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Several studies have examined associations between particulate matter with aerodynamic diameter of 2.5 µm or

less (PM2.5) and preterm birth, but it is uncertain whether results were affected by individual predispositions (e.g.,

genetic factors, social conditions) that might vary considerably between women. We tested the hypothesis that a

woman is at greater risk of preterm delivery when she has had elevated exposure to ambient PM2.5 during a preg-

nancy than when she has not by comparing pregnancies in the same woman. From 271,204 births, we selected

29,175 women who had vaginal singleton livebirths at least twice in Connecticut in 2000–2006 (n = 61,688 births).

Analyses matched pregnancies to the same woman. Adjusted odds ratios per interquartile range (2.33-µg/m3)

increase in PM2.5 in the first trimester, second trimester, third trimester, and whole pregnancy were 1.07 (95% confi-

dence interval (CI): 1.00, 1.15), 0.96 (95% CI: 0.90, 1.03), 1.03 (95% CI: 0.97, 1.08), and 1.13 (95% CI: 1.01, 1.28),

respectively. Among Hispanic women, the odds ratio per interquartile range increase in whole-pregnancy exposure

was 1.31 (95% CI: 1.00, 1.73). Pregnancies with elevated PM2.5 exposure were more likely to result in preterm birth

than were other pregnancies to the same woman at lower exposure. Associations were most pronounced in the first

trimester and among Hispanic women.

air pollution; environmental pollution; longitudinal studies; particulate matter; pregnancy; pregnancy outcomes;

preterm birth

Abbreviations: CI, confidence interval; EPA, Environmental Protection Agency; PM2.5, particulate matter with aerodynamic diameter

less than 2.5 µm.

Pretermbirth is the leading cause of perinatalmorbidity and
mortality in developed countries (1), occurring among almost
13% of births in the United States (2). Despite the increasing
incidence of cesarean deliveries, the iatrogenic fraction of pre-
term births (30%–35%) remains small compared with idio-
pathic preterm births (65%–70%) that occur spontaneously
without medical indication (2). Although the pathologies that
lead to spontaneous preterm birth are not well understood, the
etiology of preterm birth is thought to be multifactorial, involv-
ing pathwaysmediated by inflammation or infection and other
immunologically mediated processes (3, 4).

Exposure to ambient air pollution has been suggested as a
risk factor for adverse birth outcomes (5, 6). Notably, fine par-
ticulate matter with aerodynamic diameter less than 2.5 µm
(PM2.5) can elicit a wide range of biological responses. It has
been causally linked to other adverse outcomes (7) and has

been associated with preterm birth (8–11). The majority of
studies have investigated the effects of PM2.5 on fetal growth
rather than on preterm birth (12). Studies in the United States
have been conducted predominantly on the West Coast (in
California) (12), which differs from the northeastern United
States in seasonality and the composition of PM2.5 (13). Most
importantly, it is uncertain whether the results of past studies
were affected by individual predispositions, such as genetic fac-
tors (14) or social conditions (1) that might vary considerably
betweenwomen.Because the incidenceofpretermbirthvaries
by race (1), our recent observation that race is associated with
exposure to PM2.5 (15) highlights a potential pathway bywhich
between-women comparisons might interfere with observed
effect estimates.

We addressed this uncertainty by using a more confirma-
tory ascertainment of risk. Past studies assessedwhether women
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who have elevated exposures to particulate matter are at greater
risk than other women who have lower exposures, compar-
ing pregnancies between women. We tested the hypothesis that
a woman is more at risk of preterm delivery when she has ele-
vated exposure to ambient PM2.5 during pregnancy, compar-
ing pregnancies in the same woman.

