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BACKGROUND: Foreign-born Black and Latina women on average have higher birthweight infants than their US-born
counterparts, despite generally worse socioeconomic indicators and prenatal care access, i.e., “immigrant birthweight paradox”
(IBP). Residence in immigrant enclaves and associated social-cultural and economic beneﬁts may be drivers of IBP. Yet, enclaves
have been found to have higher air pollution, a risk factor for lower birthweight.
OBJECTIVE: We investigated the association of immigrant enclaves and children’s birthweight accounting for prenatal ambient air
pollution exposure.
METHODS: In the Boston-based Children’s HealthWatch cohort of mother-child dyads, we obtained birthweight-for-gestational-age
z-scores (BWGAZ) for US-born births, 2006–2015. We developed an immigrant enclave score based on census-tract percentages of
foreign-born, non-citizen, and linguistically-isolated households statewide. We estimated trimester-speciﬁc PM2.5 concentrations
and proximity to major roads based residential address at birth. We ﬁt multivariable linear regressions of BWGAZ and examined
effect modiﬁcation by maternal nativity. Analyses were restricted to nonsmoking women and term births.
RESULTS: Foreign-born women had children with 0.176 (95% CI: 0.092, 0.261) higher BWGAZ than US-born women, demonstrating
the IBP in our cohort. Immigrant enclave score was not associated with BWGAZ, even after adjusting for air pollution exposures.
However, this association was signiﬁcantly modiﬁed by maternal nativity (pinteraction = 0.014), in which immigrant enclave score was
positively associated with BWGAZ for only foreign-born women (0.090, 95% CI: 0.007, 0.172). Proximity to major roads was
negatively associated with BWGAZ (−0.018 per 10 m, 95% CI: −0.032, −0.003) and positively correlated with immigrant enclave
scores. Trimester-speciﬁc PM2.5 concentrations were not associated with BWGAZ.
SIGNIFICANCE: Residence in immigrant enclaves was associated with higher birthweight children for foreign-born women,
supporting the role of immigrant enclaves in the IBP. Future research of the IBP should account for immigrant enclaves and assess
their spatial correlation with potential environmental risk factors and protective resources.
Keywords: Immigrants; Race and ethnicity; Maternal and child health; Health inequality; Air pollution; Immigrant enclaves;
Birthweight
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INTRODUCTION
Immigrants are a rapidly growing population in the United States
(US). By the year 2065, immigrants and subsequent generations
will account for 88% of the country’s growth or ~103 million
people [1]. As such, research that investigates drivers of perinatal
health outcomes among immigrants is critical for shaping the
health of future generations.

Low birthweight is a leading cause of infant mortality and
morbidity in the US and associated with learning, social, and
motor developmental delays and chronic diseases later in life [2].
Approximately 8.2% of babies in the US are low birthweight
(<2500 g) and 9.4% are preterm (<37 weeks) [2]. Racial/ethnic
disparities in low birthweight are well-documented, with Black
and Latina mothers having a higher risk of low birthweight
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children than White mothers [3]. However by nativity status, Latina
and Black foreign-born mothers tend to have a lower risk than
their US-born counterparts, on average, despite generally worse
socioeconomic indicators (e.g., lower educational attainment,
lower household income, limited-English proﬁciency) [4–8]. This
phenomenon is often termed the “immigrant birthweight paradox” (IBP).
The IBP has been attributed to residence in immigrant enclaves,
which are spatially identiﬁable areas with a high concentration of
foreign-born residents, social capital, and economic opportunities
[9]. Previous studies have documented positive birth outcomes for
foreign-born women living in immigrant/ethnic enclaves [10–12].
Maternal residence in these areas could promote favorable
birthweight outcomes through the mechanisms of increased
social networks and capital that facilitate access to health, social,
and ﬁnancial resources; direct access to ethnic-speciﬁc, linguistically-accessible, and culturally-competent services; and familial,
cultural, and/or community norms that facilitate positive health
practices during pregnancy [5, 10, 13–15]. In addition, residence in
enclaves has been associated with healthier behaviors among
women, such as nutritious diets and lower prevalence of smoking
and alcohol use [16–18]. However, other studies have found null
effects of immigrant enclaves on birthweight [19–21]. Differences
in study ﬁndings could in part be attributed to prenatal
environmental exposures that have not been accounted for in
these prior studies.
Hazardous environmental exposures are known risk factors for
lower birthweight and commonly omitted in studies of the IBP
and immigrant enclaves. Immigrant enclaves are usually spatially
clustered within urban areas and in gateway cities that also have
worse environmental conditions, including higher levels of air
pollution. Studies have documented higher concentrations of
ambient ﬁne particulate matter (PM2.5), trafﬁc-related air pollution,
air-toxic lifetime cancer risk clusters, and Superfund sites in
geographic areas that also have with a high concentration of
immigrant residents [22–26]. Speciﬁcally, prenatal exposure to
PM2.5 and trafﬁc-related air pollutants are consistent risk factors
for lower birthweight [27–33] and can induce oxidative stress and
inﬂammation that restrict in utero growth [34, 35]. As such,
prenatal exposure to higher levels of ambient air pollution may
attenuate the positive effects of residence in immigrant enclaves
on perinatal health outcomes, and thus should be further
explored.
The objective of our study is to investigate the association of
maternal residence in immigrant enclaves and birthweight-forgestational-age z-scores (BWGAZ) accounting for prenatal ambient
air pollution exposure. In addition, we examine whether maternal
nativity status modiﬁes this relationship. Our cohort consists of
predominantly Black and Latina mother–child dyads from major
cities in Massachusetts (MA). We restrict our analyses to nonsmoking
women given that smoking is a signiﬁcant behavioral risk factor of
lower birthweight [17, 18] and less prevalent among foreign-born
women, both in our cohort (9%) and nationally [36]. Our conceptual
model can be found in Supplementary Data Fig. S1.
MATERIALS AND METHODS
Study population
The study population is a retrospective cohort of mother–child dyads
based in Boston, MA from Children’s HealthWatch (CHW). CHW is an
ongoing clinical sentinel study monitoring the health and well-being of
young children and their families across ﬁve US cities [37]. Mother–child
dyads were recruited between 2009 and 2015 from the Boston Medical
Center pediatric Emergency Department. Eligibility was based on child’s
age (0 to 48 months), primary caregiver status, ability to speak English or
Spanish, and MA residency. Mothers were not approached if children were
critically ill or injured at the time of visit [38]. Participant surveys about
sociodemographic and pregnancy characteristics were retrospectively
linked to children’s electronic medical record (EMR) based on the child’s

