (27.8) 7,706 (27.5) 8,985 (26.5) 12,845 (28.9)

Quartile 4 (high density) 48,284 (45.4) 13,397 (47.9) 16,523 (48.8) 18,364 (41.4)
Unhealthy food density®

Quartile 1 (low density) 7,658 (7.2) 1,686 (6.0) 2,243 (6.6) 3,729 (8.4)

Quartile 2 14,270 (13.4) 3,465 (12.4) 4,256 (12.6) 6,549 (14.8)

Quartile 3 33,109 (31.2) 8,755 (31.3) 10,542 (31.1) 13,812 (31.1)

Quartile 4 (high density) 51,248 (48.2) 14,084 (50.3) 16,846 (49.7) 20,318 (45.8)
NwI“

Quartile 1 (low) 10,485 (9.9) 2,366 (8.5) 3,114 (9.2) 5,005 (11.3)

Quartile 2 19,705 (18.5) 5,033 (18.0) 6,044 (17.8) 8,628 (19.4)

Quartile 3 34,933 (32.9) 9,272 (33.1) 11,207 (33.1) 14,454 (32.6)

Quartile 4 (high) 41,133 (38.7) 11,315 (40.4) 13,516 (39.9) 16,302 (36.7)

Missing 29 (<0.1) 4 (<0.1) 6 (<0.1) 19 (<0.1)
Walkable destination density®

Quartile 1 (low density) 7,676 (7.2) 1,709 (6.1) 2,256 (6.7) 3,711 (8.4)

Quartile 2 14,669 (13.8) 3,592 (12.8) 4,335 (12.8) 6,742 (15.2)

Quartile 3 31,758 (29.9) 8,400 (30.0) 9,698 (28.6) 13,660 (30.8)

Quartile 4 (high density) 52,182 (49.1) 14,289 (51.1) 17,598 (51.9) 20,295 (45.7)

Abbreviations: GWG, gestational weight gain; IOM, Institute of Medicine; NWI, neighborhood walkability index; Q, quartile; WIC, Special

Supplemental Nutrition Program for Women, Infants, and Children.

2Poverty rate quartile cut points (Q1: <0.097; Q2: >0.097; Q3: >0.151; Q4: >0.230).

bHealthy food density quartile cut points (Q1: <0.644; Q2: >0.644; Q3: >1.592; Q4: 23.409).

“Unhealthy food density quartile cut points (Q1: £10.310; Q2: >10.310; Q3: >24.531; Q4 >50.618).

INWI quartile cut points (Q1: <-1.632; Q2: >-1.632; Q3: >-0.279; Q4: 21.067).

€Walkable destination density quartile cut points (Q1: <86.874; Q2: > 86.874; Q3: >175.094; Q4: > 343.820).

Individual covariates

Prepregnancy BMI was calculated using the pregnant individual’s
weight (kilograms) and height (meters squared). The pregnant individu-
al's prepregnancy BMI was further categorized into the World Health
Organization’s BMI categories, defined as underweight (<18.5), normal
weight (18.5-24.9), overweight (25-29.9), obesity class | (30-34.9), obe-
sity class Il (35-39.9), and obesity class Il (240). Gestational age of the
baby (in weeks) was defined as a continuous variable.

Individual demographic variables were self-reported. The
pregnant individual’'s age was included as a continuous variable.
Education was a categorical variable ranging from less than high
school up to doctorate or professional degree. Nativity was included
as a dichotomous variable for US born (including US territories) or

foreign born. Parity was defined as an ordinal variable using previ-
ous live births. We included pregnant individual’s race/ethnicity as a
confounder, not because there is a biological basis for difference in
GWG by race/ethnicity, but because race/ethnicity may serve as a
proxy for social factors (e.g., dietary practices, pregnancy behavior
norms, or structural racism) that influence GWG and are not cap-

tured by other individual-level or neighborhood characteristics (27).
Neighborhood exposure variables
The pregnant individual’s residential address was geocoded to the

Census block of residence. A 1-km radial buffer was created around
the geographic centroid of each 2010 Census block; areas of water
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were removed, and the radial buffers’ land areas were characterized
for sociodemographic composition and built environment features.
One-kilometer buffers are commonly used in the literature to define
residential neighborhood areas, and urban planners consider this a
walkable area around a residence (28). Furthermore, the neighbor-
hood walkability indexes (NWIs) were developed and validated using
a 1-km buffer neighborhood definition in NYC (29,30).

