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BACKGROUND: Recent studies have suggested associations between air pollution and various birth
outcomes, but the evidence for preterm birth is mixed.

OBJECTIVE: We aimed to assess the relationship between air pollution and preterm birth using
2008-2010 New York City (NYC) birth certificates linked to hospital records.

METHODS: We analyzed 258,294 singleton births with 22-42 completed weeks gestation to
nonsmoking mothers. Exposures to ambient fine particles (PM, 5) and nitrogen dioxide (NO,)
during the first, second, and cumulative third trimesters within 300 m of maternal address were
estimated using data from the NYC Community Air Survey and regulatory monitors. We estimated
the odds ratio (OR) of spontaneous preterm (gestation < 37 weeks) births for the first- and second-
trimester exposures in a logistic mixed model, and the third-trimester cumulative exposures in a
discrete time survival model, adjusting for maternal characteristics and delivery hospital. Spatial and
temporal components of estimated exposures were also separately analyzed.

RESULTS: PM, 5 was not significantly associated with spontaneous preterm birth. NO, in the
second trimester was negatively associated with spontaneous preterm birth in the adjusted model
(OR = 0.90; 95% CI: 0.83, 0.97 per 20 ppb). Neither pollutant was significantly associated with
spontaneous preterm birth based on adjusted models of temporal exposures, whereas the spatial
exposures showed significantly reduced odds ratios (OR = 0.80; 95% CI: 0.67, 0.96 per 10 pg/m?
PM, 5 and 0.88; 95% CI: 0.79, 0.98 per 20 ppb NO,). Without adjustment for hospital, these
negative associations were stronger.

CONCLUSION: Neither PM, 5 nor NO, was positively associated with spontaneous preterm delivery
in NYC. Delivery hospital was an important spatial confounder.
CITATION: Johnson S, Bobb JF, Ito K, Savitz DA, Elston B, Shmool JL, Dominici F, Ross Z,

Clougherty JE, Matte T. 2016. Ambient fine particulate matter, nitrogen dioxide, and
preterm birth in New York City. Environ Health Perspect 124:1283-1290; http://dx.doi.

org/10.1289/ehp.1510266

Introduction
Numerous studies have suggested associa-
tions between air pollution and various birth
outcomes, including preterm birth and low
birth weight (Nieuwenhuijsen et al. 2013;
Stieb et al. 2012). Maternal exposure to
ambient levels of particulate matter < 10 and
< 2.5 pm in diameter (PM1y and PM; s),
carbon monoxide (CO), and nitrogen dioxide
(NO,) has been associated with reduced birth
weight and increased odds of low birth weight,
summarized in studies by Bosetti et al. (2010)
and Stieb et al. (2012). The evidence for an
association with preterm birth is more mixed,
with results varying from null to weakly
positive or negative across exposure levels,
pregnancy periods, and methodology (Bosetti
et al. 2010; Brauer et al. 2008; Chang et al.
2012; Gehring et al. 2011; Hansen et al. 2006;
Stieb et al. 2012; Wilhelm and Ritz 2005).
Preterm birth is an important predictor
of infant mortality, childhood morbidity,
and possibly adult morbidity (Moster et al.
2008; Saigal and Doyle 2008). Analysis of
preterm birth presents unique challenges,
particularly the potential for health care

Environmental Health Perspectives -

practice to influence the timing of labor
onset or delivery. A medical intervention
(i.e., cesarean section before labor onset,
medically induced labor, artificial rupture of
membranes before labor onset) that results
in preterm birth precludes us from knowing
whether a pregnancy would have ended in a
spontaneous preterm birth or a term birth.
On a population level, such interventions
can affect the rate of spontaneous preterm
birth as well as the rate of total preterm
birth. The use of labor induction and pre-
labor cesarean section varies widely across
New York City (NYC) hospitals (New York
State Department of Health 2015). If these
patterns co-vary spatially with air pollu-
tion levels in hospital catchment areas, then
hospital-level rates of medically indicated
births may confound the association between
residential air pollution exposure and birth
outcomes. The size of our study population
allowed us to isolate spontaneous preterm
birth, thereby limiting the impact that
medical intervention may have on our ability
to characterize the relationship between air
pollution exposure and preterm birth, as well
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as an opportunity to examine early preterm
birth (< 32 weeks gestation) as an outcome.
Woodruff et al. (2009) identified the
need for improved characterization of spatial
confounding in studies of air pollution and
pregnancy outcomes. Studies control for
contextual variables related to socioeconomic
status (e.g., Parker and Woodruff 2008;
Savitz et al. 2014; Yorifuji et al. 2013) and
study region, urban—rural status, or teaching
hospital status of the birth facility with the
assumption that these represent differences in
access to or levels of care along with suscepti-
bility (Parker and Woodruff 2008; Trasande
et al. 2013). To our knowledge, no studies
have examined potential confounding of indi-
vidual hospital on the association between
air pollution exposure and birth outcomes, a
gap which this study secks to fill. Previously,
we reported associations between air pollu-
tion (PM, s and NO,) and a reduction in
term birth weight (Savitz et al. 2014) but litde
or no association with hypertensive disor-
ders of pregnancy (Savitz et al. 2015). We
made use of the New York City Community
Air Survey (NYCCAS) data, which provide
highly spatially resolved exposure estimates for
geocoded birth certificate data. We also linked
birth certificate and hospitalization data,
which allowed us to distinguish spontaneous
and medically indicated preterm birth and
consider additional covariates in the analysis.
In this analysis, we investigated the associa-
tion between estimated maternal exposures
to PM, 5 and NO, and spontaneous preterm
birth and medically indicated preterm births,
taking into consideration relevant maternal
characteristics including the hospital of birth.
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Methods