medical record number, sex, date of birth, and date of CHW visit.
Institutional review board (IRB) approval was obtained from the Boston
University Medical Campus IRB prior to data collection.
We restricted our study population to US-born, full-term births (i.e.,
gestational ages 37 to 42 weeks) between 2006 and 2015. We excluded
preterm (<37 weeks) and postterm (>42 weeks) births due to potential
differences in the effect of prenatal exposures during these gestational
periods [38, 39]. We also excluded participants without information about
maternal nativity, child birthweight, or residential address. To minimize
potential confounding, we restricted our sample to women who delivered
between the ages of 15–45 years and reported no smoking in the past 5
years prior to study visit. To ascertain prenatal exposure, we used
residential address recorded in the EMR at the time of the child’s birth. For
dyads missing address information at birth, we used the ﬁrst reported
address in the EMR. To minimize exposure misclassiﬁcation, we excluded
mother–child dyads that reported moving anytime during pregnancy;
dyads that reported moving in the past year of the CHW survey and did
not have an address recorded in the EMR at child’s birth; and dyads in
which the mothers recently immigrated to the US within 1 year of delivery.
We also excluded dyads missing data on maternal race/ethnicity, air
pollution concentrations, and census-tract percent in poverty, and the few
dyads with distances to a major road beyond 1000 m (i.e., extreme values
in our cohort). Our ﬁnal analytical sample consisted of 2514 mother–child
dyads (Fig. 1).

Immigrant enclave score
We created an immigrant enclave score measure using estimates from the
US American Community Survey (ACS) for percent foreign-born populations, percent non-US citizen populations, and percent non-English
speaking/linguistically-isolated households in MA at the census-tract level.
To account for temporal differences, we used 5-year ACS estimates from
2006 to 2010 and 2011 to 2015 and linked this data to our cohort based on
the child’s birth year (e.g., children born between 2006 and 2010 were
assigned the ACS 2006–2010 data) and census tract of residence. Since
there was not a standardized measure of immigrant enclave to our
knowledge, our approach was based on methods from Finch et al. [10] and
consistent with other studies using population density measures at the
census-tract level [20, 21].
We treated ACS variables as effect indicators [40] and evaluated their
relationship with the latent factor of immigrant enclave using conﬁrmatory
factor analysis (CFA) in the R lavaan package [41]. We took the cubed root
of each variable to satisfy the CFA normality assumption and constrained
factors to a mean of 0 and a variance of 1. A CFA model was ﬁt separately
for the ACS 2006–2010 and 2011–2015 data. Fit statistics for both CFA
models indicated good model ﬁt: Comparative Fit Index for both = 1.0;
Tucker–Lewis Index for both = 1.0; root mean square error of approximation for both <0.01; chi-squareACS 2006–2010 = 4483.9; and chi-squareACS
2011–2015 = 4609.8. In addition, our immigrant enclave measure had a high
Cronbach’s alpha (≥0.94) and average interitem correlation (≥0.84) which
suggested good reliability and internal consistency. Additional information
can be found in Supplementary Data Tables S1, S2.

