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Purpose: Studies suggest exposure to ambient particulate matter less than 2.5 mg/m3 in aerodynamic
diameter (PM2.5) may be associated with preterm birth (PTB), but few have evaluated how this is
modified by ambient temperature. We investigated the relationship between PM2.5 exposure during
pregnancy and PTB in infants without birth defects (1999e2006) and enrolled in the National Birth
Defects Prevention Study and how it is modified by concurrent temperature.
Methods: PTB was defined as spontaneous or iatrogenic delivery before 37 weeks. Exposure was assigned
using inverse distance weighting with up to four monitors within 50 kilometers of maternal residence. To
account for state-level variations, a Bayesian two-level hierarchal model was developed.
Results: PTB was associated with PM2.5 during the third and fourth months of pregnancy (range: (odds
ratio (95% confidence interval) ¼ 1.00 (0.35, 2.15) to 1.49 (0.82, 2.68) and 1.31 (0.56, 2.91) to 1.62 (0.7,
3.32), respectively); no week of exposure conveyed greater risk. Temperature may modify this rela-
tionship; higher local average temperatures during pregnancy yielded stronger positive relationships
between PM2.5 and PTB compared to nonstratified results.
Conclusions: Results add to literature on associations between PM2.5 and PTB, underscoring the impor-
tance of considering co-exposures when estimating effects of PM2.5 exposure during pregnancy.

© 2019 Elsevier Inc. All rights reserved.
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Instead, they are available via a special use agreement. Qualified researchers can be
granted access to NBDPS data for analysis through collaboration with one of the
Centers for Birth Defects Research and Prevention. The procedure for applying for
access to NBDPS data can be found on the NBDPS Public Access Procedures web
site: https://www.cdc.gov/ncbddd/birthdefects/nbdps-public-access-procedures.
html.
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Introduction

In 2016, the proportion of births delivered preterm (defined as
spontaneous or iatrogenic delivery before 37 weeks of completed
gestation) in the United States was 9.85% [1]. Preterm birth (PTB) is
a public health concern because it is associated with high infant
mortality and adverse developmental outcomes later in childhood
[2]. Known risk factors for PTB include low socioeconomic factors,
age, race, substance abuse, tobacco usage during pregnancy, poor
nutritional status, and the presence of a birth defect [3,4]. Recently,
some epidemiologic studies have suggested that exposure during
pregnancy to ambient particulate matter less than 2.5 mg/m3 in
aerodynamic diameter (PM2.5) is associated with an increased risk
of PTB; [5e8] however, results have been inconsistent, and the
exact biological mechanisms surrounding that relationship and any
potential critical exposure windows remain unclear. Ambient out-
door PM2.5 is a ubiquitous pollutant for which personal exposure
may vary on a number of factors, including proximity to emission
sources (e.g., mobile vehicles) [9].

Whereas studies have generally shown an increase in PTB with
an increase in PM2.5 exposure [10], studies on specific, and usually
narrower, windows of exposure have been less consistent. Identi-
fying these critical exposure windows may aid in determining the
exact biological mechanism(s) behind the relationship. Some
studies have provided support for early exposure effects of PM2.5 on
PTB (i.e., within the first trimester) [5,8,11,12]. Conversely, others
have suggested that exposure during the entire pregnancy and late
pregnancy (i.e., during the third trimester), but not during the first
trimester, has a stronger association [13], and additional research
has reported inverse or null results [14,15]. In addition, there has
been a growing body of literature surrounding the relationship
between PTB and ambient temperature [16,17], with higher tem-
peratures being positively associated with PTB. For example, study
by Schifano et al [18] evaluated PTB's relationship with PM10
stratified by season and found that temperature impacted the
relationship in the warm season, but not in the cold season.
Conversely, in a meta-analysis of the effects of seasonality on the
PM2.5 and PTB relationship, authors reported that both summer and
winter seasons (compared to the more temperate autumn and
spring) may act as modifiers [19]. Although there is limited evi-
dence looking at specific biological mechanisms that may explain
this relationship, multiple studies have shown that exposure to
PM2.5 can cause placental inflammation during pregnancy [20]
potentially resulting in altered placental vascular function [21],
which in turn may cause inadequate nutrient exchange or placental
perfusion [22,23] leading to PTB. While the ways temperature may
act as an effect measure modifier on the PM2.5 and PTB relationship
remain unclear, limited toxicological evidence suggests that expo-
sure to concurrent high temperature may intensify the effects of an
environmental exposure [24]. Narrowing down when this rela-
tionship is the strongest could aid in identifying more specific
biological mechanisms behind the relationship and could allow for
targeted interventions.

