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The authors conducted a case-control survey nested within a birth cohort and collected detailed risk factor

information to assess the extent to which residual confounding and exposure misclassification may impact air

pollution effect estimates. Using a survey of 2,543 of 6,374 women sampled from a cohort of 58,316 eligible births

in 2003 in Los Angeles County, California, the authors estimated with logistic regression and two-phase models the

effects of pregnancy period-specific air pollution exposure on the odds of preterm birth. For the first trimester, the

odds of preterm birth consistently increased with increasing carbon monoxide exposures and also at high levels

of exposure to particulate matter less than or equal to 2.5 lm in diameter (>21.4 lg/m3), regardless of type

of data (cohort/sample) or covariate adjustment (carbon monoxide exposures of >1.25 ppm increased the odds

by 21–25%). Women exposed to carbon monoxide above 0.91 ppm during the last 6 weeks of pregnancy expe-

rienced increased odds of preterm birth. Crude and birth certificate covariate-adjusted results for carbon monoxide

differed from each other. However, further adjustment for risk factors assessed in the survey did not change effect

estimates for short-term pollutant averages appreciably, except for time-activity patterns, which strengthened the

observed associations. These results confirm the importance of reducing exposure misclassification when eval-

uating the effect of traffic-related pollutants that vary spatially.

air pollution; confounding factors (epidemiology); misclassification; premature birth; two-phase regression; vehicle

emissions

Abbreviations: CI, confidence interval; EPOS, Environment and Pregnancy Outcomes Study; OR, odds ratio; PM2.5, particulate

matter less than or equal to 2.5 lm in diameter (PM10 and PM0.1 defined analogously).

Similar to mortality studies of air pollution, previous
pregnancy outcome studies have relied on birth certificate
records as their primary or sole source of data (1–3). These
studies have the advantage of using large sample sizes,
which reduces uncertainty due to random error common
to smaller studies that collect in-depth covariate information
from mothers (4, 5). However, this increased precision
comes at the expense of increased confounding bias, which
is not reflected in the standard uncertainty estimates. The
control of confounding by maternal or fetal risk factors
depends on having adequate covariate information, but birth

record studies are typically limited to routinely recorded
information. Our previous studies of air pollution and low
birth weight and preterm birth using data from the 1990s
(6–9), as well as similar studies conducted worldwide, have
lacked information on many potential confounding factors.

A case-control sample nested within the 2003 birth cohort
in Los Angeles County, California, was selected, and detailed
risk factor information was collected. The Environment
and Pregnancy Outcomes Study (EPOS) at the University
of California, Los Angeles, allowed us to estimate covariate-
adjusted associations for preterm birth and gestational
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age-specific air pollution exposures, and to 1) assess the
extent to which residual confounding may affect our new
results and 2) explore whether exposure misclassification
due to different mobility and time-activity patterns influen-
ces our results. Nesting our survey within a cohort with birth
and air pollution data available for all its members made it
possible to use a two-phase (two-stage) design, correct for
possible selection/response bias, and improve the efficiency
of the estimates compared with analyzing only the surveyed
subsample (10).

MATERIALS AND METHODS

Subject selection

Our source population was the cohort of livebirths taking
place from January 1, 2003, to December 31, 2003, to moth-
ers who resided in a select group of 111 Los Angeles County
ZIP codes, chosen on the basis of their proximity to South
Coast Air Quality Management District monitoring stations
(n ¼ 24 ZIP codes) or major population centers and road-
ways (n ¼ 87 ZIP codes), similar to our previous studies.
Eligible births were to mothers residing in Los Angeles
County at the time of delivery and were identified by use
of California State and Los Angeles County electronic birth
certificate records.

A total of 66,795 births occurred in these 111 study ZIP
codes, representing 41 percent of all Los Angeles County
births in the year 2003. From this group, we excluded births
with recorded defects (n ¼ 202), extreme gestational ages
(missing, <140 days, or >320 days; n ¼ 5,948), extreme
birth weights (missing, <500 g, or >5,000 g; n ¼ 130),
multiple gestations (n ¼ 1,574), births not eventually re-
ported to the state (n ¼ 110), and births taking place outside
Los Angeles County (n¼ 515). Our final cohort consisted of
58,316 eligible births, 87 percent of the original total; we
will refer to this group as the ‘‘birth cohort’’ throughout the
paper.