Birthweight-for-gestational-age z-scores (BWGAZ)
Information about birthweight (grams) and gestational age (weeks) were
obtained from EMRs and the CHW survey. Values from each data source were
highly correlated (rbirthweight = 0.97 and rgestational age = 0.95) and thus, we
used EMR values as the default and CHW imputed values when EMR data
was missing [38]. Gestational age was determined based on the date of last
menstrual period or ultrasound records. We calculated sex-speciﬁc, modiﬁed
BWGAZ according to the Centers for Disease Control and Prevention (CDC)
guidelines [42], which were based on the World Health Organization’s growth
standard charts for children under 2 years [43]. Gestational-age cut-points for
each trimester were in accordance with the American College of
Obstetricians and Gynecologists’ deﬁnition for the ﬁrst (0–13 and 6/7 weeks),
second (14 and 0/7 weeks to 27 and 6/7 weeks), and third (28 weeks to birth)
trimesters [44]. The BWGAZ measure represents the degree of deviation from
the median birthweight of the reference population matched on sex and
gestational-age characteristics [42]. At birth, a z-score of 0 would correspond
to 3530 g for boys and 3399 g for girls [45]. We chose BWGAZ as the outcome
measure because it accounted for gestational age and potential nonlinear
growth patterns [46]. In addition, BWGAZ has better statistical properties and
less measurement error compared to categorical measures of birthweight
[46]. Previous studies of prenatal air pollution exposure have also used
BWGAZ [29, 46–48].
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Fig. 1 Analytical sample selection, Boston-based Children’s HealthWatch cohort, 2006–2015. Number of children excluded from the ﬁnal
analytical sample. Gray cells indicate the exclusion criteria.

Ambient air pollution measures

Maternal nativity and race/ethnicity

Prenatal PM2.5 exposure and road distance measures were linked to EMR
residential addresses at birth (71%) or ﬁrst reported address in the EMR
(29%). Maternal residential addresses were cleaned and geocoded to
parcels in ArcMap version 10.6 (ESRI, ArcGIS, Redlands, CA, USA). There
were minimal P.O. boxes or incomplete addresses (<1%) and unmatched
addresses (3.6%) [49].
We calculated average PM2.5 concentrations (µg/m3) for each trimester
of pregnancy to differentiate periods of fetal growth. Methods to generate
PM2.5 averages have been previously described [30, 49]. In brief, validated
ambient PM2.5 averages at 1-kilometer (km)-squared grid resolution were
generated based on daily aerosol optical depth (AOD) satellite data. AOD
data were calibrated using a combination of ambient PM2.5 measurements,
land use regression, and meteorological variables. Daily PM2.5 predictions
were linked to participants’ residential address based on the closest 1-km2
grid cell and then averaged for each trimester.
Road distance (meters) was calculated as the Euclidean horizontal
distance from the residential parcel to the nearest A1 and A2 major roads
(e.g., primary roads, interstate, and non-interstate highways, major roads
without access restrictions). State road network data were obtained from
the MA Department of Transportation 2018 road shapeﬁles [50].

Information about self-reported maternal nativity status (foreign-born [FB],
US-born [USB]), immigration characteristics (e.g., duration of US residency,
countries of origin), and race/ethnicity (Latina, Black, White, and Other)
were obtained from the CHW survey. Mothers born in Puerto Rico were
categorized as US-born. Mothers were asked about their Hispanic, Latina,
or Spanish ethnicity (Yes/No/Don’t know or Refused) separately from their
race (multiple categories allowed). Women were categorized as Latina if
they reported “Yes” to the ethnicity question regardless of race. Women
who responded “No” to this question were categorized as Black, White, or
Other if they selected “Black or African American”, “White or Caucasian”,
and other or multiple race categories, respectively.
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Covariates
Potential confounders considered were maternal demographic and
socioeconomic characteristics, pregnancy risk factors, and housing
instability based on prior literature [6, 10, 12, 20, 37, 49, 51, 52]. This
included CHW survey data on maternal age at delivery (centered at mean
27.2), marital status (single/not married/widowed vs. married [reference]),
educational attainment (no college vs. college [reference]), any homelessness during pregnancy (yes/no), public/subsidized housing during
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pregnancy (yes/no), and use of Special Supplemental Nutrition Program for
Women, Infants, and Children [WIC] during pregnancy (yes/no). We
controlled for census-tract percentage of persons age 18 to 64 living in
poverty (centered at mean 21.1%) as a proxy for neighborhood
socioeconomic status. This data came from the ACS 2006–2010 and
2011–2015 5-year ﬁles and were linked to our cohort based on census-tract
residence and child’s birth year. We also controlled for the season and year
of child’s birth to account for temporal trends. Maternal education and
marital status were excluded in the ﬁnal models for parsimony. They were
poorly associated with the outcome (beta coefﬁcients <0.01, p ≥ 0.89), and
their exclusion from ﬁnal models did not change the coefﬁcient magnitude
of the main predictors by more than 10% (data not shown). Four covariates
had missing data: maternal age [0.7%], WIC participation during pregnancy
[0.5%], homelessness during pregnancy [6.4%], and public/subsidized
housing during pregnancy [5.8%]. We imputed missing values under the
missingness at random (MAR) assumption using multiple imputation by
chained equations (MICE) in the mice R package [53], specifying 100 rounds
of imputation. Results were similar for models with and without imputed
values (data not shown), and therefore, presented results were based on
the imputed dataset.