Retail food establishments and walkable destinations were iden-
tified using the National Establishment Time Series (NETS) data
set from 2014 (31,32). The NETS provides a census of businesses,
commercial entities, institutions, and not-for-profits in the US with
business names, addresses, and Standardized Industry Classification
(SIC) codes for each establishment. We grouped food outlets a priori
into categories hypothesized to provide foods that are healthy or un-
healthy for BMI and calculated the density of healthy and unhealthy
food establishments for each radial buffer (17). The healthy retail
food category included supermarkets, fruit and vegetable markets,
and natural food stores. The unhealthy-for-BMI retail food category
included fast-food outlets, convenience stores, meat markets, pizze-
rias, bakeries, and candy and nut stores.

Walkable destinations were defined as businesses, institutions,
and municipal resources that serve as destinations for pedestrian
trips or that contribute to a pleasant, lively, or interesting pedes-
trian experience (29). Walkable destinations were identified using
SIC codes listed in the NETS data, and the included SIC codes were
a slight modification of establishments defined previously (29,32).

The NWIl includes five components, each receiving equal weight:
1) residential density; 2) street intersection density; 3) land-use mix
for five types of land use (residential, office, retail, education, and en-
tertainment); 4) subway stop density; and 5) the ratio of retail build-
ing floor area to retail land area (30,33,34). Residential density data
were derived from the 2012 to 2016 American Community Survey;
land-use data were derived from the 2015 Primary Land Use Tax
Lot Output data, produced by the NYC Department of City Planning
(DCP); street intersection density data were derived from 2015
LION street base map data, also produced by the NYC DCP; and
subway stop density data were derived from the NYC Metropolitan
Transit Authority in 2015. Each scale component was calculated for
the land area of each 1-km radial buffer around a Census block cen-
troid and z score transformed; the z score-transformed components
were summed for each buffer. Prior work has shown that variation in
the NWI across NYC predicts resident’s BMI, total physical activity,
and engagement in active transportation (30,34,35).

The proportion of people living below the Federal poverty line
(poverty rate) was estimated for each radial buffer using US Census
2012 to 2016 American Community Survey data. Tract-level poverty
rate data were apportioned to the radial buffers using standard areal
weighting interpolation methods (36).

To preserve the confidentiality of the birth records, the linkage
between Census block of residence and neighborhood variables
was completed at the NYC DOHMH, and the combined individu-
al- and neighborhood-level data were analyzed with neighborhood-
level variables categorized into quartiles. Quartile cut points were

Obesity [lo} HRVITEEE

established using the distribution of the neighborhood-level vari-

ables across all Census blocks in NYC.

Statistical analysis

Statistical analyses were performed using Stata 15.1 (StataCorp LLC).
Generalized linear mixed-effects models with a binomial distribution
were used to analyze the association between neighborhood-level
variables and excessive GWG compared with recommended weight
gain, adjusting for individual-level covariates (37,38). Likewise, gen-
eralized linear mixed-effects models were used to analyze associa-
tions between neighborhood-level variables and inadequate GWG
compared with recommended weight gain. The models included a
random intercept for NYC community district, which represents
the most local unit of government in NYC and typically reflects
well-known neighborhood areas (17). All models were adjusted for
individual characteristics: age; race/ethnicity; education; nativ-
ity; parity; receipt of Special Supplemental Nutrition Program for
Women, Infants, and Children (WIC) benefits; and baby’s gestational
age at birth. Owing to high collinearity between neighborhood food
environment and walkability variables (Supporting Information Table
S1), three separate models were fit. Model 1 assessed neighborhood
healthy and unhealthy food density and neighborhood poverty as
predictors of GWG, Model 2 assessed NWI scores and neighbor-
hood poverty, and Model 3 assessed density of neighborhood walk-
able destinations and neighborhood poverty. All three models were
fit adjusting for the individual-level variables described herein.