Study Population

We linked records of 348,585 live births to
residents of NYC occurring in NYC between
1 January 2008 and 31 December 2010 from
the Bureau of Vital Statistics (BVS), New
York City Department of Health and Mental
Hygiene (NYCDOHMH), to the mothers’
hospitalization records from New York State
Department of Health following a study
protocol approved by the Institutional Review
Board of the BVS NYCDOHMH. Informed
consent was not required because this study
involved analysis of existing secondary data
and posed minimal risk to the subjects. All
data were maintained in a password-protected
database on a password access—controlled
network server at NYCDOHMH with access
limited to authorized study investigators.
The subset of births used for this analysis
was limited to singleton births with 22-42
completed weeks gestation free of congenital
malformations to nonsmoking mothers. In
addition, we excluded births with an esti-
mated date of conception before 31 July 2007
or after 12 March 2010 (i.e., restricting the
conception date range to 22 weeks before
the cohort started and 42 weeks before the
cohort ended) to avoid the fixed-cohort bias
(Strand et al. 2011). Maternal address at the
time of delivery was used to locate her resi-
dence, but address history during gestation
was not available. After further excluding
births with missing residence information
for assigning exposure, covariate information
[maternal age, education, Medicaid status,
parity, sex of infant, prepregnancy body
mass index (BMI)], hospital of birth, and
those with implausible birth weights (< 500
or > 5,000 g), the final analytical data set
included 258,294 births (Figure 1).

Exposure Assignment

The air pollution exposure assignment
method for this birth cohort has been
described elsewhere (Ross et al. 2013) and
used in our analysis of term birth weight
(Savitz et al. 2014) and hypertensive disorders
of pregnancy (Savitz et al. 2015). Briefly, two
sources of air pollution data were combined
to estimate exposures to PM; 5 and NO, at
each mother’s residential address at delivery
during gestation: NYCCAS measurements
to estimate spatial variation of the pollutants
across the city and regulatory monitoring
data to adjust for the temporal variation.
NYCCAS collected 2-week average concen-
trations of several pollutants at street level in
each of the four seasons, December 2008—
December 2010. These values were adjusted
for week of monitoring and averaged to
create annual averages at the monitoring loca-
tions; year 1 data were used to fit land-use
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regression (LUR) models for each pollutant
using buffer-based emission and land-use
variables and accounting for residual spatial
autocorrelation. Annual average pollutant
concentration surfaces for NYC were gener-
ated from regression model predictions
and averaged within 300-m buffers of each
maternal address. These maternal address
exposure estimates were then temporally
adjusted in 2-week intervals using a citywide
time series generated from multiple daily
regulatory monitors. Year 2 monitoring data
were used for validation of the spatiotemporal
estimates; predictions were strongly associated
with measured concentrations (R = 0.83 for
PM, 5 and 0.79 for NO,). We averaged over
weeks 1-12 and 13-26 to create first- and
second-trimester exposure estimates for each
birth and calculated third-trimester cumula-
tive exposures by pregnancy week for use in
survival analysis (Chang et al. 2012).

Birth Outcome and Covariates

Preterm birth was defined as births with
clinical estimate of gestation < 37 completed
weeks based on ultrasound; early preterm
was defined as < 32 completed weeks.
Medically indicated births were identified
using either birth or hospital records. A birth
with International Classification of Diseases,
9th Revision procedure codes for pre-labor
artificial rupture of the membrane (73.0,
73.01, 73.09, 73.1, 73.4) or cesarean section
performed (74.x) in the absence of a diag-
nosis of early or threatened labor (644.0x,
644.1x, 644.2x) were considered “medically
indicated” as were births recorded in the birth
records as having labor induction or cesarean
section without trial of labor. We adjusted
for covariates known to be associated with
preterm birth: maternal age, race/ethnicity
stratified by birthplace (non-Hispanic white,
U.S./foreign-born non-Hispanic black,

Births in NYC to NYC residents 2008—-2010
N = 348,585

Gestational Age outside
the range of 22-42 weeks:

Y

N = 348,213

N =372 (0.1%)

Cohort biased and/or
missing exposure:

Y

N = 304,129

N = 44,084 (12.7%)

Non-singleton births:

N = 293,228

\4

N =10,901 (3.6%)

Any Congenital

N = 282,769

Y

Anomaly:
N =10,459 (3.6%)

Known Smoker:

N =275,313

Y

N =7,456 (2.6%)

Birth weight outside

N = 274,996

Y

of 500-5000 g:
N =317(0.1%)

Missing covariates or

Y

N = 258,294

hospital ID:
N = 16,702 (6.1%)