MATERIALS ANDMETHODS

Study design and population

Thiswasa longitudinal studyofwomen’s exposure to ambi-
ent airborne PM2.5 and preterm birth across successive preg-
nancies in Connecticut from 2000 to 2006. From a population
of 271,204 singleton livebirths without congenital anomalies,
we sequentially excluded 157 birth records (0.1%) with miss-
ing gestational age; 1,846 records (0.9%) that could not be
geocoded; 1,505 birth records (0.6%) of women who resided
farther than 40 km from a PM2.5 monitoring station; 1,443
records (0.5%) with missing data on parity; and 72,362 births
(27.2%) by cesarean delivery. The remaining reference popu-
lation consisted of birth records for 193,891 neonates born to
152,934 women. The reference population was used to calcu-
late the prevalence of preterm birth by race.
For the longitudinal analyses, this reference population

was restricted to records in which at least 75% of the weekly
means of 24-hour averaged PM2.5 measurements were avail-
able in each trimester and for the whole pregnancy; 24,732
birth records (12.8%)were excluded. The populationwas then
restricted to women who gave birth at least twice during the
study period, resulting in the longitudinal study population
of 61,688 neonates born to 29,175 women.

Data sources and variables

Birth records were obtained from the Connecticut Depart-
ment of Health for all registered births in Connecticut from
January1,2000, toDecember31,2006.Eachobservationcon-
tained variables for the residential location at birth, pregnancy-
related risk factors (average number of cigarettes smoked per
day during pregnancy, birth order), and sociodemographic risk
factors (race/ethnicity, maternal age).
Daily (24-hour) average PM2.5 measurements (taken every

third day) were obtained from the closest Environmental Pro-
tectionAgency (EPA) PM2.5monitor (16) within 40 km of each
woman’s residence at the time of birth, including monitors out-
side Connecticut (n = 14 sites). Similarly, the closest moni-
toring stations (also within 40 km) were used to obtain daily
measurementsof carbonmonoxide (n = 11sites),nitrogendiox-
ide (n = 12 sites), and sulfur dioxide (n = 17 sites). Daily
apparent temperature was calculated (17) by using daily mea-
surements for the closest monitor from the National Climatic
Data Center (in 2006). Copollutant and temperature expo-
sures were generated by using the same procedure described
for PM2.5 exposure.

Outcome assessment

Preterm birth was defined as birth before 37 weeks’ com-
pleted gestation. Period of gestation was obtained from birth

certificate records. This was the best clinical estimate of ges-
tational age, based on ultrasonography data or on last men-
strual period if ultrasonography data were not available. First
and second trimesters were defined as weeks 1–13 and 14–26,
respectively. The third trimester was defined as commencing at
week 27 and ending at the end of week 36 or at birth, which-
ever was earlier.

Exposure assessment

Daily PM2.5 measurements from the closest EPA monitor
within 40 km of a subject’s residence were assigned to each
woman. The 40-km distance was selected as the initial max-
imum distance tominimize exposure misclassification arising
frommore distant sources (e.g., distant cities). Itwas chosen to
include almost all women in the study (99.4%) and because
preliminary research indicated that PM2.5 total mass measure-
ments from pairs of monitors had high correlation (r ≥ 0.9)
within this distance. This distance is also comparablewith that
of 50 km used in a recent study evaluating exposure assess-
ment among pregnant women (18). Weekly mean PM2.5 levels
were calculated as 7-day averages for each monitor over the
1999–2006period.Onlymonitors forwhich therewere at least
75% of these weekly measurements available for the period
1999–2006 were included. This minimized the number of
monitoring sites used to assign exposure to any particular woman
and thereby also reduced the influence of local monitoring
site characteristics on exposure estimates. For example, had
this restriction not been applied and had a monitor been miss-
ing all measurements for a woman’s third trimester, whole-
pregnancy exposure would be nonestimable or would require
measurements from another nearby monitor. Mean exposures
were computed for each week of gestation and were then
used to compute exposure for each trimester and for thewhole
pregnancy. This avoids bias due to changes in the frequency
of PM2.5 measurements (19). Only measurements to week
36 were included in third-trimester and whole-pregnancy
analyses.