Using the monthly Los Angeles County birth data sam-
pling frame (refer to the Web Appendix (http://aje.oupjour-
nals.org/)), we selected all cases of low birth weight
(<2,500 g) or preterm birth (<37 completed weeks’ gesta-
tion) and an equal number of randomly sampled controls
(�2,500-g weight and full term) from the set of 24 ZIP
codes located in close proximity to South Coast Air Quality
Management District air monitoring stations. We randomly
selected 30 percent of cases and an equal number of controls
from the set of 87 ZIP codes containing major population
centers and located close to major roadways. Cases and
controls were thus matched on ZIP Code set and birth
month.

We interviewed 2,543 of the 6,374 women sampled from
the birth cohort (40 percent response rate): 1,474 by tele-
phone, 1,004 by mail, and 65 during visits to the mothers’
homes (Web Appendix). Of the 3,831 nonresponders, 274
(7 percent) refused, 340 (9 percent) could not be reached
because of incorrect addresses or telephone numbers, and
3,158 (82 percent) without a correct telephone number did
not return our survey mailed to the address on the birth
certificate. The remaining 59 (2 percent) nonresponders

were out of the country, had a deceased infant, did not live
at home, could not be reached after initial contact, or spoke
neither English nor Spanish.

This research was approved by the Office for Protection
of Research Subjects at the University of California, Los
Angeles, and by the California State Committee for the
Protection of Human Subjects.

Exposure assessment

Each mother’s residential ZIP Code at the time of deliv-
ery was linked to the nearest ‘‘best’’ South Coast Air Qual-
ity Management District air monitoring station, accounting
for distance, geography, and wind flow patterns in the basin.
Data on the infant’s date of birth, gestational age, and daily
(24-hour) mean pollutant measures for three gaseous pollu-
tants (carbon monoxide, nitrogen dioxide, ozone) and daily
or every third day measurements for fine particulate pollu-
tants (PM2.5) were used to calculate mean exposure levels
for three gestational periods: the entire pregnancy, the first
trimester, and the last 6 weeks before delivery.

Statistical methods

We estimated crude and adjusted effects of air pollution
exposure on the odds of preterm birth within our birth cohort
and the nested case-control sample using single- andmultiple-
variable logistic regression models. Preterm infants were
those delivered before 37 weeks, while control infants were
delivered at 37 or more weeks of completed gestation.

Most risk factors of interest had very few missing values
(<1–2 percent) (Web appendix table 1). (This information is
described in the first of three supplementary tables; each is
referred to as ‘‘Web appendix table’’ in the text and is posted
on the Journal’s website (http://aje.oxfordjournals.org/).)
However, because income information was missing for
about 17 percent of our sample, we utilized IVEware soft-
ware (11) and performed multiple imputation based on in-
dividual and census characteristics to replace missing values
of all key confounder variables only in models adjusting for
income. The final models were adjusted for nonimputed risk
factors from birth certificates (maternal age, race/ethnicity,
parity, education, and season of birth) and/or the EPOS
survey (maternal smoking, alcohol consumption, living with
a smoker, and marital status during pregnancy); these cova-
riates (table 1) were selected because they were independent
risk factors for the outcome and, in combination, changed
the estimates for some of the pollutants of interest by more
than 5–10 percent in one of our models. Other risk factors
(e.g., occupation, pregnancy weight gain, income) resulted
in no further changes of point estimates and were not in-
cluded in the models presented.

We treated the pollutants as both continuous and categor-
ical variables. Category cutpoints were determined by di-
viding the birth cohort’s entire-pregnancy pollutant range
into five evenly spaced intervals. If this caused the reference
group to contain less than 10 percent or the highest category
to contain less than 1 percent of the population for any of
the exposure averaging periods, we combined the category
with the adjacent category. This procedure guaranteed
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comparability of the estimated effect sizes across pregnancy
periods while—unlike using quartiles—it also allowed us to
explore the impact of high exposures and to maintain ade-
quate precision.