Figure 1. Exclusion process of birth data used in analysis.
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U.S./foreign-born Hispanic, U.S./foreign-
born Asian, other, and unknown), education
(<9,9-11, 12, 13-15, 16, or > 16 years),
parity (0, 1, 2, = 3), Medicaid status (yes/
no), prepregnancy BMI, BMI?, and sex of
infant. We adjusted for year of conception
to control for long-term trends in pollution
levels and birth outcomes. As described in
our previous analyses (Savitz et al. 2014,
2015), we developed a composite socioeco-
nomic deprivation index (SDI) at the census
tract level to address potential confounding
by area-level socioeconomic status. Spatial-
only maternal exposures to NO, and PM, 5
averaged within census tract were negatively
correlated with SDI (Pearson correlation
coefficients of —0.11 and —0.07, respectively),
percent mothers on Medicaid (-0.17, -0.12),
and percent without a high school diploma
(-0.13, -0.08), and positively correlated with
percent mothers with a college degree (0.34,
0.30) and first births to mothers > 35 years
of age (0.43, 0.40). In our study population,
hospital-level rates of medically indicated
birth (not limited to preterm), after adjusting
for demographic factors known to influ-
ence the likelihood of medically indicated
birth (Savitz et al. 2005), were negatively
correlated with mean maternal first- and
second-trimester PM; 5 and NO, exposures
(Pearson’s p ranging from —0.22 to —-0.19).
Hospitals with higher rates of medically indi-
cated birth showed a distinct spatial pattern
(Figure 2A) and tended to serve mothers
with lower residential exposure to PM, 5 and
NO, (Figure 2B), although adjacent hospitals
could have very different rates (e.g. northern
Manhattan, Figure 2A). To limit the effect
of this spatial confounding, we focused on
spontaneous preterm births, incorporated a
hospital identifier into our model, and created
a variable based on quartiles of hospital-
specific rates of medically indicated births,
both term and preterm, for hospitals with
> 10 births in our data set (< 40%; > 40%
and < 49%; > 49% and < 62%; and > 62%).

Analysis

We estimated the association between first-
and second-trimester average PM, 5 and NO,
exposures and preterm birth outcomes using
logistic mixed models with random intercepts
for hospital of delivery in order to account for
residual correlation in the outcome within
births at the same hospital after adjusting
for covariates. The preterm birth outcomes
we examined separately were spontaneous
preterm birth, medically indicated preterm
birth, spontaneous early preterm birth, and,
because of the small numbers of medically
indicated early preterm birchs, all early
preterm births. In each case, term birth served
as the reference outcome. For each exposure
window and outcome, we compared crude
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and adjusted effect estimates for PM, 5 and
NO,. Adjusted estimates were generated from
models that included the individual-level
covariates listed above, conception year, SDI,
quartiles of medically indicated birth rate,
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Figure 2. Hospital-specific random intercepts (odds ratios) of medically indicated birth from a logistic
mixed model with medically indicated birth compared with spontaneous birth as the outcome, including
maternal age, race/ethnicity, education, parity, socioeconomic status, prepregnancy BMI, previous
preterm births, and year of birth as covariates, relative to the overall intercept versus hospital mean
maternal first-trimester PM, 5 exposure (ug/m®), by borough, New York City, 2008-2010, map (A) and
scatterplot (B). Abbreviations: OR, odds ratio; PM, 5, particulate matter < 2.5 ym in aerodynamic diameter.
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these two pollutants and birth weight (Savitz
et al. 2014) found that the spatial determi-
nant of the exposure contrast contributed
more to the observed associations, we esti-
mated the independent effects of the temporal
and spatial exposure components on sponta-
neous preterm birth. To compare across the
varying lengths of the third trimester among
the births, we used a discrete time survival
model with logistic link (Chang et al. 2012)
to estimate the effect of cumulative third-
trimester spatiotemporal NO; and PM, 5
exposures. Due to convergence issues when
hospital random intercepts were included in
this model specification, we controlled for
hospital of delivery using a fixed effect based
on hospital identifier (Savitz et al. 2015). We
used a 10-pg/m? increase in PM, 5 to express
odds of preterm birth because this increment
is most frequently used in reviews of birth
outcome studies (e.g., Sapkota et al. 2012).
However, a 10-pg/m? increase in PM, 5 is
rather a large increase in our data set, repre-
senting a change approximately from the 2nd
to the 98th percentile. For NO,, we used
20 ppb, an increment comparable to the
distributional span of the PM, 5 increment.
Statistical significance of an association was
assessed using the alpha level of 0.05.

We conducted additional analyses to
assess sensitivity of the results to alternative
model specifications. First, we included both
PM,; 5 and NO, in the fully adjusted model.
Second, we controlled for ambient tempera-
ture by including average temperature in the
fully adjusted model for the same exposure
time frame. Finally, because our previous
analysis of the associations between these
two pollutants and birth weight (Savitz et al.
2014) controlled for additional unexplained
variation with a random intercept based on
neighborhood (census tract), we compared
our adjusted model to one with random
intercepts based on census tract.

Results

The distribution of first- and second-trimester
exposures in the study population of hospital
births to NYC residents 2008-2010 was
similar for preterm and term births (Table 1).
For PM, 5, temporal-only variation was
greater than spatial-only variation, whereas
for NO,, spatial-only variation was greater
than temporal-only variation.