Given the inconsistent relationship between PTB and PM2.5 and
the potential for high temperature to have an impact both directly
on PTB as well as on the intensity of an effect from an environ-
mental pollutant, our study was designed to investigate the rela-
tionship between PM2.5 exposure and PTB during various potential
critical windows of exposure and then to further investigate
whether the potential relationship is modified by concurrent
exposure to high temperatures. Specifically, we hypothesize that
exposure to PM2.5 during the first few months of pregnancy could
interfere with early placental development (likely by causing
placental inflammation during early pregnancy), which in turn
could result in PTB. We further hypothesize that this relationship
would be stronger with the added stress of higher ambient tem-
peratures. To evaluate these hypotheses, we conducted a case-
control analysis using the controls who participated in the Na-
tional Birth Defects Prevention Study (NBDPS).

Methods

Study population

The study population consisted of singleton liveborn infants
without a major birth defect that participated in the NBDPS with
estimated due dates from January 1, 1999 through December 31,
2006. The methods of the NBDPS are described in detail elsewhere
[25,26]. Briefly, the NBDPS is a multisite population-based case-
control study where liveborn infants without a major birth defect
served as controls and were randomly selected from the same
geographic region and time period as case infants using birth cer-
tificate files or hospital records from seven of the NBDPS states
(Arkansas, California, North Carolina, Georgia, Texas, New York, and
Utah). New Jersey, an additional NBDPS state, was not included in
our study population because they did not provide geocoded resi-
dential data. Similarly, data from Iowa and Massachusetts were not
used as we were unable to link all the exposures of interest to
geocoded addresses throughout the entire pregnancy. Mothers
were invited to participate in the NBDPS computer-assisted tele-
phone interview, which collected information on sociodemo-
graphic factors, behavioral factors (e.g., cigarette smoking, alcohol),
illness history, medication use, and residential history during
pregnancy. The use of the NBDPS control group, which is generally
representative of the base population, provides a unique opportu-
nity to examine the prevalence for prenatal exposures to a variety
of risk factors on birth outcomes such as PTB [27]. The participation
rate for study subjects was 65.8% and ranged from 62.1 to 76.9%
based on center [27].

Outcome assessment

PTB (yes/no) was defined as a birth with a gestational age before
37 completed weeks. The clinical estimate for gestational age was
obtained from the NBDPS clinical database; if the clinical estimate
of gestational agewas missing, gestational agewas computed using
themother's report of the due date provided by her clinician during
the pregnancy and the baby's date of birth, as in the study by
Stingone et al [28]. We did not have information about spontaneous
compared to indicated PTB for this analysis, nor were we able to
analyze subtypes of PTB (e.g., very PTB).

Exposure assessment

Individual-level exposure during each week of pregnancy (data
from January 1, 1999 through December 31, 2006) was assigned
using the US EPA's Air Quality Systems (AQS) data with inverse
distance weighting from the woman's geocoded address and the
nearest AQS monitors. To maximize the population captured, daily
weighted averages of concentrations measured from up to four air
monitors within 50 km of thematernal residencewere constructed,
with weights being calculated as the squared-inverse of the dis-
tance to the monitor. If at least one monitor was within 5 km of the
maternal residence, then only monitors within 5 km were used to
construct the daily weighted averages. Only mothers with at least
one measurement per gestational week are included, as in the
study by Stingone et al [28]. First, we calculated weekly averages
taken from daily averages if a mother had more than one mea-
surement per week, and then from those we calculated monthly
averages, so each week had the same weight within a month
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regardless of the number of days of data. If a woman had more than
one address during the pregnancy, each address was used during
the relevant time period. Effect estimates are reported as both
continuous measures of exposure and at each quartile of PM2.5 (i.e.,
<25th percentile (the referent group), 25th to 50th percentile, 50th
to 75th percentile, and >75th percentile) to capture potential de-
partures from linearity. Distribution quartiles were calculated from
the entire study population (i.e., cases and controls). Out of all
eligible study participants (n ¼ 5694), 2472 were missing PM2.5
exposure data (i.e., they were not located within 50 km of any
monitor) and thus were excluded from analyses. An additional 629
participants were excluded due to missing covariate data. Meteo-
rological data were obtained from the National Center for Atmo-
spheric Research (NCAR) weather monitoring stations and linked to
geocoded residence, then averaged over weeks and months as the
model required.