Statistical analyses
We generated descriptive statistics overall and by nativity. Signiﬁcant
differences by nativity status were evaluated using chi-square tests for
categorical variables and Welch’s two-sample t tests or Kruskal–Wallis rank
sum tests for normal and non-normal continuous variables, respectively.
We ran multivariable linear regression models to test the association of
immigrant enclave score and BWGAZ, and sequentially adjusted for
trimester-speciﬁc PM2.5 concentrations and road proximity. Q–Q plots were
used to conﬁrm normality of residuals. Model comparison was conducted
using Akaike Information Criterion (AIC), with lower AIC scores indicating
better ﬁt. We considered a linear mixed-effect model with a random
intercept for census tract to account for potential geographic clustering of
BWGAZs. However, the variance of the random intercept was negligible
(<0.0001) and there were little improvements in model ﬁt compared to an
ordinary least squares (OLS) model (AICmixed-effect = 6681, AICOLS = 6683).
Therefore, results presented were from OLS models.
In each model, we adjusted for ﬁrst, second, and third trimester average
PM2.5 concentrations simultaneously to account for their correlations
(Table S2), as this approach was shown to be less biased [54]. Road
proximity was poorly correlated with PM2.5 averages across trimesters
(Table S2). We checked for non-linearity of continuous predictors using
generalized additive models (GAMs) with penalized cubic splines.
Immigrant enclave score, trimester-speciﬁc PM2.5 concentrations, road
proximity, and census-tract percent in poverty were linearly associated with
BWGAZ. For distance to major roads, we stratiﬁed mothers into two groups
—those living within a 100 m buffer from a major road and those living
beyond 100 m—to account for slope differences in each stratum and
consistent with a previous study [31]. We also tested for effect modiﬁcation
of maternal nativity on the association of immigrant enclave and BWGAZ
using an interaction term. To examine the relationship between immigrant
enclave score and environmental measures (i.e., trimester-speciﬁc PM2.5
averages and road distance), we ran GAMs with a penalized cubic spline for
immigrant enclave score and adjusted for season and year of child’s birth.
In sensitivity analyses, we evaluated the robustness of our ﬁndings to
potential exposure misclassiﬁcation of maternal residence during pregnancy. We ran our ﬁnal models excluding mother–child dyads without a
known EMR address at the time of child’s birth (n = 726). We also excluded
dyads with low birthweight (<2500 g) or macrosomia (>4000 g) children (n
= 306). To assess geographic heterogeneity, we excluded mothers living
outside of the greater Boston metropolitan area (n = 39). Lastly, we tested
for effect modiﬁcation by child’s sex.
All statistical analyses were conducted in R Studio/R 3.5.1 (R Studio,
Boston, MA). All testing was conducted with a two-sided alpha level of
0.05. We reported robust standard errors from the R sandwich package and
corresponding 95% conﬁdence intervals (CI).

RESULTS
Population characteristics
Sociodemographic, birthweight, and neighborhood characteristics
of our study population are described in Table 1. Approximately
52% of mothers were foreign-born and 49% self-identiﬁed as
Black and 39% as Latina. Most mothers were interviewed in

English (81%), have not attended college (56%), and reported WIC
participation during pregnancy (86%). Compared to US-born
mothers, foreign-born mothers were older (mean 29 vs. 25 years),
more likely to be married (51% vs. 29%), and less likely to have
attended college (38% vs. 51%). They were also less likely to be
homeless (6% vs. 12%) and live in public/subsidized housing (21%
vs. 42%) while pregnant (p < 0.001). Most foreign-born mothers
immigrated from the countries of El Salvador, Haiti, Cape Verde,
and the Dominican Republic. Mean BWGAZ at child’s birth was
−0.22, corresponding to 3310 g. Children of foreign-born mothers
had better birthweight outcomes than those of US-born mothers
(−0.13 vs. −0.31 BWGAZ; 3360 vs. 3260 g) (p < 0.001) (Table 1).
Neighborhood social-contextual and environmental factors
Compared to US-born mothers, foreign-born mothers on average
lived in census tracts with a higher immigrant enclave score (1.40
vs. 1.08) (p < 0.001); higher percentages of linguistically-isolated
households (48% vs. 43%) and non-US citizens (21% vs. 15%); and
lower percentages of residents in poverty (19% vs. 23%) (p <
0.001) (Table 1). Additional characteristics by immigrant enclave
score categories can be found in Table S3.
Median ambient PM2.5 concentrations ranged from 9.16 (range:
5.24–16.6) µg/m3 in the ﬁrst trimester to 8.85 (range: 5.04–18.2)
µg/m3 in the third trimester, while median distance to major roads
was 90.6 (range: 2.61 to 943) m (Table 1). The distribution of PM2.5
concentrations and distance to major roads were similar by
maternal nativity status (p ≥ 0.31). Immigrant enclave score was
not linearly correlated with trimester-speciﬁc PM2.5 concentrations
and distance to major roads (Spearman ρ = |<0.10|) (Table S2).
However, evaluation of the response functions indicated nonlinear
relationships between immigrant enclave score and second
trimester PM2.5 (positive trend, p = 0.002) and distance to major
roads (negative trend, p < 0.001) (Fig. 2).
Predictors of BWGAZ
In multivariable models, immigrant enclave score had a positive
but non-signiﬁcant association with BWGAZ, even after adjusting
for ambient air pollution sources (beta: 0.016, 95% CI: −0.039,
0.071) (Table 2, Model 3). The adjustment of road proximity
slightly increased the coefﬁcient of immigrant enclave score by a
mean BWGAZ of 0.003 (Table 2, Models 1 vs. 2b). Proximity to a
major road was associated with a lower mean BWGAZ: −0.018 per
10 m (95% CI: −0.032, −0.003) for mothers living within a 100 m
buffer, and −0.003 per 10 m (95% CI: −0.005, 0.002) for mothers
living further away (Table 2, Model 3). Exposure to PM2.5
concentrations across the three trimesters were not signiﬁcantly
associated with BWGAZ.
Across all models, the IBP was demonstrated: foreign-born
mothers had children with 0.176 (95% CI: 0.092, 0.261) higher
BWGAZ compared to US-born mothers on average (Table 2, Model
3). The interaction between immigrant enclave score and maternal
nativity was signiﬁcant (p = 0.014), with an additional 0.134 (95%
CI: 0.027, 0.241) increase in BWGAZ for foreign-born mothers per
one-unit increase in their immigrant enclave score (Table 2, Model
4). In models stratiﬁed by nativity status, immigrant enclave was
positively associated with BWGAZ among foreign-born mothers
(0.090, 95% CI: 0.007, 0.172) but not among US-born mothers
(−0.052, 95% CI: −0.130, 0.027) (Fig. 3, Table S4). To contextualize
our BWGAZ ﬁndings with other classiﬁcations of birthweight, an
average 0.090 increase in BWGAZ corresponded to an average
52.97 (95% CI: 9.99, 95.95) gram increase or a 2.67 (95% CI: 0.32,
5.03) weight-for-gestational age percentile increase per one-unit
increase in immigrant enclave score (data not shown).
We also observed persistent racial disparities. White mothers
had children with 0.360 (95% CI: 0.203, 0.518) higher mean
BWGAZ compared to Black mothers. Other risk factors for lower
BWGAZ were younger age at delivery and homelessness during
pregnancy (Table 2, Model 3).
Journal of Exposure Science & Environmental Epidemiology
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Table 1.