Demographic characteristics of the
study population are shown in Table 2. The
preterm birth rate in our study population
was 7.4% with 36% of preterm births clas-
sified as medically indicated, a proportion
consistent with previous reports (Ananth
and Vintzileos 2006). The results from
the individual-level covariates in the fully
adjusted model with overall first-trimester
PM, 5 exposure (Table 3) indicated that male
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infants and low or high parity were posi-
tively associated with spontaneous preterm
birth. Compared with non-Hispanic white
mothers, mothers of all other ethnicities had
increased odds of spontaneous preterm birth,

with highest odds among U.S.-born black
and Hispanic mothers. Older mothers had
higher odds of spontaneous preterm birth,
and mothers with more years of education
had lower odds. The odds of spontaneous

Table 1. Distribution of first- and second-trimester average PM,5 and NO, overall exposure, temporal-
only, and spatial-only exposure for term and preterm births, New York City, 2008—-2010.

Spontaneous preterm percentiles of exposure

Term percentiles of exposure

Exposure 5th 25th 50th 75th 95th 5th 25th ~ 50th  75th  95th
PM; 5 (1g/m?)
1st trimester overall 8.7 10.0 115 133 16.4 8.7 10.1 116 134 16.7
2nd trimester overall 8.8 10.1 1.4 132 16.0 8.8 10.1 115 133 16.3
1st trimester temporal 8.6 95 10.6 12.1 14.6 8.6 94 10.6 12.1 14.6
2nd trimester temporal 8.7 9.6 10.6 11.9 14.6 8.7 9.6 105 119 14.5
Spatial 9.6 10.4 10.8 11.8 13.8 9.7 104 110 1189 14.2
NO; (ppb)
1st trimester overall 18.9 234 271 31.0 375 188 235 273 315 389
2nd trimester overall 18.1 22.5 26.1 30.1 369 181 227 264 306 382
1st trimester temporal 17.6 20.5 22.4 24.7 27.1 176 204 224 246 27.1
2nd trimester temporal ~ 17.2 19.3 218 238 26.9 172 193 218 238 26.9
Spatial 19.6 235 26.3 28.3 33.2 193 235 265 288 355

Abbreviations: NO,, nitrogen dioxide; PM, s, particulate matter < 2.5 ym in aerodynamic diameter; ppb, parts per billion.

Table 2. Demographic characteristics, preterm birth, and labor type of the study population, New York

City, 2008-2010 [n (%)].

Preterm (< 37 weeks) Early preterm

Characteristic Total Spontaneous  Medically indicated (< 32 weeks)
Infant sex, male 132,654 (51) 6,543 (54) 3,728 (54) 1,536 (53)
Parity
0 120,395 (47) 5,436 (45) 3,273 (48) 1,456 (50)
1 75,976 (29) 3,386 (28) 1,810(26) 723 (25)
2 35,045 (14) 1,799 (15) 982 (14) 418 (14)
>3 26,878 (10) 1,513 (12) 814 (12) 314(11)
Maternal ethnicity
Non-Hispanic white 71,085 (28) 1,988 (16) 1,393 (20) 352(12)
Foreign-born non-Hispanic black 24,999 (10) 1,565 (13) 912 (13) 481 (17)
U.S.-born non-Hispanic black 31,219 (12) 2,399 (20) 1,195 (17) 804 (28)
Foreign-born Hispanic 55,209 (21) 2,493 (21) 1,361 (20) 512 (18)
U.S.-born Hispanic 32,026 (12) 1,870(15) 992 (14) 442 (15)
Foreign-born Asian 35,227 (14) 1,385(11) 789 (11) 239 (8)
U.S.-born Asian 3,017(1) 131(1) 80 (1) 21(1)
Other 5,243 (2) 289(2) 147 (2) 56 (2)
Unknown 269 (0) 14(0) 10(0) 4(0)
Maternal education (years)
<9 20,712 (8) 1,001 (8) 492 (7) 210(7)
9-11 45,495 (18) 2,561 (21) 1,354 (20) 645 (22)
12 61,808 (24) 2,998 (25) 1,702 (25) 744 (26)
13-15 56,971 (22) 2,895 (24) 1,738 (25) 795(27)
16 41,848 (16) 1,621(13) 921(13) 334(11)
>16 31,460 (12) 1,058 (9) 672(10) 183 (6)
Maternal age (years)
<20 17,065 (7) 954 (8) 518(8) 238(8)
20to< 25 53,233 (21) 2,410 (20) 1,371 (20) 613(21)
25t0< 30 68,101 (26) 2,910 (24) 1,672 (24) 663 (23)
30to<35 68,376 (26) 3,044 (25) 1,757 (26) 714 (25)
35to<40 39,918 (15) 2,044 (17) 1,164 (17) 514 (18)
> 40 11,601 (4) 772 (6) 397 (6) 169 (6)
Mother on Medicaid 157,629 (61) 7,773 (64) 4,344 (63) 1,892 (65)
Year of conception
2007 43,205 (17) 2,065 (17) 1,153 (17) 455 (16)
2008 99,569 (39) 4,749 (39) 2,675(39) 1,181 (41)
2009 96,124 (37) 4,419 (36) 2,536 (37) 1,052 (36)
2010 19,396 (8) 901 (7) 515(7) 223(8)
Maternal prepregnancy body mass index
<185 14,264 (6) 655 (5) 356 (5) 129 (4)
185t0<25 139,480 (54) 5,878 (48) 3,223 (47) 1,234 (42)
251t0<30 61,388 (24) 3,075(25) 1,735(25) 818(28)
>30 43,162 (17) 2,526 (21) 1,565 (23) 730(25)
Total births 258,294 (100) 12,134 (100) 6,879 (100) 2,911 (100)
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preterm birth were increased at hospitals in
the category with the lowest proportion of
medically indicated births, compared with
hospitals with the highest proportion [odds
ratio (OR) = 1.3; 95% confidence interval
(CI): 1.0, 1.7]. Year of conception, BMI,
Medicaid status, and SDI were not associated
with spontaneous preterm birth.