Statistical analysis

We used a Bayesian two-level hierarchical logistic regression
model based on a Markov chain Monte Carlo simulation, clustered
by state of residence and using fixed effects for all other covariates,
to examine the relationship between PM2.5 and PTB in a way that
assesses month of exposure and simultaneously accounts for state-
level variations, should they exist. This approach considers poten-
tial differences in state-varying PM components that may impact
the relationship between exposure and outcome, as well as other
state-level considerations that may not be accounted for explicitly
in themodel. Analyses were completed using SAS (Cary, NC). Owing
to somewhat inconsistent information regarding the relationship
between PTB and PM2.5, the hyperprior and priors were that vari-
ables were normally distributed with a mean of 0 and a variance of
100, and convergence was determined based on a visual analysis of
the resulting trace plots (i.e., we determined that the models
converged if the plots did not show substantial fluctuation).

Potential confounders were identified through a directed acyclic
graph analysis (Fig. A1) [29,30] based on previous literature on
factors that influence air pollution exposure [31,32] and PTB
[33e35] and included ambient temperature derived from the
closest NCAR monitoring station to the maternal residence
(continuous, averaged over the week and month), parity (contin-
uous), maternal age at delivery (<18, between 18 and 35, older than
35), household income (<$10,000, $10,000e50,000, >$50,000),
maternal education (less than high school graduate, high school
graduate, any postsecondary education), maternal nativity (yes/no
born in the United States), and maternal race/ethnicity (non-His-
panic white, non-Hispanic black, Hispanic, Asian/Pacific Islander,
Native American/Alaskan Native, Other).Womenwere not included
in the analyses for months occurring after their delivery (i.e., if a
woman delivered in month 6, she was not included in analyses
from month 7 onward). Though we had data on smoking status
(cigarette smoking during pregnancy [yes/no]), we did not control
for it to avoid collider stratification bias. Three distinct models were
developed: a crude model looking at PM2.5, a model that controlled
for temperature, and a full model that contained all aforemen-
tioned potential confounders.

In addition, although we assessed temperature as a potential
confounder, we also assessed it as a potential effect measure
modifier by stratifying by the 75th percentile of state-specific
average temperature over the course of pregnancy. To elucidate
more precise critical windows of exposure, we conducted analyses
on data fromweeks that occurred during themonths that showed a
relationship between PTB and PM2.5. We looked at each week
individually and, due to small case counts, did not control for other
weeks of exposure in the model. In these models, we controlled for
location-specific average monthly temperature, to account for
short-term fluctuations in local temperature. Previous research into
the PM2.5 and PTB relationship has demonstrated techniques to
aide in stabilizing coefficient estimation by borrowing information
across exposure and outcome windows in a distributed exposure
analysis (i.e., by assigning a prior structure to the vectors of the
parameters of the exposure of interest) [36]. One of our aims was to
identify discrete periods (i.e., weeks, months) of gestation during
which exposure to PM2.5 may elevate risk of PTB. Thus, we looked at
exposure periods of interest individually, assuming temporal in-
dependence from adjacent exposure periods (i.e., that onemonth of
exposure is not highly associated with the proceeding and pre-
ceding months).

Results

Overall, 2839 births were included in these analyses, 246 PTBs
as cases and 2593 term births as controls, though the number of
births in each model varied slightly. In general, the study popula-
tion was composed primarily of non-Hispanic white women with
some postsecondary education, household income between
$10,000 to $50,000 annually, born in the United States, and non-
smokers (Table 1). The average interquartile range for PM2.5 con-
centrations across states was 4.7 mg/m3, and temperature
distributions varied between states (Table 2). There was no
appreciable or consistent difference between the PM2.5 concen-
trations that were stratified and not stratified by high average
temperature, suggesting that in stratifying high temperature days,
we were not inadvertently also stratifying by high PM2.5 days. In
addition, quartiles of temperature did not vary substantially be-
tween cases and controls (Table A3). Most preterm births were less
than 37 weeks of gestation and greater than or equal to 32 weeks
(n ¼ 222), with few births occurring less than 32 weeks (n ¼ 24).
The average distance between the first reportedmaternal residence
and the closest monitor for the first eight weeks of pregnancy was
13.3 km, with a median distance of 9.2 km (SD: 11.4 km).

When the PM2.5 and PTB relationship was modeled using cate-
gories of PM2.5 exposure, we observed a positive relationship be-
tween PTB and PM2.5 for the third and fourth months of pregnancy
(Table 3). We used the full models for all subsequent analyses (i.e.,
temperature stratified and weekly PM2.5 exposure). We did not
observe the relationship that we saw in the categorical models in
months 3 and 4 in any of the continuous models; however, that
could be due to potential departure from linearity not captured in
the continuous model rather than a true lack of association, though
we note that we did not test for departures from linearity, rather we
opted to reported categorical exposure results.