Sociodemographic, birthweight, and neighborhood characteristics by maternal nativity status, Boston-based Children’s HealthWatch
cohort, 2006–2015 (N = 2514).
All mothers
(N = 2514)

US-born mothers
(N = 1213)

Immigrant mothers
(N = 1301)
p1,

Maternal characteristics, n (%)
Race/ethnicity

<2.2e−16

Black

1240 (49.3%)

659 (54.3%)

581 (44.7%)

Latina

972 (38.7%)

349 (28.8%)

623 (47.9%)

White

179 (7.1%)

146 (12.0%)

33 (2.5%)

Other

123 (4.9%)

59 (4.9%)

64 (4.9%)

English

2047 (81.4%)

1181 (97.4%)

866 (66.6%)

Spanish

467 (18.6%)

32 (2.6%)

435 (33.4%)

Language of interview

<2.2e−16

Length of time in the US

NA

US-born

1213 (48.2%)

<5 years in the US

144 (5.7%)

1213 (100%)
NA

NA
144 (11.1%)

5–10 years in the US

565 (22.5%)

NA

565 (43.4%)

11+ years in the US

506 (20.1%)

NA

506 (38.9%)

86 (3.4%)

NA

86 (6.6%)

Unknown
Top countries/regions of origin

NA

United States—50 states
United States—Puerto Rico

1138 (45.3%)

1138 (93.8%)

75 (3.0%)

75 (6.2%)

NA
NA

El Salvador

233 (9.3%)

NA

233 (17.9%)

Haiti

188 (7.5%)

NA

188 (14.5%)

Cape Verde

141 (5.6%)

NA

141 (10.8%)

Dominican Republic

136 (5.4%)

NA

136 (10.5%)

Educational status

1.00e−13

Never/Elementary/Some High school

571 (22.7%)

High school grad or GED

203 (16.7%)

368 (28.3%)

833 (33.1%)

395 (32.6%)

438 (33.7%)

1110 (44.2%)

615 (50.7%)

495 (38.0%)

1198 (47.7%)

731 (60.3%)

467 (35.9%)

309 (12.3%)

134 (11.0%)

175 (13.5%)

1007 (40.1%)

348 (28.7%)

659 (50.7%)

27.2 (6.31)

25.3 (6.05)

29.1 (5.98)

Yes

2160 (85.9%)

1003 (82.7%)

1157 (88.9%)

No

354 (14.1%)

210 (17.3%)

144 (11.1%)

Tech/College/Graduate/Masters
Marital status

<2.2e−16

Single/Never-married
Separate/Divorced/Widowed
Married/Partnered/Cohabitation
Age at delivery

<2.2e−16

Mean (SD)
WIC participation during pregnancy

8.98e−06

Public/subsidized housing during pregnancy

<2.2e−16

Yes

778 (30.9%)

509 (42.0%)

269 (20.7%)

No

1736 (69.1%)

704 (58.0%)

1032 (79.3%)

Yes

221 (8.8%)

148 (12.2%)

73 (5.6%)

No

2293 (91.2%)

1065 (87.8%)

1228 (94.4%)

Homelessness anytime during pregnancy

8.38e−09

p1

Children’s characteristics
Birthweight-for-gestational age z-score
Mean (SD)

2

5.22e−07
−0.218 (0.913)

−0.313 (0.896)

−0.130 (0.921)

3310 (486)

3260 (481)

3360 (485)