Higher overall second-trimester NO,
exposure was negatively associated with spon-
taneous preterm birth in the fully adjusted
model (OR = 0.90; 95% CI: 0.83, 0.97 per
20 ppb); there was no association between
overall average first-, average second-, or
cumulative third-trimester PM, 5 exposure

Table 3. Odds ratios of spontaneous preterm birth
for covariates in fully adjusted model.?

Ambient air pollution and preterm birth in NYC

and preterm birth (Figure 3). In the unad-
justed models, both pollutants were signifi-
cantly negatively associated with spontaneous
preterm and early preterm birth across the
overall exposures. The temporal contribution
to PM,; 5 exposure was positively associated
with spontaneous preterm birth (OR = 1.2;
95% CI: 1.01, 1.23 per 10 pg/m? in the
crude model to 1.07; 95% CI: 0.95, 1.21
in the adjusted model), whereas NO, was
not significantly associated with spontaneous
preterm birth in either the adjusted or unad-
justed models. For the spatial-only exposures,
both PM, 5 and NO, were significantly nega-
tively associated with spontaneous preterm
birth, adjusted or unadjusted.

There was no evidence of association
between either pollutant and early preterm

had little impact on the estimates; second-
trimester PM, 5 OR in the fully adjusted
model with temperature was 0.97 (95% CI:
0.88, 1.07) compared with 0.99 (95% CI:
0.90, 1.09) without, similar to first-trimester
NO,; (OR = 0.92; 95% CI: 0.84, 1.00 and
0.94; 95% CI: 0.87, 1.02 for with and
without temperature, respectively). In the
analysis to evaluate alternative spatial random
intercepts (Figure 5), we found that for both
PM, 5 and NO,, including a random inter-
cept based on census tract in a model with
covariate adjustment but no hospital level
information (model 2) moved the apparent
negative crude association (model 1) slightly
closer to the null. The addition to model 2
of a four-level variable based on quartiles of
hospital rates of medically indicated births

1 0

Covariate — OR (95% CI birth in the adjusted models (Figure 4). (model 3) shifted the pollutant effect esti-

Mother's eth hpl ) & 4
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Hospigal rate of medically indicated births Figure 3. Odds ratios and 95% confidence intervals of spontaneous preterm birth for overall, temporal-
<40% . 13(1.0.1.7) only, and spatial-only exposures: (A) per 10 ug/m? PM,; (B) per 20 ppb of NO, exposure. For first- and
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= 490/" and <62% 1.1(08,1.5) (mother’s ethnicity/birthplace, age, education, parity, Medicaid status, prepregnancy BMI, sex of infant,
> 62% 1.0 conception year), SDI, hospital rates of medically indicated births and random intercept by hospital ID.

For third-trimester cumulative exposures, the discrete time survival analysis was adjusted for individual
demographics, SDI, and fixed effect of hospital.

aFrom model including first-trimester PM,5 and a
hospital identifier random intercept.
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unadjusted models. Adjusting for individual
maternal characteristics, census tract—level
social deprivation, random intercepts for
either census tracts or hospitals, and the level
of medically indicated birth rate at hospitals
moved these negative associations for both
pollutants closer to the null. The odds ratios
for PM, 5 became null, but the associations for
NO, remained negative and statistically signifi-
cant for the second trimester. By analyzing the
spatial-only, temporal-only, and overall expo-
sures, we found that the negative associations
were mainly driven by the spatial exposure
variation, originating from the common spatial
pattern of air pollution and delivery hospi-
tals in which hospitals with higher average
exposures among their patients tended to
have lower rates of spontaneous preterm birth
(Figure 2). Because 2) a negative association
between spontaneous preterm birth and air
pollution is not biologically plausible, &) the
hospital-level rates of medically indicated birth
were negatively correlated with maternal air
pollution exposures (which is unlikely to be
a causal relationship), and ¢) the pattern of
negative associations with the pollutants are
very similar for spontaneous preterm births
and medically indicated preterm births, the
moderate negative association between
NO, and spontaneous preterm birth in the
fully adjusted model is a consequence of
residual confounding.