In addition, we conducted analyses for months 2 through 4 of
pregnancy in which PM2.5 concentrations and temperature were
averaged over eachweek instead of eachmonth, to see if therewere
specific weeks where the associations were stronger (Fig. 1 and
Table A1). We observed that weeks 9 through 12 all had point es-
timates that were elevated, corresponding to months 3 and 4,
respectively; however, there was no single week that stood out as
demonstrating a stronger association between PM2.5 exposure and
PTB.

In the models where we assessed effect measure modification
by average temperature during pregnancy, we found that in almost
every instance, the low temperature group, representing the state-
specific lower 75th percentile of temperature during pregnancy,
showed no relationship between PTB and PM2.5. These models
were adjusted for local temperature and all other covariates in the
nonstratified full models. In addition, the low temperature group
displayed consistently lower point estimates than the upper 25th
percentile group for the months and surrounding months where



Table 1
Characteristics of mothers of preterm (N ¼ 246) (PTB) and term (N ¼ 2593) infants

Variable PTB Term Total

State of residence at the child's birth, n (%)
Arkansas 32 (13.96) 228 (86.04) 260
California 51 (8.37) 546 (91.63) 597
New York 28 (6.34) 375 (93.66) 403
Texas 28 (11.56) 201 (88.44) 229
Georgia 46 (7.56) 508 (92.44) 554
North Carolina 32 (7.4) 373 (92.6) 405
Utah 29 (6.57) 362 (93.43) 391

Total 246 (8.57) 2593 (91.43) 2839
Maternal smoking status, n (%)
Smoker 40 (9.3) 383 (90.7) 423
Nonsmoker 206 (8.44) 2210 (91.56) 2416

Total 246 (8.57) 2593 (91.43) 2839
Maternal race/ethnicity, n (%)
Non-Hispanic white 112 (7.06) 1395 (92.94) 1507
Non-Hispanic black 48 (11.93) 354 (88.07) 402
Hispanic 61 (9.06) 644 (90.94) 705
Asian/Pacific Islander 4 (5.06) 70 (94.94) 74
Native American/Alaskan Native 5 (22.72) 14 (77.27) 19
Other 16 (12.68) 116 (87.32) 132

Total 246 (8.57) 2593 (91.43) 2839
Whether the mother was born in the United States, n (%)
Yes 207 (9.01) 2046 (90.99) 2253
No 39 (6.94) 547 (93.06) 586

Total 246 (8.57) 2593 (91.43) 2839
Maternal household income, n (%)
<$10,000 52 (11.03) 498 (88.97) 550
>$50,000 85 (7.84) 914 (92.16) 999
$10,000e$50,000 109 (7.96) 1181 (92.04) 1290

Total 246 (8.57) 2593 (91.43) 2839
Maternal education, n (%)
<High school graduate 44 (10.41) 498 (89.59) 542
12 Y, completed high school or equivalent 57 (9.88) 914 (90.12) 971
Postsecondary 145 (7.51) 1181 (92.49) 1326

Total 246 (8.57) 2593 (91.43) 2839
Maternal age, n (%)
�17 y 12 (11.32) 94 (88.68) 106
18 to 35 y 211 (8.51) 2267 (91.49) 2478
�35 y 23 (9.01) 232 (91.98) 255

Total 246 (8.57) 2593 (91.43) 2839
Number of previous livebirths, n (%)
0 83 (8.53) 955 (91.47) 1038
1 81 (7.86) 864 (92.14) 945
2 47 (8.57) 462 (91.43) 509
>2 35 (10.59) 312 (89.41) 347

Total 246 (8.57) 2593 (91.43) 2839
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we saw a relationship in the nonstratified results (Fig. 2 and
Table A2), though we note that credible intervals overlap. Although
we observed a positive relationship between PM2.5 concentrations
and PTB in months 3 and 4 in the nonstratified analyses, in the
analysis stratifying by temperature, the effect of PM2.5 in months 2
through 5 was elevated for the high temperature group. Although
we cannot directly compare the two strata, we can compare each to
the crude estimates and note that there is a trend of the upper 25th
percentile being higher than the crude estimate, while the lower
75th percentile is generally below it; however, results were
imprecise and credible intervals overlapped (Fig. 2). In addition, the
length of pregnancy for the cases in the high temperature group
was 2.4 days shorter than the length of pregnancy in the cases in
the low temperature group.

Discussion

The elevated odds ratios (ORs) that we observed for exposure in
months 3 and 4 are consistent with recent studies that reported
elevated risk associated with exposure averaged over the first
[37,38] or second trimester [37,39]. In our study, the months we
found to have elevated effect estimates would generally be split
into two different exposure periods in analyses that average
exposure over trimesters (i.e., exposures during month 3 would be
assigned to trimester 1 and exposures during month 4 would be
assigned to trimester 2). If PM2.5 exposures during months 3 and 4
are etiologically relevant to PTB, evaluation of exposure averaged
over trimesters could explain some of the inconsistencies observed
in these studies.