Birthweight (grams)
Mean (SD)

6.30e−07

Categories
Low birthweight (<2500 g)

108 (4.3%)

67 (5.5%)

41 (3.2%)

Normal (2500–4000 g)

2208 (87.8%)

1067 (88.0%)

1141 (87.7%)

Macrosomia (>4000 g)

198 (7.9%)

79 (6.5%)

119 (9.1%)
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Table 1.

continued
All mothers
(N = 2514)

US-born mothers
(N = 1213)

Immigrant mothers
(N = 1301)

Birthweight-for-gestational age percentile (%)

1.47e−06

Mean (SD)

41.5 (26.9)

38.8 (26.2)

43.9 (27.3)

Child’s sex

0.24

Male

1364 (54.3%)

643 (53.0%)

721 (55.4%)

Female

1150 (45.7%)

570 (47.0%)

580 (44.6%)
p1

Neighborhood Social-Contextual Factors (Census-tract level)
Immigrant enclave score
Mean (SD)

<2.2e−16
1.24 (0.69)

1.08 (0.67)

1.40 (0.69)

Linguistically-isolated householdsa (%)
Mean (SD)

<2.2e−16
45.6 (15.3)

42.7 (14.0)

48.2 (15.8)

32.4 (12.4)

29.3 (10.7)

35.2 (13.1)

18.0 (11.6)

15.0 (8.0)

20.9 (13.5)

21.1 (11.4)

23.1 (12.4)

19.2 (10.1)

Foreign-born populations (%)
Mean (SD)

<2.2e−16

Non-US citizen populations (%)
Mean (SD)

<2.2e−16

Percent in povertyb (%)
Mean (SD)

<2.2e−16

Neighborhood environmental exposures

p2,3

First trimester PM2.5 (µg/m3)

0.64

Median [Min, Max]

9.16 [5.24, 16.6]

9.16 [5.24, 15.9]

9.16 [5.44, 16.6]

9.01 [5.05, 16.5]

9.05 [5.05, 15.6]

8.98 [5.99, 16.5]

8.85 [5.04, 18.2]

8.84 [5.19, 17.1]

8.86 [5.04, 18.2]

90.6 [2.61, 943]

90.7 [2.61, 942]

89.6 [2.61, 943]

Second trimester PM2.5 (µg/m3)
Median [Min, Max]

0.31

Third trimester PM2.5 (µg/m3)
Median [Min, Max]

0.57

Proximity to major roads (meter)
Median [Min, Max]

0.34

Categorical
<50 m

821 (32.7%)

377 (31.1%)

444 (34.1%)

50 –100 m

549 (21.8%)

276 (22.8%)

273 (21.0%)

101–200 m

675 (26.8%)

328 (27.0%)

347 (26.7%)

201+ m

469 (18.7%)

232 (19.1%)

237 (18.2%)

0.39

Percentages may not add up to 100% due to rounding. Black, White, and Other race categories refer to mothers who were not Hispanic, Latina, or Spanish.
SD Standard deviation, NA not applicable.
Statistical tests: 1Welch’s two-sample t test; 2Pearson chi-square test; 3Kruskal–Wallis nonparametric test.
a
Linguistically-isolated households: no one age 14+ years old speaks English-only or speaks English “very well”.
b
Among whom poverty status is determined.

Sensitivity analyses
Our model ﬁndings were generally insensitive to further sample
restriction of dyads without a residential address reported in the
EMR at the time of child’s birth, though we may have underestimated the effect of third trimester ambient PM2.5 concentrations
(Table S5, Model B). Restricting the sample to mother–child dyads
from the Boston metropolitan area (Table S5, Model C) and to
infants with normal birthweights (2500–4000 g) (Table S6) had
minimal impact on model ﬁndings, though some estimates
attenuated. In models stratiﬁed by child sex, the associations
remained generally consistent with a few exceptions for the air
pollution measures. Signiﬁcant associations with road proximity and
homelessness during pregnancy were observed only among female
children, while signiﬁcant associations with ﬁrst trimester PM2.5
concentrations were observed only among male children (Table S7).
DISCUSSION
Our study is one of the ﬁrst to investigate the role of immigrant
enclaves and ambient air pollution on birthweight outcomes in an

urban cohort of nonsmoking foreign-born and US-born women.
We found evidence of the IBP in our cohort, in which foreign-born
women had children with higher BWGAZ than US-born women
despite having less college education and even after controlling
for pregnancy and environmental risk factors. Residence in
immigrant enclaves was signiﬁcantly associated with higher
BWGAZ for children of foreign-born women. Proximity to major
roads was associated with lower BWGAZ for children of all women
and correlated with higher immigrant enclave scores. Overall, our
ﬁndings suggest the role of immigrant enclaves in the IBP and its
potential spatial correlation with environmental risk factors.
Our study demonstrated that maternal nativity was a signiﬁcant
modiﬁer of the association between residence in immigrant
enclaves and BWGAZ. The salutary effect of immigrant enclaves
for only foreign-born women is consistent with previous ﬁndings
[10, 11]. Immigrant enclaves may function as safe-havens
from negative experiences like discrimination and spatial isolation
for foreign-born residents [5]. They may promote favorable
birth outcomes through increased access to social support,
health information, ﬁnancial resources, and ethnic-speciﬁc and
Journal of Exposure Science & Environmental Epidemiology
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Fig. 2 Response functions of immigrant enclave score on the change in average ﬁrst, second, and third trimester PM2.5 concentrations
(μg/m3) and distance to major roads (meter), Boston-based Children’s HealthWatch cohort, 2006–2015 (N = 2514). Models adjusted for
season and year of birth.