Research in NYC has found that these neighborhood-level
characteristics predict BMI among adults, and prepregnancy BMI
is also predictive of inadequate and excessive GWG (8,17,18). Thus,
neighborhood-level factors may be associated with GWG via links
to prepregnancy BMI. However, neighborhood-level factors may
also influence energy balance-related behaviors during pregnancy.
Therefore, to provide guidance on which of these pathways may be
operating, all three models were also fit further adjusting for pre-
pregnancy BMI categories. A reduction in an association between
a neighborhood-level factor and inadequate or excessive GWG
upon further adjustment for prepregnancy BMI is interpreted to
indicate that the neighborhood-level effect on GWG is due to as-
sociations between the neighborhood feature and prepregnancy
BMI. However, if further adjustment for prepregnancy BMI does
not alter the association between a neighborhood-level factor and
GWG, the interpretation is that the neighborhood-level feature
is associated with energy balance-related behaviors during preg-
nancy, which, in turn, influence GWG.

Additionally, we ran sensitivity analyses where deliveries
prior to 37 weeks gestational age were excluded from the data
(Supporting Information Table S2). Last, as a further sensitivity
analysis, we used hierarchical linear models to assess whether
neighborhood characteristics predicted GWG standardized for
gestational age (GWG z score) as the primary outcome (Supporting
Information Table S3).
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TABLE 2 Associations of neighborhood food environment factors and IOM recommended GWG levels

Inadequate GWG vs. recommended

Excessive GWG vs. recommended

OR p> |t
Model 1
Poverty rate?
Quartile 1 (low) ref
Quartile 2 0.99 0.70
Quartile 3 1.02 0.69
Quartile 4 (high) 1.06 0.16
Healthy food density®
Quartile 1 (low density) ref
Quartile 2 0.96 0.27
Quartile 3 1.01 0.82
Quartile 4 (high density) 1.00 0.93
Unhealthy food density©
Quartile 1 (low density) ref
Quartile 2 1.06 0.22
Quartile 3 1.03 0.53
Quartile 4 (high density) 1.01 0.82
Model 1 (adjusted for prepregnancy BMI)
Poverty rate?
Quartile 1 (low) ref
Quartile 2 0.99 0.79
Quartile 3 1.03 0.47
Quartile 4 (high) 1.08 0.08
Healthy food density®
Quartile 1 (low density) ref
Quartile 2 0.96 0.32
Quartile 3 1.01 0.72
Quartile 4 (high density) 1.00 0.97
Unhealthy food density©
Quartile 1 (low density) ref
Quartile 2 1.05 0.27
Quartile 3 1.02 0.65
Quartile 4 (high density) 1.00 0.98

95% Cl OR p>|t| 95% Cl
ref

0.92 1.06 1.09 0.01 1.02 1.16

0.94 1.09 1.16 <0.01 1.08 1.25

0.98 1.15 1.17 <0.01 1.08 1.26
ref

0.89 1.03 0.98 0.45 0.92 1.04

0.93 1.09 0.98 0.65 0.92 1.06

0.91 1.09 0.94 0.09 0.87 1.01
ref

0.97 1.15 0.91 0.01 0.84 0.98

0.94 1.14 0.83 <0.01 0.76 0.91

0.91 1.13 0.83 <0.01 0.75 0.92
ref

0.92 1.06 1.04 0.17 0.98 1.11

0.95 1.11 1.09 0.01 1.02 1.17

0.99 1.17 1.09 0.03 1.01 1.17
ref

0.89 1.04 0.96 0.23 0.90 1.03

0.94 1.10 0.98 0.64 0.92 1.06

0.91 1.09 0.95 0.23 0.88 1.03
ref

0.96 1.15 0.91 0.02 0.84 0.98

0.93 1.13 0.83 <0.01 0.76 0.90

0.90 1.11 0.82 <0.01 0.74 0.90

Note: Models adjusted for the pregnant individual’s age, race/ethnicity, education, marital status, foreign-born status, WIC receipt status, parity, and

gestational age.