A recent systematic review of air pollu-
tion, birth weight and preterm birth by Stieb
et al. (2012) found that although most of
the studies reported reduced birth weight
and increased odds of low birth weight in
relation to air pollutants including PM, 5
and NO,, fewer effect estimates were avail-
able for preterm births studies and that their
results were more mixed. Some of the esti-
mates were significantly negative for NO,
(Jalaludin et al. 2007) and PM, 5 (Wilhelm
and Ritz 2005). The variation in study design,
exposure assignment method, geographic
scale, and length of study period across these
studies may explain some of the inconsistency
in their findings, but preterm birth itself likely
presents additional methodologic complexity
in determining its relationship with air pollu-
tion, more so than analysis of birth weight.
It is well known that hospital characteristics
and provider characteristics can influence
the rate of medically indicated birth (Clark
et al. 1998; Goyert et al. 1989), and increased
frequency of labor induction may account
for the increasing rate of preterm birth seen
nationwide in the United States (MacDorman
et al. 2002). The results from our study may
be influenced by the increased spatial resolu-
tion of the exposure assessment resulting from
the use of a high-density monitoring network.
However, given that variation among hospi-
tals can occur at any spatial scale (e.g., among
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hospitals within a state or multi-state region)
and may be influencing our ability to detect
pollution effects on preterm birth, the nature
of the confounding we observed in this
analysis is unlikely to be limited to our study
setting and spatial resolution.

A preterm birth can be spontaneous or
medically indicated, and one would expect
that the impact of air pollution, if it exists,
would be more clearly seen on spontaneous
preterm birth than on medically indicated
birth, although the censoring of potential
future spontaneous preterm births through
medical intervention may also affect the
observed frequency of spontaneous preterm
births. Only two past studies that examined
air pollution and preterm birth analyzed spon-
taneous and medically indicated preterm birth
separately: One study (Darrow et al. 2009), a
time-series design, found essentially null asso-
ciations with multiple pollutants even when
induced preterm birth was excluded; the other

study (Lee et al. 2012) found a somewhat
stronger PM, 5 association with induced/indi-
cated preterm than with spontaneous preterm
birth, though not significantly stronger. The
relatively large sample size of our data set
allowed us to focus on spontaneous preterm
birth separately from medically indicated
preterm birth. The pattern of association with
the air pollutants was similar, although consis-
tently more negative for medically induced
preterm birth, potentially caused by hospital/
patient characteristics that increase the use
of medical intervention in parts of the city
that coincidentally have lower pollution levels.
Although we observed some spatial clustering
of hospitals with high or low rates of medi-
cally indicated birth, we also observed that
two adjacent hospitals can have very different
rates (data not shown). Including a measure
of the hospital-level rate of medically indicated
labor in our analysis did not attenuate the
negative association between air pollution and

Spontaneous PM, . NoO,
Early Preterm

I |

1st trimester EI © | © \

P R °

I |

I |

I |

I |

2nd trimester — 9 — o !

- @ - e

I |

I |

I |

I |

I |

I |

I |

All Early Preterm : :
I |

1st trimester © | o |
I |

I |

I |

I |

2nd trimest —©o— ! —o— !

nd trimester

I |

I |

I |

! | —o— Unadjusted —e— Adjusted II

T T T f ) T T T f ]
04 06 08 10 12 0.4 06 08 10 12
0dds ratio per 10 pg/m? PM, Odds ratio per 20 ppb NO,

Figure 4. Odds ratios and 95% confidence intervals of spontaneous-only and combined spontaneous and
medically indicated early preterm births (< 32 weeks) per 10 pg/m? of overall first- and second-trimester
exposure to PM, 5 (A) and 20 ppb of NO, (B). The adjusted model included individual demographics
(mother’s ethnicity/birthplace, age, education, parity, Medicaid status, prepregnancy BMI, sex of infant,
conception year), SDI, hospital rates of medically indicated births and random intercept by hospital ID.

Table 4. Comparison of spontaneous preterm birth odds ratio (35% Cl) with medically indicated preterm
birth and all preterm birth odds ratio (95% Cl) for PMys (per 10 pg/m®) and NO, (per 20 ppb) using esti-
mated overall exposures in unadjusted and adjusted models.

Exposure Spontaneous Medically indicated All
Pollutant trimester Model preterm births preterm births preterm births
PM; 5 1st Crude 0.87(0.81, 0.94) 0.81(0.73,0.89) 0.85(0.80, 0.90)
1st Fully adjusted 0.99(0.90, 1.08) 0.94 (0.84, 1.06) 0.97(0.90,1.05)
2nd Crude 0.85(0.78,0.91) 0.80(0.73,0.89) 0.83(0.78, 0.88)
2nd Fully adjusted 0.99(0.90, 1.09) 0.95(0.84, 1.08) 0.95(0.88, 1.03)
NO, 1st Crude 0.83(0.78, 0.88) 0.77(0.71,0.84) 0.81(0.77, 0.85)
1st Fully adjusted 0.94(0.87,1.02) 0.90(0.81,0.99) 0.92(0.87, 0.98)
2nd Crude 0.81(0.77, 0.86) 0.78(0.72,0.84) 0.80(0.76, 0.84)
2nd Fully adjusted 0.90(0.83,0.97) 0.89(0.80, 0.99) 0.89(0.83, 0.95)

Abbreviations: PM, 5, particulate matter < 2.5 um in aerodynamic diameter; pg/m3, micrograms per cubic meter; NO,,
nitrogen dioxide; ppb, parts per billion. All term births serve as the reference outcome.
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preterm birth as much as including random
intercepts for delivery hospital, suggesting
that other provider or patient characteristics
that vary among hospitals likely confound the
association between air pollution and preterm
births, rather than the tendency for medi-
cally indicated birth only. To our knowledge,
none of the past studies of air pollution and
preterm birth have considered potential spatial
confounding by hospital of birth.