When we evaluated individual weeks of exposure, we observed
elevatedORsduringweeks9e12, thoughnosingleweek stoodout as
being etiologically important.We note that concentrations between
weeks tended to be correlated, thus limiting our ability to detect
critical periods of exposure, should they exist. Several other recent
studies have conducted analyses of weekly exposure periods. Using
a time-series design by Arroyo et al [40], observed positive associ-
ations with exposure during week 17 of gestation. [41] and [11]
separated PTB intomultiple categories based on gestational age and
both observed positive and negative associations depending on
combined exposure and outcome period [41], with 4-week expo-
sures, and by Rappazzo et al [11] with exposures during individual
weeks of pregnancy [42]. examined the relationship between PTB
and traffic-related air pollutants, including PM2.5 over each
trimester, the entire pregnancy, and over the last six weeks of



Table 2
PM2.5 concentrations by state and concentrations where average ambient temper-
ature throughout the pregnancy was greater than the 75th percentile

Metric PM2.5 concentrations
(mg/m3)

PM2.5 concentrations
(mg/m3) where
temp > 75th percentile

Cases Controls Cases Controls

Overall
Minimum 6.6 5.9 6.7 6.2
Q1 11.6 11.7 11.6 11.5
Median 13.7 13.9 13.4 13.8
Q3 16.2 16.4 16.0 16.3
Maximum 31.5 40.2 23.3 30.2

Arkansas
Minimum 6.7 6.2 10.5 9.9
Q1 9.3 8.6 12.9 12.0
Median 10.6 10.1 13.4 13.5
Q3 12.1 12.2 15.0 14.6
Maximum 18.7 20.0 16.5 17.6

California
Minimum 9.5 5.9 9.9 8.7
Q1 13.7 14.6 11.2 13.2
Median 18.5 17.7 12.5 14.9
Q3 22.0 22.3 14.1 16.9
Maximum 31.5 40.2 19.2 30.2

New York
Minimum 10.4 7.8 11.6 8.8
Q1 12.2 11.5 12.5 11.7
Median 12.8 12.5 13.0 12.6
Q3 13.4 13.6 13.2 13.5
Maximum 15.0 17.2 14.1 15.4

Texas
Minimum 6.6 6.6 9.7 8.9
Q1 9.4 9.4 10.5 10.1
Median 10.3 10.1 11.2 11.1
Q3 11.1 11.0 12.0 11.6
Maximum 12.8 16.3 12.8 16.3

Georgia
Minimum 13.5 12.9 16.2 13.0
Q1 15.4 15.4 16.9 16.8
Median 16.4 16.8 17.8 17.9
Q3 17.9 18.2 18.5 19.9
Maximum 23.7 25.1 23.3 25.1

North Carolina
Minimum 10.6 9.5 13.4 11.9
Q1 12.3 12.6 14.4 14.0
Median 14.0 13.7 14.7 14.5
Q3 14.6 14.4 15.8 14.8
Maximum 16.0 16.4 16.0 16.4

Utah
Minimum 6.7 6.2 6.7 6.2
Q1 9.3 8.6 6.7 7.4
Median 10.6 10.1 7.4 8.1
Q3 12.1 12.2 9.5 9.2
Maximum 18.7 20.0 9.6 12.5
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pregnancy and generally observed a positive relationship between
PM2.5 and PTB in the second trimester and over the entire pregnancy
regardless of PTB subtype. Generally, the results of weekly PM2.5
exposure analyses and PTB have been inconsistent across studies,
and noweekly (or subweekly) period of PM2.5 has been identified as
etiologically relevant for PTB. Although we recognize that control-
ling for other exposure windows (e.g., other months of pregnancy)
would be preferable, we lacked the sample size to adequately do so.
In addition, there is also evidence from experimental and epidemi-
ologic studies demonstrating that PM2.5 exposure could result in a
coherent series of physiological responses that provide biological
plausibility for PTB, including placental oxidative stress and intra-
uterine inflammation, altered fetal metabolism, altered placental
growth, and impaired implantation [43].