linguistically-accessible services [5, 13–15]. In addition, they may
also reinforce familial, cultural, or community norms about health
behaviors during pregnancy, such as healthier diets, less alcohol
and tobacco use, and prenatal care services [12, 17, 18, 21]. In our
cohort, mothers living in immigrant enclave areas were more likely
to be foreign-born, socioeconomically disadvantaged, and less
assimilated (e.g., recently immigrated, limited-English proﬁciency,
lower educational attainment). As such, for these immigrant
groups, immigrant enclaves may play a role in alleviating
socioeconomic and assimilation stressors and their negative
impacts on birthweight. However, other studies have found null
[19–21] and negative effects [49] of immigrant enclaves on
birthweight outcomes for foreign-born women, which may be due
to differences in population composition, geography, and/or
measures of immigrant enclaves across studies, and should be
further explored.
A key ﬁnding in our study was the negative effect of proximity
to major roads on birthweight outcomes, consistent with previous
ﬁndings [27, 29, 31–33, 47]. A study in Boston found that mothers
living within 50 meters versus 200+ m of major roads had a −0.26
(95% CI, −0.49, −0.04) lower BWGAZ [29]. Similarly, a study of fullterm infants in Spain found that residence within 200 meter of
major roads was associated with a 46% increase in the risk of low
birthweight [31]. Road trafﬁc and vehicular emissions are major
sources of multiple air pollutants associated with adverse birth
outcomes [31, 47, 55–57]. Exposure to these hazards can impair
both maternal health and fetal growth through increased
oxidative stress and DNA damage, cardiovascular inﬂammatory
responses, allergic immune response, and arrythmia [29, 55].
Impacts on maternal health can also impair transplacental
function and nutrient transmission [58]. In our urban cohort of
predominantly non-white and low-income women, over half lived
within 100 m of major roads during pregnancy and thus, may have
had higher exposure to road trafﬁc pollutants. Our ﬁndings
underscore pervasive environmental justice concerns in lowincome communities of color and the need for further regulations
and interventions to reduce exposure disparities in trafﬁc-related
air pollution [24–26, 59].
We found positive associations between immigrant enclave
score and closer proximity to major roads and second trimester
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PM2.5 concentrations. This is consistent with previous studies
documenting higher concentrations of air-toxic clusters [24] and
PM2.5 concentrations [22] in areas with a higher proportion of
foreign-born residents. However, the adjustment of prenatal PM2.5
and proximity to major roads had minimal impact on the
association of immigrant enclave score and BWGAZ, contrary to
our expectation. Similarly, a recent study of ethnic enclaves
among Asian/Paciﬁc Islander women found that the association of
ethnic enclave and gestational diabetes did not vary by levels of
ambient volatile organic compounds [60]. We also found that
prenatal PM2.5 concentrations across trimesters were poorly
associated with BWGAZ. This may be due to spatial homogeneity
of PM2.5 concentrations in our study population given the
relatively small geographical coverage. Other studies of prenatal
PM2.5 exposure have also found null associations with birthweight
outcomes [29, 48, 57, 61, 62]. Relative to PM2.5, our study may have
been better equipped to capture the effect of proximity to major
roads, which was poorly correlated with PM2.5 in our cohort (|ρ| ≤
0.020) but signiﬁcantly associated with BWGAZ.
Our study also yielded ﬁndings that lead to further insights
about our cohort and areas for future research. Notably, we found
signiﬁcant racial disparities in BWGAZ between Black and White
mothers in our cohort, even after controlling for prenatal risk
factors, neighborhood poverty, and environmental exposures.
These ﬁndings suggest potential underlying impacts of structural
racism on birthweight outcomes that we could not directly
account for, such as institutional and everyday discrimination,
redlining, residential segregation, and housing insecurity that are
disproportionate among Black women and associated with
adverse birth outcomes [63–68]. While these factors correlate
with neighborhood poverty and environmental pollution, they
should be independently accounted for in future studies of
immigrant enclaves and birthweight.
In addition, US-born mothers in our cohort did not experience
beneﬁcial effects of residence in immigrant enclaves compared to
foreign-born mothers. On the contrary, the association of
immigrant enclave score and BWGAZ among US-born mothers
was weakly negative, which could indicate their social isolation or
blocked socioeconomic or spatial mobility to move away [14, 69].
Previous studies have found increased racial/ethnic tensions [70],
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Fig. 3 Adjusted mean differences in birthweight-for-gestational-age z-scores for US-born and foreign-born mothers, Boston-based
Children’s HealthWatch cohort, 2006–2015 (N = 2514). Models adjusted for census-tract poverty level, maternal age at delivery, WIC
participation during pregnancy, year, and season of child’s birth.