Our exposure estimation method was
conducive to separately estimating odds ratios
for temporal-only and spatial-only exposures.
We found that the negative associations were
largely driven by the spatial exposure and those
associations were more affected by covariate
adjustment. Because maternal characteristics
of NYC residents are unlikely to have substan-
tively changed in the 3-year study period, the
weak influence of covariate adjustment on
the temporal-only association was expected.
The attenuation of the strong negative asso-
ciation between spatial exposure of NO, and
PM; s and preterm birth toward the null
suggests that refinements on the control of
spatial confounding, beyond neighborhood
of residence and birth hospital, may help to
clarify the underlying nature of associations
between these pollutants and preterm birth.
Past studies of air pollution and preterm birth,
except for Wu et al. (2011), did not examine
temporal and spatial exposures separately, and

Ambient air pollution and preterm birth in NYC

often it is ambiguous whether an association
is driven by the spatial or temporal compo-
nent of estimated exposures. The Wu et al.
(2011) study considered alternative methods
to estimate air pollution exposures and found
positive associations for preterm and early
preterm birth with higher levels of NO, in Los
Angeles, California, as estimated from tempo-
rally adjusted LUR model exposure estimates,
but noted that the associations were stronger
when estimates were unadjusted for temporal
variation. In our analysis, temporal-only
exposure estimates showed null associations
for PM; 5 and first-trimester NO,, consistent
with Darrow et al.’s (2009) time-series analysis
of preterm birth and air pollution; however,
the significantly negative second-trimester
association seen for the overall NO, exposure
in our study also is seen in the temporal-only
component and deviates from Darrow et al.’s
findings. Future studies, especially those using
LUR-based exposure estimation, may benefit
from analyzing spatial and temporal exposure
estimates separately to identify whether the
association (or confounding) comes from
spatial or temporal components of exposure.
Limitations of our study include potential
exposure misclassification error due to estimates
only at mother’s residence at delivery, without
details on maternal residential mobility during
pregnancy, place and type of work, varia-
tion in indoor/outdoor activity, or building
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Figure 5. Odds ratios and 95% confidence intervals of spontaneous preterm birth per 10 pg/m® estimated
overall first- and second-trimester PM, 5 (A) and 20 ppb NO, (B) exposure based on single-pollutant
models with the following different degrees of confounder adjustment: model 1: unadjusted; model 2:
adjustment with individual demographics (mother’s ethnicity/birthplace, age, education, parity, Medicaid
status, prepregnancy BMI, sex of infant, conception year), SDI and random intercept by census tract;
model 3: adjustment with individual demographics, SDI, random intercept by census tract, plus quartile
of hospital rates of medically indicated births; model 4: adjustment with individual demographics, SDI,
hospital rates of medically indicated births and random intercept by hospital ID (fully adjusted model).
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characteristics, including floor of residence. The
fact that a substantive fraction of the mothers in
this study were foreign born leaves some uncer-
tainty regarding the influence of spatial varia-
tion of air pollution on the baseline health of
these mothers. We were also unable to address
all known confounders, including noise and
environmental tobacco smoke.

Conclusions

Opverall, our results do not provide evidence
supporting an association between exposure
to PM, 5 or NO; and increased numbers of
preterm births. The negative association we
observed appears to have been confounded
by hospital characteristics, which covary
with pollutant levels of the patients seen at
different hospitals in New York City.

REFERENCES

Ananth CV, Vintzileos AM. 2006. Epidemiology of
preterm birth and its clinical subtypes. J Matern
Fetal Neonatal Med 19:773-782.

Bosetti C, Nieuwenhuijsen MJ, Gallus S, Cipriani S, La
Vecchia C, Parazzini F. 2010. Ambient particulate
matter and preterm birth or birth weight: a review
of the literature. Arch Toxicol 84:447-460.

Brauer M, Lencar C, Tamburic L, Koehoorn M,
Demers P, Karr C. 2008. A cohort study of traffic-
related air pollution impacts on birth outcomes.
Environ Health Perspect 116:680-686, doi:10.1289/
ehp.10952.

Chang HH, Reich BJ, Miranda ML. 2012. Time-to-event
analysis of fine particle air pollution and preterm
birth: results from North Carolina, 2001-2005. Am J
Epidemiol 175:91-98.

Clark SL, Xu W, Porter TF, Love D. 1998. Institutional
influences on the primary cesarean section
rate in Utah, 1992 to 1995. Am J Obstet Gynecol
179:841-845.

Darrow LA, Klein M, Flanders WD, Waller LA, Correa A,
Marcus M, et al. 2009. Ambient air pollution and
preterm birth: a time-series analysis. Epidemiology
20:689-698.

Gehring U, Wijga AH, Fischer P, de Jongste JC,
Kerkhof M, Koppelman GH, et al. 2011. Traffic-
related air pollution, preterm birth and term birth
weight in the PIAMA birth cohort study. Environ Res
111:125-135.