Our study is novel in its examination of ambient temperature as
a potential effect measure modifier of the relationship between
PM2.5 exposure and PTB. Recent studies have evaluated the effect of
ambient temperature on risk of PTB and have reported greater risks
of preterm birth in summer and winter (when temperatures are
most extreme) compared to spring and autumn (when tempera-
tures are more moderate) [19]. We are unaware of any studies that
have evaluated how temperature could modify the relationship
between PM2.5 and PTB risk, though by Schifano et al [18] looked at
the relationship between PM10 and PTB stratified by season, which
is likely a proxy for temperature, and found a potential effect of heat
and PM10 exposure on PTB risk. Our results, albeit imprecise,
demonstrate the ability of higher temperatures to modify the effect
of PM2.5 exposure modeled as a continuous variable on risk of PTB.
The potential biological mechanisms behind this relationship are
unclear; however, limited toxicological evidence suggests that
exposure to high ambient temperatures may intensify the effects of
environmental pollutants, thus amplifying a relationship between
PM2.5 and PTB [24]. In addition, physiologic changes in response to
higher temperatures, such as increased ventilation, can play a role
in increasing the biological dose of an air pollutant that is experi-
enced among exposed populations, so concurrent high tempera-
ture and higher PM2.5 may result in a higher dose of PM2.5 than the
mother would have under lower ambient temperatures. Finally,
atmospheric processes could mitigate direct effects of temperature
on air pollution [44]. For example, temperature inversions are
capable of trapping air pollutants, including PM2.5, closer to the
ground and increase the potential for exposure [45].

This study has several strengths, including the geographic scope
of the NBDPS and the availability of complete residential histories,
which aids in reducing exposuremisclassification due to residential
mobility and relying solely on residence at the time of delivery to
assign exposure [46,47]. Centralized geocoding increased the con-
sistency of the data across the NBDPS participating centers and
improved the quality control of the geocoded data used to assign
exposure. Studying NBDPS controls allowed us to investigate PTB
without accompanying birth defects. This is an important consid-
eration as certain birth defects have been observed to be higher
among PTBs [48] and excluding infants with birth defects could be
removing an important potential confounder, operating under the
hypothesis that infants with birth defects are not a mediator on the
PTB and PM2.5 relationship. In addition, the NBDPS controls have
been demonstrated to be representative of their source population
[27], improving the generalizability of our results.

Our study also had limitations. Specifically, our study was not
able to account for different subsets of PTB, which may have
different predominant causes. In addition, our study did not have
information on spontaneous compared to iatrogenic PTB; however,
we hypothesize only spontaneous PTB would be associated with
exposure to PM2.5. Both of these limitations would likely lead to
bias toward the null. Our data were also limited by sample size, and
a relatively small number of cases overall may have precluded us
from seeing a relationship in certain analyses, though we note that
it is likely that we would only see effects during biologically rele-
vant periods of exposure, which are unlikely to occur during the
entire length of pregnancy. In addition, as in many PTB studies, our
study used estimates of gestational age to assign case status, and
inaccuracies in predicting gestational age may make it more diffi-
cult to identify critical windows of exposure, particularly in our
weekly analyses.

Another potential limitation is the inability to distinguish be-
tween the potential effects of temperature versus ozone in both the
temperature stratified and nonstratified analyses. Although our
study both controlled for and stratified by high temperature, it is
possible that ozone concentrations may actually be driving the
effect measure modification we saw, as ozone and temperature are
generally positively associated [49]. To our knowledge, there are no



Table 3
Crude and adjusted odds ratios of PM2.5 and preterm birth

Month of pregnancy Crude model,* OR (95% CI) Partial model,y OR (95% CI) Full model,z OR (95% CI)

Month 1x
Q2 0.69 (0.24, 1.70) 0.67 (0.23, 1.81) 0.68 (0.22, 1.65)
Q3 1.15 (0.49, 2.31) 1.09 (0.41, 2.27) 1.13 (0.46, 2.32)
Q4 1.02 (0.54, 1.80) 0.95 (0.48, 1.75) 0.95 (0.51, 1.72)
Continuousk 0.93 (0.76, 1.15) 0.96 (0.77, 1.18) 0.96 (0.77, 1.19)

Month 2x
Q2 1.16 (0.44, 2.46) 1.14 (0.53, 2.22) 1.11 (0.44, 2.80)
Q3 1.09 (0.42, 2.47) 1.08 (0.40, 2.60) 1.06 (0.34, 2.44)
Q4 1.13 (0.62, 2.10) 1.09 (0.56, 1.84) 1.11 (0.57, 2.10)
Continuousk 0.99 (0.82, 1.2) 1.03 (0.85, 1.26) 1.03 (0.84, 1.25)

Month 3x
Q2 0.98 (0.38, 2.22) 0.96 (0.32, 2.10) 1.00 (0.35, 2.18)
Q3 1.19 (0.44, 2.72) 1.11 (0.40, 2.44) 1.14 (0.44, 2.59)
Q4 1.50 (0.83, 2.56) 1.47 (0.80, 2.66) 1.49 (0.82, 2.68)
Continuousk 1.09 (0.91, 1.31) 1.14 (0.94, 1.36) 1.15 (0.95, 1.38)