Abbreviations: GWG, gestational weight gain; IOM, Institute of Medicine; OR, odds ratio; ref, reference; WIC, Supplemental Nutrition Program for

Women, Infants, and Children.

@Percentage of poverty quartile cut points (Q1: <0.097; Q2: >0.097; Q3: >0.151; Q4: 20.230).
bHealthy food density quartile cut points (Q1: <0.644; Q2: >0.644; Q3: >1.592; Q4: 23.409).
‘Unhealthy food density quartile cut points (Q1: <10.310; Q2: >10.310; Q3: >24.531; Q4 >50.618).

RESULTS

Table 1 provides sample characteristics for the final analytic sample
of 106,285 births (see Supporting Information Table S4 for GWG by
prepregnancy BMI class and IOM categories). As Table 1 also shows,
whereas neighborhood quartiles were defined based on distribu-
tion of neighborhood variables across all NYC Census blocks, the

pregnancies in the data set were not evenly distributed across quar-
tiles, but the pregnant individuals tended to live in higher-poverty-
rate, food-dense, and walkable areas of the city. As expected,
prepregnancy weight classes were associated with inadequate and
excessive GWG; compared with those in the normal weight class,
individuals experiencing obesity and overweight were more likely to
experience excessive GWG.
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TABLE 3 Associations of neighborhood walkability factors with IOM recommended GWG levels

Inadequate GWG vs. recommended Excessive GWG vs. recommended
OR p>|t] 95%Cl OR p>|t| 95% Cl
Model 2
Poverty rate?
Quartile 1 (low) ref ref
Quartile 2 0.99 0.79 0.93 1.06 1.07 0.02 1.01 1.14
Quartile 3 1.03 0.51 0.95 1.10 1.14 <0.01 1.06 1.22
Quartile 4 (high) 1.07 0.10 0.99 1.15 1.13 <0.01 1.05 1.22
NWIP
Quartile 1 (low score) ref ref
Quartile 2 1.05 0.14 0.98 1.13 0.95 0.12 0.90 1.01
Quartile 3 1.01 0.70 0.95 1.09 0.92 0.01 0.86 0.98
Quartile 4 (high score) 1.02 0.60 0.95 1.10 0.87 <0.01 0.81 0.93
Model 2 (adjusted for prepregnancy BMI)
Poverty rate®
Quartile 1 (low) ref ref
Quartile 2 1.00 0.89 0.93 1.07 1.03 0.32 0.97 1.10
Quartile 3 1.04 0.32 0.96 1.12 1.07 0.06 1.00 1.14
Quartile 4 (high) 1.08 0.05 1.00 1.17 1.05 0.17 0.98 1.13
NwWI°
Quartile 1 (low score) ref ref
Quartile 2 1.05 0.15 0.98 1.13 0.94 0.06 0.88 1.00
Quartile 3 1.01 0.77 0.94 1.08 0.92 0.01 0.86 0.98
Quartile 4 (high score) 1.01 0.74 0.94 1.09 0.87 <0.01 0.81 0.93
Model 3
Poverty rate?
Quartile 1 (low) ref ref
Quartile 2 0.99 0.72 0.92 1.06 1.07 0.02 1.01 1.14
Quartile 3 1.01 0.70 0.94 1.09 1.14 <0.01 1.07 1.22
Quartile 4 (high) 1.06 0.16 0.98 1.14 1.15 <0.01 1.07 1.24
Walkable destinations®
Quartile 1 (low density) ref ref
Quartile 2 1.04 0.32 0.96 1.14 0.93 0.04 0.86 1.00
Quartile 3 1.06 0.16 0.98 1.16 0.88 <0.01 0.81 0.95
Quartile 4 (high density) 1.02 0.63 0.94 1.12 0.80 <0.01 0.73 0.87
Model 3 (adjusted for prepregnancy BMI)
Poverty rate®
Quartile 1 (low) ref ref
Quartile 2 0.99 0.81 0.93 1.06 1.03 0.34 0.97 1.10
Quartile 3 1.03 0.47 0.95 1.11 1.07 0.04 1.00 1.15
Quartile 4 (high) 1.07 0.09 0.99 1.16 1.07 0.08 0.99 1.14
Walkable destinations®
Quartile 1 (low density) ref ref
Quartile 2 1.04 0.36 0.96 1.13 0.92 0.04 0.86 1.00