Statistical methods and analyses

To examine the potential for confounding by secular trends
caused by factors unrelated to PM2.5, the rate of preterm birth
was calculated (by race) for the reference population byyearof
conception and was compared (by site) with the temporal trend
in mean PM2.5.
Spatiotemporal variation in exposure was partitioned by

using random intercepts models fit with Proc Mixed in SAS,
version 9.3, software (SAS Institute, Inc., Cary, North Caro-
lina). Pregnancies were matched by mother, and statistical
associations were investigated with conditional logistic regres-
sion by using odds ratios, 95% confidence intervals, and
2-sided P values. Separate models were fitted for each trimes-
ter and for whole-pregnancy exposure. Adjustment was made
for the average number of cigarettes smoked per day (none,
1–9, 10–20, or >20), maternal age in years (<20, 20–24, 25–
29, 30–34, 35–39, or ≥40), and parity (0, 1, 2, or ≥3 chil-
dren). Adjustment was made for these factors because of their
potential to change considerably between pregnancies and
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because they are strong independent risk factors for preterm
birth (1, 2).

RESULTS

Prevalence of preterm birth in the reference population

The prevalence of preterm birth by vaginal delivery dif-
fered considerably by race, with a small upward trend over
the period (Figure 1). The prevalence rates of preterm birth
to black women, Hispanic women, and white women were
9.44%, 7.0%, and 5.3%, respectively. Preterm birth occurred
among 6.2% of vaginal singleton livebirths.

Characteristics of the longitudinal study population at

study entry

The requirement of at least 2 births for inclusion in the study
resulted in few women (0.6%) over age 40 years (n = 174) and
more women (11.4%) aged less than 20 years (n = 3,312)
(Table 1). Fewer women (14.3%) had less than 12 years of
education (n = 4,121). The majority of women (68.9%) were
married (n = 20,097), white (67.1%) (n= 19,394), nonsmok-
ers (94.2%) (n = 27,377), and had no other children (64.8%)
(n = 18,912).

Preterm birth outcomes during the study period

A small proportion (1.2%) of women delivered only pre-
term neonates (n = 349) (Table 1). There were 2,557 women
(8.8%) who delivered both preterm and term neonates.

Amount of variation in gestational age explained by

individual factors

Gestational age differedmore betweenwomen than between
pregnancies to the same woman, indicating the importance of
less understood factors such as genetics, social environmental
factors, and recurrent health-related behaviors. For gestational
age (inweeks), 66.0%of thevariationoccurredbetweenwomen,
with the remaining 34.1% due to variation between pregnancies
to the same woman.
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Figure 1. Rates of preterm birth by race (non-Hispanic white, non-
Hispanic black, Hispanic) with annual trend for the reference popula-
tion (n = 193,891 neonates) in Connecticut, 2000–2006.

Table 1. Characteristics and Birth Outcomes at Study Entry for

Women (n = 29,175) Residing in Connecticut Who Delivered at Least

2 Singleton Neonates Without Congenital Anomaly by Vaginal

Delivery, 2000–2006

Characteristic No. of Women %

Age of mother, years

<20 3,312 11.4

20–24 5,768 19.8

25–29 8,507 29.2

30–34 8,906 30.5

35–39 2,508 8.6

≥40 174 0.6

Educational level, years

<12 4,121 14.3

12 6,696 23.2

13–15 5,714 19.8

16 6,681 23.2

>16 5,609 19.5

Marital status

Not married 9,073 31.1

Married 20,097 68.9

Race/ethnicity

White (non-Hispanic) 19,394 67.1

Black (non-Hispanic) 2,960 10.3

Asian 1,033 3.6

Hispanic 4,940 17.1

Other 557 1.9

Mother’s parity

No children 18,912 64.8

1 Child 6,617 22.7

2 Children 2,405 8.2

≥3 Children 1,241 4.3

Smoking, cigarettes per day

None 27,377 94.2

1–9 801 2.8

10–20 860 3.0

>20 31 0.1

Birth outcomes during the study period

Delivered only preterm neonates 349 1.2

Delivered only term neonates 26,269 90.0

Delivered preterm and term neonates 2,557 8.8
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Changes in characteristics of the longitudinal study

population between first and last births

Less than half (45.7%) of the women remained within the
same 5-year age category between their first and last births in
the study period (n = 13,327). Although 5,553 women (19.4%)
changed educational categories during the study period, the
reported number of years of education decreased among 2,151
women (7.5%), which implied poor reliability of this vari-
able for indicating change in educational level. Therewere 2,378
women (8.2%)who changed theirmarital status, 1,998 ofwhom
(6.9%) changed from unmarried to married. There were 1,955-
women (6.7%)who changed level of smoking between theirfirst
and last births in the study period, with an increase in level of
smoking among 1,057 women (3.6%). Almost half (45.4%) of
the women changed residential location between their first and
last births in the study period (n = 13,240). The median distance
movedwas 4.60 km (25th percentile = 1.91 km, 75th percentile =
12.88 km). Among women who moved, approximately half
(55.5%) moved farther away from a PM2.5 monitor. Among
women who moved farther away from a monitor, the median
distance-to-monitor increase was 2.23 km (25th percentile =
0.70 km, 75th percentile = 5.95 km).