Month 4x
Q2 1.34 (0.60, 2.71) 1.29 (0.55, 2.89) 1.31 (0.56, 2.91)
Q3 1.62 (0.69, 3.35) 1.56 (0.58, 3.25) 1.62 (0.70, 3.32)
Q4 1.35 (0.67, 2.43) 1.30 (0.70, 2.33) 1.32 (0.69, 2.25)
Continuousk 1.04 (0.87, 1.25) 1.05 (0.87, 1.26) 1.06 (0.87, 1.27)

Month 5x
Q2 0.96 (0.42, 1.96) 0.95 (0.41, 1.99) 0.95 (0.32, 2.38)
Q3 0.77 (0.26, 1.67) 0.73 (0.24, 1.88) 0.71 (0.23, 1.76)
Q4 1.13 (0.56, 1.96) 1.13 (0.60, 1.99) 1.12 (0.60, 1.87)
Continuousk 1.08 (0.90, 1.29) 1.07 (0.88, 1.28) 1.07 (0.89, 1.29)

Month 6x
Q2 1.12 (0.46, 2.37) 1.16 (0.44, 2.42) 1.13 (0.49, 2.37)
Q3 0.88 (0.33, 2.17) 0.82 (0.27, 2.23) 0.81 (0.28, 1.78)
Q4 1.09 (0.55, 2.09) 1.11 (0.59, 1.92) 1.07 (0.57, 1.89)
Continuousk 1.05 (0.88, 1.26) 1.01 (0.85, 1.23) 0.99 (0.83, 1.20)

Month 7x
Q2 0.80 (0.33, 1.80) 0.83 (0.28, 1.80) 0.82 (0.25, 1.82)
Q3 1.01 (0.40, 2.30) 1.03 (0.39, 2.14) 0.99 (0.41, 2.29)
Q4 1.02 (0.55, 1.80) 1.10 (0.59, 1.93) 1.07 (0.57, 1.91)
Continuousk 1.06 (0.87, 1.27) 1.02 (0.83, 1.23) 1.02 (0.83, 1.22)

CI ¼ credible interval.
* Crude model: PM2.5.
y Partial model: PM2.5, adjusted for temperature.
z Full model: PM2.5, adjusted for temperature, maternal age at delivery, household income, maternal education, maternal birthplace, maternal race, maternal smoking

status, parity.
x In all models that look at categorical levels of exposure, Q1 is the referent group.
k Continuous results are presented per 10 mg/m3 unit increase.
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studies that have examined ozone as a potential effect measure
modifier in the PM2.5 and PTB relationship, and studies that have
looked at the ozone and preterm birth relationship directly show
mixed results [6,50,51].

With regard to our temperature-stratified analyses, we only
stratified by high temperature; however, if very low temperature
Fig. 1. The relationship between preterm birth and PM2.5 using weekly, continuous
estimates of exposure. Circles represent odds ratios; lines represent 95% credible in-
tervals. Numbers reported per 10 mg/m3 increase of PM2.5.
days also acts as an effect measure modifier on the PTB and PM2.5
relationship, then it is possible that in certain cases (i.e., during very
cold winters), high temperature could be protective in the winter. If
this is the case, wewould expect to see our high temperature strata
biased toward the null, as both summer and winter months are
included in the analysis.
Fig. 2. The relationship between preterm birth and PM2.5 stratified by ambient tem-
perature averaged over the pregnancy. Circles represent odds ratios; lines represent
95% credible intervals. Numbers reported per 10 mg/m3 increase of PM2.5.
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An additional limitation is our assumption of independence for
our models, as we recognize that the preceding month and pro-
ceeding months of interest are likely associated with the month
analyzed (e.g., the exposure in month 3 is likely correlated with the
exposure in months 2 and 4). This limits our ability to draw con-
clusions about any individual month as a critical window of
exposure. Nevertheless, although we are not able to fully parse out
that a single month of exposure is more strongly associated with
PTB, we do see a pattern of increasing ORs during specific adjacent
months, suggesting that a critical window, should one exist, may be
contained in those months.