(Continues)
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TABLE 3 (Continued)

Inadequate GWG vs. recommended

Excessive GWG vs. recommended

OR p>|t|
Quartile 3 1.06 0.19
Quartile 4 (high density) 1.01 0.83

95% ClI OR p>|t| 95% ClI
0.97 1.16 0.87 <0.01 0.80 0.94
0.92 111 0.81 <0.01 0.75 0.88

Note: Models adjusted for pregnant individual’s age, race/ethnicity, education, marital status, foreign-born status, WIC receipt status, parity, and gestational

age.

Abbreviations: GWG, gestational weight gain; IOM, Institute of Medicine; NWI, neighborhood walkability index; OR, odds ratio; ref, reference; WIC,

Supplemental Nutrition Program for Women, Infants, and Children.

?Percentage of poverty quartile cut points (Q1: <0.097; Q2: >0.097; Q3: >0.151; Q4: 20.230).
PNWI quartile cut points (Q1: -1.632; Q2: >-1.632; Q3: >-0.279; Q4: 21.067).
“Walkable destination density quartile cut points (Q1: <86.874; Q2: > 86.874; Q3: >175.094; Q4: > 343.820).

Table 2 shows adjusted odds of inadequate or excessive GWG
(compared with a reference group of recommended GWG) for each
quartile of neighborhood food environment and poverty rate. In
Model 1, in which both healthy and unhealthy food retail were key
exposure variables, higher neighborhood poverty was associated with
increased odds of excessive GWG (Q4 odds ratio [OR]: 1.17; 95% Cl:
1.08-1.26). Neighborhood density of healthy food retail was not asso-
ciated with GWG (either inadequate or excessive); however, greater
density of unhealthy food retail was associated with lower odds of
excessive GWG, especially when comparing the top two quartiles to
the bottom quartile (Q3 OR: 0.83; 95% CI: 0.76-0.91; Q4 OR: 0.83;
95% Cl: 0.75-0.92). After adjustment for prepregnancy BMI, the as-
sociation between higher levels of neighborhood poverty rate and
excessive GWG was attenuated, but ORs remained statistically sig-
nificant (Q4 OR: 1.09; 95% ClI: 1.01-1.17). None of the neighborhood
characteristics in Model 1 were associated with inadequate GWG.

Higher NWI scores and a higher density of walkable destinations
were both associated with lower odds of excessive GWG (Table 3;
Figure 1). For those pregnant individuals living in a neighborhood
with the highest quartile NWI score, the odds of excessive GWG
were 13% lower (95% Cl: 0.81-0.93) than among those living in the
lowest quartile of walkability. Further adjustment for prepregnancy
BMI did not alter the associations between excessive GWG and NWI
scores or between excessive GWG and walkable destinations. As in
Model 1, neither walkability nor poverty rate were associated with
inadequate GWG in Models 2 and 3 (Table 3).

Sensitivity analyses examining only full-term births (237 weeks)
produced results that were similar to the analyses of all births for
all three models and for both inadequate and excessive GWG out-
comes (Supporting Information Table S2). Analyses of GWG z scores
produced results that were consistent with the results of analyses of

categorical GWG outcomes (Supporting Information Table S3).

DISCUSSION

Our study is the first, to our knowledge, to use population-level data
to evaluate the associations between GWG and multiple neighbor-
hood characteristics, including the food environment. In this study

of neighborhood characteristics and GWG in NYC, we found that
greater neighborhood poverty and lower neighborhood walkabil-
ity were associated with higher odds of excessive GWG. This aligns
with prior studies in NYC that have found that both neighborhood
poverty and walkability predict BMI in the general population (17).
Prepregnancy BMI categories were strongly associated with exces-
sive GWG. Adjustment for prepregnancy BMI attenuated the asso-
ciation between neighborhood poverty and excessive GWG but had
little impact on the magnitude of association between neighborhood
walkability and excessive GWG. None of the neighborhood-level
variables were associated with inadequate GWG.