Exposure to ambient PM2.5 mass concentration

Levels of ambient PM2.5 varied by monitoring site, with a
secular decrease during the study period (Web Figure 1,
available at http://aje.oxfordjournals.org/). The majority of vari-
ation in dailymeasurements of PM2.5was due to temporal fac-
tors rather thanspatial factors,with7.1%ofvariationexplained
by site and 92.9% explained by within-site variation (day of
measurement).
However, because a pregnancy spans multiple seasons,

78.5% of the variation in mean pregnancy exposure to PM2.5

was explained by site, and 21.5% was explained by within-site
variation (timing of pregnancy). More variation was explained
by time of pregnancy for trimester-specific exposure than for
whole-pregnancy exposure. Timing of pregnancy explained
53.5% and 52.5% of the variation in first- and second-trimester
PM2.5 exposures, respectively. Timing of pregnancy explained
more variation (63.3%) in third-trimester exposure because the
levels are averaged over a shorter period of time in the third
trimester for preterm births and are thereforemore likely to incor-
porate seasonal variation in emissions and meteorological fac-
tors that affect pollutant levels.
Median exposure to PM2.5 in pregnancy was 12.38 µg/m3

(Table 2). At each period of pregnancy, exposure to PM2.5was
positively correlated with carbon monoxide and sulfur diox-
ide levels, negligibly correlatedwith temperature, and negatively
correlated with nitrogen dioxide levels (Web Table 1). After
adjustment for clustering in PM2.5 exposure at the individual-
mother level, there were negative associations among expo-
sures for adjacent trimesters and strong positive associations
between first- and third-trimester exposures to PM2.5 (Web
Table 2). The associations among trimester exposures varied
by race. Among Hispanic women, second-trimester exposure
decreased by 10% of the observed increase in first-trimester
exposure, whereas there was insufficient evidence of such an
association among white women. T
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Change in PM2.5 mass concentration exposure between

births

We calculated the change in PM2.5 mass concentration expo-
sure between the first 2 births from study entry for different out-
come combinations. Exposure was more likely to decrease over
time because of the decreasing trend in PM2.5 mass concentra-
tion. Themeanwhole-pregnancy exposures for the first and sec-
ond births to each woman in the study period were 12.69 µg/m3

and 12.36 µg/m3, respectively (P < 0.001). The proportion of
women with a decrease in exposure from first to second birth
was calculated for women with 2 term births, those with a term
birth followed by a preterm birth, those with a preterm birth fol-
lowed by a term birth, and those with 2 preterm births. Com-
paredwithwomenwho had 2 term births, these proportionswere
2.5% lower (P = 0.097) and 0.8% higher (P = 0.588) for women

with a term birth followed by a preterm birth and those with a
preterm birth followed by a term birth, respectively. Compared
with women who had 2 preterm births, these proportions were
1.5% lower (P = 0.617) and 1.8%higher (P = 0.531) forwomen
who had a term birth followed by a preterm birth and for those
who had a preterm birth followed by a term birth, respectively.