Goyert GL, Bottoms SF, Treadwell MC, Nehra PC. 1989.
The physician factor in cesarean birth rates. N Engl
J Med 320:706-709.

Hansen C, Neller A, Williams G, Simpson R. 2006.
Maternal exposure to low levels of ambient air
pollution and preterm birth in Brisbane, Australia.
BJOG 113:935-941.

Jalaludin B, Mannes T, Morgan G, Lincoln D,
Sheppeard V, Corbett S. 2007. Impact of ambient
air pollution on gestational age is modified by
season in Sydney, Australia. Environ Health 6:16,
doi:10.1186/1476-069X-6-16.

Lee PC, Roberts JM, Catov JM, Talbott EO, Ritz B.
2012. First trimester exposure to ambient air pollu-
tion, pregnancy complications and adverse birth
outcomes in Allegheny County, PA. Matern Child
Health J 2013:545-555.

MacDorman MF, Mathews TJ, Martin JA, Malloy MH.
2002. Trends and characteristics of induced labour
in the United States, 1989-98. Paediatr Perinat
Epidemiol 16:263-273.

1289




Johnson et al.

Moster D, Lie RT, Markestad T. 2008. Long-term
medical and social consequences of preterm
birth. N Engl J Med 359:262-273.

New York State Department of Health. 2015. Hospital
Maternity-Related Procedures and Practices
Statistics. Available: http://www.health.ny.gov/
statistics/facilities/hospital/maternity [accessed
22 April 2015].

Nieuwenhuijsen MJ, Dadvand P, Grellier J,
Martinez D, Vrijheid M. 2013. Environmental risk
factors of pregnancy outcomes: a summary of
recent meta-analyses of epidemiological studies.
Environ Health 12:6, doi:10.1186/1476-069X-12-6.

Parker JD, Woodruff TJ. 2008. Influences of study
design and location on the relationship between
particulate matter air pollution and birthweight.
Paediatr Perinat Epidemiol 22:214-227.

Ross Z, Ito K, Johnson S, Yee M, Pezeshki G,
Clougherty JE, et al. 2013. Spatial and temporal esti-
mation of air pollutants in New York City: exposure
assignment for use in a birth outcomes study.
Environ Health 12:51, doi:10.1186/1476-069X-12-51.

Saigal S, Doyle LW. 2008. An overview of mortality and
sequelae of preterm birth from infancy to adult-
hood. Lancet 371:261-269.

Sapkota A, Chelikowsky AP, Nachman KE, Cohen AJ,
Ritz B. 2012. Exposure to particulate matter
and adverse birth outcomes: a comprehensive
review and meta-analysis. Air Qual Atmos Health
5:369-381, doi:10.1007/s11869-010-0106-3.

Savitz DA, Bobb JF, Carr JL, Clougherty JE, Dominici F,
Elston B, et al. 2014. Ambient fine particulate
matter, nitrogen dioxide, and term birth weight in
New York, New York. Am J Epidemiol 179:457-466.

Savitz DA, Dole N, Herring AH, Kaczor D, Murphy J,
Siega-Riz AM, et al. 2005. Should spontaneous and
medically indicated preterm births be separated
for studying aetiology? Paediatr Perinat Epidemiol
19:97-105.

Savitz DA, Elston B, Bobb JF, Clougherty JE, Dominici F,
Ito K, et al. 2015. Ambient fine particulate matter,
nitrogen dioxide, and hypertensive disorders
of pregnancy in New York City. Epidemiology
26:748-751.

Stieb DM, Chen L, Eshoul M, Judek S. 2012. Ambient
air pollution, birth weight and preterm birth: a
systematic review and meta-analysis. Environ Res
117:100-111.

Strand L, Barnett A, Tong S. 2011. Methodological chal-
lenges when estimating the effects of season and

seasonal exposures on birth outcomes. BMC Med
Res Methodol 11:49, doi:10.1186/1471-2288-11-49.

Trasande L, Wong K, Roy A, Savitz DA, Thurston G.
2013. Exploring prenatal outdoor air pollution, birth
outcomes and neonatal health care utilization in
a nationally representative sample. J Expo Sci
Environ Epidemiol 23:315-321.

Wilhelm M, Ritz B. 2005. Local variations in CO and
particulate air pollution and adverse birth outcomes
in Los Angeles County, California, USA. Environ
Health Perspect 113:1212-1221, doi:10.1289/ehp.7751.

Woodruff TJ, Parker JD, Darrow LA, Slama R, Bell ML,
Choi H, et al. 2009. Methodological issues in
studies of air pollution and reproductive health.
Environ Res 109:311-320.

Wu J, Wilhelm M, Chung J, Ritz B. 2011. Comparing
exposure assessment methods for traffic-related
air pollution in an adverse pregnancy outcome
study. Environ Res 111:685-692.

Yorifuji T, Naruse H, Kashima S, Takao S, Murakoshi T,
Doi H, et al. 2013. Residential proximity to major roads
and adverse birth outcomes: a hospital-based study.
Environ Health 12:34, doi:10.1186/1476-069X-12-34.

1290

vOLUME 124 | Numger 8 | August 2016 + Environmental Health Perspectives


http://www.health.ny.gov/statistics/facilities/hospital/maternity
http://www.health.ny.gov/statistics/facilities/hospital/maternity