Contrary to expectations, the density of unhealthy food retail
outlets was associated with lower odds of excessive GWG. The lit-
erature on healthy or unhealthy food outlets and obesity is incon-
sistent. In a prior study, the density of unhealthy food retail was not
associated with BMI, and, in a subsequent study of New Yorkers
from 2002 to 2006, unhealthy food retail was associated with higher
BMI after adjustment for total retail food density and diversity of
retail food establishments (17,18). Indeed, there have also been prior
findings suggesting unhealthy food retail is associated with lower
obesity risk, including a study of children enrolled in NYC public
schools in 2008; a higher density of fast-food restaurants was as-
sociated with lower odds of obesity (39). However, a “placebo test”
found that banks, a measure of overall neighborhood retail ecology,
also predicted lower obesity prevalence among these school chil-
dren to a similar extent as fast-food restaurants. The findings of the
placebo test were interpreted to suggest that higher overall retail
and economic activity were associated with a lower prevalence of
childhood obesity.

In the current analyses of food outlets, we suggest that a phe-
nomenon similar to that observed in the study of school children
is occurring. In the past decade, the density of unhealthy food out-
lets has increased and is now highly correlated with overall walkable
retail destinations and neighborhood walkability. We hypothesize
that the negative association between the density of unhealthy
food establishments and excessive GWG does not reflect a healthful
feature of these food establishments, but rather the link between
higher neighborhood walkability (or possibly associated constructs
such as employment density) with lower odds of excessive GWG.



NEIGHBORHOOD FEATURES AND GESTATIONAL WEIGHT GAIN

A SOCIETY
A
1.3 1.3
1.15 1.15 +
U t bt
0.85 0.85
0.7 0.7
Q1 Q2 Q3 4 Q1 Q2 Q3 4
Poverty Poverty adjusted for prepregnancy BMI
B
1.3 1.3
1.15 1.15
PR SRR S Y SR B
0.85 0.85
0.7 0.7
Q1 Q2 Q3 4 Q1 Q2 Q3 4
Neighborhood Walkability Index (NWI) NWI adjusted for prepregnancy BMI
(@
1.3 1.3
1.15 + + + 1.15
1 * 1 * + + +
0.85 0.85
0.7 0.7
Q1 Q2 Q3 Q4 Q1 Q2 Q3 Q4
Poverty Poverty adjusted for prepregnancy BMI
D
1.3 1.3
1.15 1.15
0.85 + + 0.85 + +
0.7 0.7
Q1 Q2 Q3 Q4 Q1 Q2 Q3 Q4
NWI NWI adjusted for prepregnancy BMI

OEsiry -WI LEYM

FIGURE 1 (A,B) ORs for inadequate gestational weight gain (GWG) compared with recommended GWG. (C,D) ORs for excessive GWG
compared with recommended GWG. All models are adjusted for pregnant individual’s age, race/ethnicity, education, marital status, foreign-
born status, WIC (Special Supplemental Nutrition Program for Women, Infants, and Children) receipt status, parity, and gestational age.
NWI, neighborhood walkability index; OR, odds ratio; Q, quartile
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Prior studies have shown that neighborhood food environments
and neighborhood walkability are associated with BMI in adulthood
(17,18). Therefore, associations between neighborhood features and
GWG could arise because of links between neighborhood features and
prepregnancy BMI and, in turn, the linkages between prepregnancy
BMl and GWG. However, it is possible that associations between neigh-
borhood features and GWG reflect differences in behavior of pregnant
individuals during pregnancy that are influenced by neighborhood fea-
tures. Analyses with and without control for prepregnancy BMI provide
evidence for which of these theorized pathways is more likely.