Association between PM2.5 mass concentration

and preterm birth by exposure period

We observed the strongest evidence for an association of
preterm birth with PM2.5 exposure in the first trimester and
weaker evidence for third-trimester and whole-pregnancy
exposures (Table 3). The odds of preterm birth increased by
a factor of 1.10 (95% CI: 1.03, 1.17) per interquartile range
increase in first-trimester PM2.5. There was weaker evidence

Table 3. Odds Ratios by Exposure Period and Race for Preterm Births per Interquartile Range Increase in Whole-Pregnancy PM2.5, Comparing

Each Woman’s Preterm Pregnancy With Her Term Pregnancy, Connecticut, 2000–2006

Exposure Period by
Race

No. of
Births

No. of
Womena

Stratab Unadjusted Adjustedc Fully Adjustedd

% OR 95% CI
P

Valuee
OR 95% CI

P
Value

OR 95% CI
P

Value

All women

First trimester 61,688 29,175 8.8 1.11 1.05, 1.19 0.001 1.10 1.03, 1.17 0.005 1.07 1.00, 1.15 0.065

Second
trimester

61,688 29,175 8.8 0.94 0.89, 1.01 0.070 0.93 0.87, 0.99 0.026 0.96 0.90, 1.03 0.292

Third trimester 61,688 29,175 8.8 1.06 1.01, 1.12 0.020 1.06 1.00, 1.11 0.037 1.03 0.97, 1.08 0.390

Whole
pregnancy

61,688 29,175 8.8 1.18 1.05, 1.33 0.005 1.13 1.00, 1.28 0.043

White

First trimester 41,118 19,939 7.2 1.05 0.96, 1.14 0.273 1.02 0.94, 1.11 0.626 1.00 0.91, 1.09 0.913

Second
trimester

41,118 19,939 7.2 0.98 0.90, 1.07 0.669 0.94 0.86, 1.03 0.190 0.95 0.87, 1.05 0.310

Third trimester 41,118 19,939 7.2 1.05 0.98, 1.12 0.148 1.04 0.97, 1.11 0.280 1.03 0.95, 1.11 0.488

Whole
pregnancy

41,118 19,939 7.2 1.11 0.96, 1.29 0.154 1.02 0.88, 1.20 0.768

Black

First trimester 6,378 3,117 11.7 1.16 0.98, 1.37 0.076 1.17 0.98, 1.38 0.079 1.13 0.93, 1.38 0.217

Second
trimester

6,378 3,117 11.7 0.93 0.79, 1.10 0.411 0.93 0.78, 1.10 0.391 1.03 0.84, 1.26 0.814

Third trimester 6,378 3,117 11.7 1.10 0.97, 1.26 0.136 1.12 0.98, 1.27 0.107 1.08 0.93, 1.26 0.300

Whole
pregnancy

6,378 3,117 11.7 1.35 0.98, 1.88 0.068 1.39 0.99, 1.96 0.056

Hispanic

First trimester 10,656 5,241 10.1 1.23 1.07, 1.41 0.003 1.25 1.08, 1.44 0.003 1.18 1.00, 1.39 0.045

Second
trimester

10,656 5,241 10.1 0.88 0.77, 1.00 0.054 0.85 0.74, 0.98 0.022 0.93 0.80, 1.08 0.345

Third trimester 10,656 5,241 10.1 1.12 1.01, 1.26 0.040 1.13 1.01, 1.27 0.039 1.06 0.93, 1.20 0.394

Whole
pregnancy

10,656 5,241 10.1 1.34 1.03, 1.75 0.031 1.31 1.00, 1.73 0.054

Abbreviations: CI, confidence interval; OR, odds ratio; PM2.5, particulate matter with aerodynamic diameter of 2.5 µm or less.
a Numbers of women may not equal those in Table 1. Counts in Table 1 were determined at the time of first birth (at study entry). Table 3 counts

reflect women who ever identified with the particular race/ethnicity during the study period.
b Informative strata is the number of women with both preterm and term births during the study period.
c Adjusted for parity, maternal age, and smoking tobacco during pregnancy.
d Adjusted for parity, maternal age, smoking tobacco during pregnancy, and exposure to PM2.5 in both of the other trimesters.
e P values are 2-sided fromWald χ2 test statistics.
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for an association in the opposite direction for second-trimester
exposure. The odds of preterm birth decreased by a factor of
0.93 (95% CI: 0.87, 0.99) per interquartile range increase in
second-trimester PM2.5. Because of the autocorrelation in
PM2.5 exposures, we assessed the independent associations
of each trimester conditional on exposure in other trimesters
(Table 3). We observed stronger evidence for first-trimester
PM2.5 exposure (odds ratio = 1.07, 95% CI: 1.00, 1.15).