dissatisfaction with socioeconomic or neighborhood conditions,
and greater competition for housing and neighborhood amenities
[71] in areas of rapid immigrant growth. The role of immigrant
enclaves on birthweight for US-born residents remains inconsistent in the literature [20, 72], and therefore, further research is
needed to understand these ﬁndings.
Migration selection factors could contribute to the IBP observed
in our cohort [5, 73]. Prior studies of the ‘healthy migrant effect’
suggest that foreign-born women who are able to internationally
migrate may be healthier than those who remain in their home
country [73]. Even so, upon coming to the US, immigrants face
discrimination, language, cultural, and legal barriers navigating
the US health care systems that could counter their initial health
advantage [74]. Most foreign-born women in our cohort did not
attend college and a third of the women were limited-English
speakers. Hence, it is likely that they had encountered these
assimilation stressors. Another selection factor is return migration
in which women with high-risk pregnancies or limited health care
access may return to their home country prior to delivering [75].
While we could not test for this, we think this was unlikely in our
cohort given potential travel risks during pregnancy [76].
However, migration selection factors should be considered in
future studies.
Our study is subject to several limitations. Self-reported
information from CHW surveys is susceptible to recall bias, though
we expect any bias to be non-differential by residence in
immigrant enclaves and nativity status. We also used smoking in
the past ﬁve years as a surrogate for smoking during pregnancy,
which could introduce residual confounding. However, this recall
period should span the period of pregnancy since all mothers
completed surveys within four years of child’s birth. Secondly, we
could not account for other pregnancy risk factors such as alcohol/
drug use, physical activity, pre-pregnancy weight, pregnancy
weight gain, routine prenatal care, or medical complications due
to limited information available. However, our main analysis was
focused on BWGAZ by residence in immigrant enclaves, which is
Journal of Exposure Science & Environmental Epidemiology

at the neighborhood-level and less likely inﬂuenced by these
individual-level risk factors. Thirdly, we used maternal residential
address at delivery or ﬁrst reported in the EMR as surrogate for
residence throughout pregnancy, which could introduce exposure
misclassiﬁcation. However, our analysis excluded mothers who
reported moving during pregnancy or moving anytime without a
known address at delivery. Our sensitivity analyses indicated that
if anything, our analysis may have underestimated the effects of
third trimester PM2.5. Any exposure misclassiﬁcation should be
minimal and non-differential. Fourthly, spatial imprecision in the
estimation of PM2.5 and road proximity and the use of census-tract
density measures to estimate immigrant enclave could also
contribute to non-differential measurement error. Fifthly, more
speciﬁc data on time-activity patterns and other sources of PM2.5
exposure during pregnancy (e.g., indoor, occupational) would
enable better assessment of personal exposure, although this was
beyond the scope of our study. Lastly, our population included
only English- and Spanish-speakers and did not have a large
representation of Asian and Paciﬁc Islander women, which limits
the generalizability of our ﬁndings to other populations. We could
not disaggregate foreign-born populations by immigration
characteristics (e.g., region of origin, length of time in US) due
to limited sample size. Also, we could not fully differentiate
between race and ethnicity due to limited race data among
Latina women.
Our study has several strengths. It is one of the ﬁrst to
investigate the role of immigrant enclaves on birthweight
outcomes accounting for ambient air pollution. Compared to
previous studies, our population is restricted to nonsmoking and
predominantly low-SES women in order to minimize individuallevel contributors of birthweight disparities and focus on
immigrant enclave and environmental exposures. Our study
population is comprised of Black and Latina immigrants, mostly
from the Caribbean and Central and South Americas, while most
IBP studies focus exclusively on Latina populations [6, 10, 20]. In
addition, we used a composite measure of immigrant enclave at
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the census-tract level which may capture multiple dimensions and
at ﬁner spatial resolution compared to measures based on a single
variable [20, 68, 77, 78] and at the metropolitan level [12, 79]. Our
prenatal PM2.5 estimates were also generated at ﬁne spatial
resolution (1 km2), which minimized ecological bias that estimates
at the county-level or based on distance to nearest monitor
[28, 80] may be susceptible to. Our model for PM2.5 estimates also
had excellent performance (mean out of sample R2 = 0.87) with
minimal bias in the predicted concentration (slope of predictions
vs. withheld observations = 0.99) [49].
Overall, our study emphasizes the role of neighborhood socialcontextual and environmental factors in shaping immigrant
birthweight disparities. In an urban cohort of low SES and
nonsmoking women, we observed a protective association of
residence in immigrant enclaves for foreign-born women and a
negative association of proximity to major roads for all women.
Our ﬁndings demonstrate the importance of accounting for
immigrant enclaves, its interaction with nativity status, and its
potential clustering with environmental exposures to disentangle
the IBP. In addition, our study population is considered a
vulnerable group: most children were on public insurance and
had birthweights below the national average. Negative BWGAZs
have been associated with higher odds of infant mortality, even
among mildly growth-restricted infants [81]. Therefore, interventions that preserve immigrant enclaves and reduce exposure
disparities in trafﬁc-related air pollution could have large impacts
on perinatal health. In addition, future studies should account for
structural determinants of lower birthweight (e.g., racism, housing
insecurity, residential segregation) that may explain persistent
racial disparities in birthweight outcomes.
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