To ensure that we captured the largest amount of study popu-
lation possible, while still using monitors that could presumably
capture or be correlated with a person's true exposure, we used
monitors up to 50 km away; however, this large distance has the
potential for increased exposure measurement error, particularly if
the monitors used are not correlated with the true exposure con-
centrations. Previous work has demonstrated that risk estimates
based on the nearest monitor may be more biased than those based
on land use regression models or kriging [52]. Despite choosing a
50 kmmonitor distance, a portion of participants had to be excluded
because ofmissing exposure data (n¼ 2872).We anticipate that this
may lead to bias toward thenull; however, if the lack ofmonitor data
within 50 kmwas systematically due to something that was related
to both exposure and outcome (e.g., if the excluded participants
consistently had lower exposures to PM2.5 during relevant time
periods and higher rates of PTB), it is possible that the bias could be
away from the null. We further note that although we tried to use
the largest study population possible, a portion of the participants
had to be excluded because of missing covariate data (n ¼ 629),
which has the potential to bias results if important covariates differ
substantially between the included and excluded subjects. Finally, if
mothers mediate their exposure to stay inside, then ambient, out-
door PM2.5, and temperature concentrations may not be associated
with their true exposure, leading to bias toward the null.

In addition to spatial scale, we recognize that the temporal
scales we used (i.e., months and weeks) may bias results, particu-
larly given that we do not yet have a firm understanding of the
critical exposure window [53]. Nevertheless, we tried to choose
temporal averaging windows that we thought would be the most
sensitive to our outcome based on the toxicological and epidemi-
ologic information currently available, and less sensitive to varia-
tions in PM2.5. Thus, in our main analysis, instead of focusing on the
trimester, which we anticipated may mask an effect or the week,
we focused instead on themonth.We expect this bias related to our
temporal window choices to be nondifferential with regard to
outcome status.

Overall, we observed elevated risks of PTB associated with PM2.5
exposures during months 3 and 4 of pregnancy. These risks became
more apparent when the exposure period coincidedwith periods of
higher ambient temperatures in stratified analyses, suggesting that
temperature may modify the relationship between PTB and PM2.5,
thoughwe note that results were imprecise and any interpretations
as to the true relationship between these covariates must be made
with caution.
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Table A1
Effect estimates for Figure 1: the relationship between preterm birth and PM2.5

using weekly, continuous estimates of exposure

Week Odds ratios*

Week 9 1.09 (0.94, 1.27)
Week 10 1.06 (0.91, 1.21)
Week 11 1.06 (0.91, 1.23)
Week 12 1.09 (0.94, 1.26)
Week 13 1.01 (0.85, 1.17)
Week 14 1.00 (0.86, 1.16)
Week 15 1.04 (0.89, 1.21)
Week 16 1.07 (0.92, 1.23)

* Effects per 10 mg/m3 increase.

Average temperature across pregnancy by state (degrees Fahrenheit)

Metric Cases* Controls*

Overall
Minimum 36.8 36.3
Q1 53.9 54.2
Median 60.7 59.3
Q3 67.3 65.9
Maximum 83.4 83.2

Arkansas
Minimum 47.3 48.0
Q1 55.9 57.3
Median 59.8 61.0
Q3 68.3 66.6
Maximum 73.0 74.3

California
Minimum 50.9 51.4
Q1 59.9 59.4
Median 64.4 64.2
Q3 68.8 68.3
Maximum 74.7 74.4

New York
Table A2
Effect estimates for Figure 2: the relationship between preterm birth and PM2.5

stratified by ambient temperature averaged over the pregnancy

Month High temperature
(>75%), OR (95% CI)

Low temperature
(<75%) (OR (95% CI)

Month 1 0.81 (0.39, 1.67) 1.01 (0.81, 1.28)
Month 2 1.12 (0.46, 2.48) 1.00 (0.80, 1.24)
Month 3 1.31 (0.57, 3.12) 1.07 (0.87, 1.32)
Month 4 1.10 (0.48, 2.44) 0.97 (0.78, 1.19)
Month 5 1.52 (0.77, 3.20) 1.01 (0.80, 1.25)
Month 6 0.82 (0.39, 1.60) 0.97 (0.79, 1.18)
Month 7 0.70 (0.40, 1.22) 1.03 (0.83, 1.27)

Minimum 36.8 36.7
Q1 43.2 44.7
Median 51.3 50.3
Q3 57.5 56.3
Maximum 63.0 62.9

Texas
Minimum 39.0 43.2
Q1 65.3 67.0
Median 70.6 71.2
Q3 77.0 75.4
Maximum 83.4 83.2

Georgia
Minimum 50.8 49.7
Q1 56.2 55.7
Median 61.7 61.4
Q3 67.2 66.0
Maximum 72.5 71.2

North Carolina
Minimum 49.4 43.4
Q1 52.1 54.2
Median 62.0 59.2
Q3 67.1 64.5
Maximum 70.0 78.0

Utah
Minimum 42.5 36.3
Q1 44.6 45.0
Median 51.2 52.3
Q3 56.9 58.1
Maximum 62.4 63.9

* Temperature reported in degrees Fahrenheit.



Fig. A1. Directed acyclic graph used for analysis.
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