Association between PM2.5 mass concentration

and preterm birth by race

There was negligible evidence of an association between
PM2.5 mass concentration and preterm birth for white women
and weak evidence for black women. For black women, for
each interquartile range increase in whole-pregnancy expo-
sure to PM2.5, the odds of preterm birth increased by a factor
of 1.39 (95% CI: 0.99, 1.96). For Hispanic women, the odds
of preterm birth increased by factors of 1.25 (95% CI: 1.08,
1.44), 1.13 (95% CI: 1.01, 1.27), and 1.31 (95% CI: 1.00, 1.73)
per interquartile range increase in first-trimester, third-trimester,
and whole-pregnancy exposures, respectively. A protective
effect was observed among these women for second-trimester
exposure. However, second-trimester exposure was negatively
correlated with exposures in the first trimester (r =−0.02, P =
0.0382) and third trimester (r =−0.09, P < 0.0001). After simul-
taneous adjustment for exposure in the other trimesters (full
adjustment), the association with second-trimester exposure
(odds ratio = 0.93, 95% CI: 0.80, 1.08) and third-trimester
exposure (odds ratio = 1.06, 95% CI: 0.93, 1.20) became sta-
tistically nonsignificant, whereas the adverse association for
first-trimester exposure remained (odds ratio = 1.18, 95% CI:
1.00, 1.39) (Table 3).

Robustness of the associations

Odds ratios per interquartile range increase in whole-
pregnancy PM2.5 exposure were robust to separate adjustments
for carbon monoxide, nitrogen dioxide, sulfur dioxide, ambi-
ent maximum temperature, and area-level socioeconomic fac-
tors. Adjustment for a propensity score derived from the timing
of pregnancy resulted in an increase in the odds ratio estimate,
although the 95% confidence intervals overlapped. Analyses
were also restricted to women living within 10 km, 20 km, or
30 km of a monitor. At each distance, the associations remained
statistically significant. The intervals overlapped considerably,
and point estimates increased with restriction to participants
who lived closer to a monitor. Details of these sensitivity ana-
lyses are provided in Web Table 3 and the Web Appendix.

DISCUSSION

Summary of results

We observed an adverse association with preterm birth for
elevated maternal exposure to PM2.5 in the first trimester of
pregnancy. Per interquartile range increase in first-trimester
exposure to PM2.5, there was weak evidence for a 7% increase
in risk of preterm birth among all women and strong evidence
for an 18% increase in risk among Hispanic women. Odds

ratio estimates for black women were comparable to those
for Hispanic women, but interval estimates were wider, pos-
sibly because of the smaller cohort size. There was negligi-
ble evidence for an association among white women. Odds
ratios observed in this study appeared to be robust to adjust-
ment for exposure to ambient air pollutants and temperature.
Moreover, estimates were greater after adjustment for unmea-
sured temporal factors (propensity score), indicating that this
score is more likely to be a proxy for risk factors indepen-
dent of PM2.5 rather than confounders, and that estimates unad-
justed for this score were attenuated. It also appeared that odds
ratios were attenuated by exposure misclassification due to
distance from an EPA monitor. Although the intervals over-
lapped, the point estimates increased with decreasing exposure
misclassification (shorter distance to amonitor). We observed
adverse associations among a cohort whose median whole-
pregnancy exposure (12.38 µg/m3) was close to the EPA annual
standard (12 µg/m3) set under the authority of the Clean Air
Act of 1970 as requisite to protect public health with an ade-
quate margin of safety (20). The annual standard recommended
by the World Health Organization (Geneva, Switzerland) is
10 µg/m3 (21).