For instance, in our analyses the observed associations between
neighborhood poverty rate and excessive GWG were reduced but
remained statistically significant after adjustment for pregnant in-
dividual’s prepregnancy BMI category. This suggests that some of
the association between neighborhood poverty rate and excessive
GWG is explained by associations between neighborhood poverty
and prepregnancy BMIL. In contrast, the association between higher
neighborhood walkability and excessive GWG was essentially unaf-
fected by adjustment for prepregnancy BMI, suggesting that neigh-
borhood walkability is associated with GWG due to differences in
behavior during pregnancy, presumably pedestrian activity (e.g.,
walking for exercise, daily activities, commuting, etc.), and not solely
by influences on prepregnancy BMI. This hypothesis is supported
by prior research in the general population showing that, within
NYC, variation in neighborhood walkability predicts differences in
BMI, total physical activity, and engagement in active transportation
(30,34,35). Literature on perceptions around physical activity during
pregnancy further supports this hypothesis. Qualitative studies with
pregnant individuals have highlighted the importance of access to
safe places to exercise and the incorporation of movement in ev-
eryday activities (e.g., walking, household chores) as facilitators to
physical activity during pregnancy (40,41). Studies have also noted
a common concern among pregnant individuals around the safety
of physical activity for the foetus, with many expressing that gentle
exercise (e.g., walking, stretching) was preferable to other forms of
exercise (40-42). Prior studies have shown a positive association be-
tween mid-pregnancy walking and reduced odds of excessive GWG
(43).

Strengths of the study

The large sample size and the variability and diversity of NYC’s
neighborhoods, with respect to walkability and density of food re-
sources, are both strengths of the study. Additionally, the study pro-
vides new evidence on an understudied topic that has clear public
health importance.

Limitations of the data

This study has several limitations. First, given the high density of the
city and low car ownership, NYC has unique food retail environments

and walkability features (44). This may limit the generalizability of
the findings to populations in other geographic areas, particularly
rural and suburban locations. However, as of 2018, more than 55%
of the world’s population lived in urban areas, and this number is
projected to grow to 68% by the year 2050; therefore, findings from
urban settings, including NYC, have relevance for large portions of
the global population (45).

Another limitation is possible reliance on self-report of height
and weight data for some of the sample, as medical record data and
anthropometric measurements in a clinical setting are expected to
be used in most instances. Other sociodemographic variables such
as education and race/ethnicity were also self-reported into the
medical records. However, potential error in the height and weight
data are unlikely to alter the conclusions of the analyses. Previous
research has indicated that self-reported anthropometric data and
measured anthropometric data produce near identical estimates
in health effects studies, especially if estimates are adjusted for
individual-level sociodemographic factors known to be associated
with measurement error from self-report (46).

Last, the measures of walkability are based purely on urban
form/planning concepts and do not incorporate data on other, more
experiential, characteristics such as perceptions of safety or aes-
thetic qualities (33). However, many of these experiential qualities
are expected to correlate with neighborhood socioeconomic condi-

tions and the analyses adjusted for neighborhood poverty rate (33).

CONCLUSION

The research reported here provides further data on how neigh-
borhood environment characteristics influence health and health
behaviors. Neighborhood factors, including poverty, appear to be
associated with prepregnancy weight status, which is a significant
risk factor for excessive GWG. Additionally, neighborhood walk-
ability appears to be associated with GWG even after accounting
for associations with prepregnancy weight. Multiple guidelines exist
for planners and architects on how to design for health, including
the NYC Active Design Guidelines, the WELL Community Standard,
the American Institute of Architects Design and Health Research
Consortium, and the Department of Health and Human Services
Healthy People 2020 guidelines. However, owing to limited research
on the implications of active design for health during pregnancy, few
such guides explicitly consider pregnant individuals and their infants.
Given the long-lasting benefits of healthy pregnancies for parental
and child health, this research provides further impetus for the use
of urban design to support healthy weight and reduce the risk of ex-
cessive GWG and associated sequalae. If further research replicates
the findings presented here, supporting the health of young children
should be factored into cost-benefit analyses of built environment

interventions to create walkable neighborhoods.O
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