Comparison with past studies

It is difficult to directly compare the risk estimates from
this study with those reported in past studies, because this is
the first longitudinal study accounting for individual-level risk.
Adverse associations with preterm birth have been reported
for elevated first-trimester exposure to total suspended parti-
cles in the Czech Republic (22); more coarse particulates
(particulate matter with aerodynamic diameter less than 10
µm) in California (23), South Korea (24) and Australia (25);
and PM2.5 in California (8, 9). However, few studies have
reported associations for all trimesters of exposure (12), and
therefore the influence of selective reporting is unclear. A recent
meta-analysis reported a pooled odds ratio for preterm birth
of 1.05 (95% CI: 0.98, 1.13) per 10-µg/m3 increase in third-
trimester exposure to ambient PM2.5 (6). We also observed
an adverse association with preterm birth for elevated expo-
sure in the third trimester. However, we did not observe sufficient
evidence to suggest that the adverse association for third-
trimester exposure persists after adjustment for exposure in
other trimesters. Our results are also likely to be different
from those of the meta-analysis because 1) we investigated
individual-level risk rather than its approximation from between-
women comparisons, 2) only 4 studies contributed to the
pooled estimate, and 3) we included only pregnancies at risk
of preterm birth by excluding cesarean deliveries, the major-
ity of which occur without labor (26).

Limitations

From a large base population (>270,000 births), we obtained
a longitudinal population of approximately 61,000 births over
a 7-year period. This allowed estimation of risk estimates for
larger subpopulations (white, Hispanic), but the smaller cohort
size for black women limited statistical power. Similarly, longer
periods are needed with residence-to-monitor distances of less
than 10 km to study associations with risk of preterm birth.
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Although we obtained highly temporally resolved measure-
ments of PM2.5 total mass (a 24-hour sample taken at least every
third day), spatial resolution was limited by the number and
location of EPA monitoring stations. However, exposures were
not driven primarily by timing of pregnancy, because preg-
nancies are distributed throughout the year. In fact, the timing
of pregnancy explained as much of the variation in trimester
exposures as did residential location. We did not identify the
specific source or the chemical composition of the PM2.5 asso-
ciated with preterm birth. However, PM2.5 is still regulated
on the basis of total mass, not chemical composition, and there-
fore epidemiologic studies of total mass are necessary to inform
the setting or revision of these standards. Women excluded
on the basis of the exposure criterion were similar in sociode-
mographic characteristics to the studypopulation (WebTable 4).
However, excluded women were slightly more likely to be
older, married, and white and to havemore education and larger
family sizes. Moreover, the proportion of women who deliv-
ered both preterm and term neonates (the informative strata)
in the excluded populationwas similar to that of the study popu-
lation. Finally, we note that future studies would additionally
benefit from 1) a large longitudinal (i.e. maternally linked)
cohort, 2) focus on more vulnerable populations (such as black
and Hispanic women), 3) knowledge of the timing of inter-
mediary precursors of preterm birth, and 4) in the absence of
this knowledge, the ability to separately identify cesarean deliv-
eries with labor and those without labor.

Biological plausibility

Inhaled PM2.5 can penetrate the gas exchange region of the
lungs and enter the bloodstream, taking with it large amounts
of biologically harmful radicals that also cause DNA damage
(27), toxic chemicals such as carcinogenic polycyclic aro-
matic hydrocarbons, and harmful metals (28). Mechanisms
resulting in preterm birth might be similar to those of cardio-
vascular endpoints (29) for which causal associations with
PM2.5 have been concluded (7). Although the mechanisms
by which PM2.5 may lead to preterm birth are not as well under-
stood (30), elevated exposure to PM2.5 might lead to preterm
birth by increasing susceptibility to infection (31, 32), by inter-
feringwith placental development (33), or through an abnormal
production or early activation of cytokines favoring inflam-
mation, which are part of the body’s preparation for parturi-
tion (34, 35).

Because almost two-thirds of the variation in gestational
age was due to variability between women, this study, com-
paring multiple pregnancies in the same woman, is less sub-
ject to unmeasured factors that vary across women than were
previous studies. Socioeconomic status, in particular, is an
abstract concept used to reflect the social determinants of
health and is difficult to measure (36, 37). It is strongly asso-
ciated with preterm birth and can exhibit inequitable expo-
sure distributions (15). Perhaps more important are the factors
marking individual predisposition that are not only difficult to
measure but are yet unidentified. We addressed this uncertainty
by using a longitudinal design. In this study, pregnancies with
elevated PM2.5 exposure were more likely to result in preterm
birth than were other pregnancies to the samewomen at lower

levels of exposure. Associations were more pronounced in
the first trimester and among Hispanic women.
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