Two-phase methods were used for some analyses of the
EPOS survey responders (refer to Web Appendix). We used

first-phase variables (including the outcome, covariates,
and exposure) measured for all members of the population
as stratification variables; the second-phase sample was
drawn from within these strata with known probability.
First, we used the detailed covariate data collected for our
second-phase sample to assess their potential for confounding

TABLE 1. Crude odds ratios and 95% confidence intervals for preterm births for phase 1 covariates in the

2003 Los Angeles (California) birth cohort and the Environment and Pregnancy Outcomes Survey

responders and nonresponders

Los Angeles birth cohort
(n ¼ 58,316)

EPOS* nonresponders
(n ¼ 3,831)

EPOS responders
(n ¼ 2,543)

Odds
ratio

95% confidence
interval

Odds
ratio

95% confidence
interval

Odds
ratio

95% confidence
interval

Maternal age (years)

<20 1.16 1.05, 1.29 1.30 1.02, 1.66 1.16 0.87, 1.56

20–24 1.0 1.0 1.0

25–29 0.94 0.87, 1.01 0.95 0.79, 1.14 0.83 0.65, 1.04

30–34 0.97 0.89, 1.05 1.00 0.83, 1.21 0.95 0.75, 1.20

�35 1.20 1.10, 1.30 1.24 1.02, 1.66 1.23 0.95, 1.59

Maternal race/ethnicity

White, non-Hispanic 1.0 1.0 1.0

Hispanic 1.47 1.35, 1.60 1.58 1.27, 1.98 1.36 1.09, 1.69

African American 2.13 1.90, 2.40 2.34 1.75, 3.13 1.72 1.21, 2.45

Asian 1.02 0.88, 1.18 1.10 0.79, 1.54 0.83 0.53, 1.32

Othery 1.51 1.29, 1.77 1.58 1.08, 2.29 1.38 0.89, 2.15

Parity

0 1.0 1.0 1.0

�1 0.86 0.81, 0.91 0.77 0.67, 0.88 0.87 0.74, 1.03

Maternal education (years)

�8 1.06 0.98, 1.16 1.18 0.97, 1.43 0.92 0.71, 1.20

9–11 1.00 0.92, 1.07 1.11 0.93, 1.33 0.91 0.73, 1.15

12 1.0 1.0 1.0

13–15 0.92 0.84, 1.00 1.14 0.93, 1.41 0.87 0.67, 1.11

�16 0.65 0.60, 0.71 0.67 0.53, 0.83 0.67 0.53, 0.84

Season of birth

April–June (spring) 1.05 0.97, 1.13 0.97 0.81, 1.17 1.08 0.86, 1.35

July–September
(summer) 0.94 0.88, 1.02 0.99 0.82, 1.18 0.91 0.73, 1.15

October–December
(fall) 1.03 0.95, 1.11 1.03 0.86, 1.24 0.89 0.72, 1.11

January–March (winter) 1.0 1.0 1.0

First trimester air pollution
exposures

Carbon monoxide
(per 1 ppm*) 1.10 1.04, 1.17 1.14 0.99, 1.31 1.15 0.96, 1.38

Nitrogen dioxide
(per 1 pphm*) 1.02 0.99, 1.06 1.03 0.95, 1.13 1.05 0.94, 1.17

Ozone (per 1 pphm) 0.99 0.96, 1.02 0.95 0.88, 1.02 0.99 0.90, 1.08

PM2.5* (per 10 lg/m3) 1.00 0.94, 1.07 0.95 0.82, 1.10 1.23 1.02, 1.48

* EPOS, Environment and Pregnancy Outcomes Survey; ppm, part(s) per million; pphm, parts per hundred

million; PM2.5, particulate matter less than or equal to 2.5 lm in diameter.

y Includes Native American/American Indian, Indian, Filipino, Hawaiian, Guamanian, Samoan, Eskimo, Aleut,

Pacific Islander, other (specified).
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and to further adjust air pollution estimates when needed.
Second, we used the known sampling fractions to account
for the stratified sampling to reduce potential selection bias
and to increase the statistical efficiency of the case-control
estimators, yielding standard errors closer to those that
could be obtained using the entire first-phase population.

In summary, for EPOS survey respondents, we compared
results from three models: 1) adjusting only for a limited set
of confounders provided on birth certificates; 2) including
additional covariates from our EPOS survey; and 3) using
a two-stage analysis to increase the efficiency of the case-
control estimators.

RESULTS

Demographic information from birth certificates and our
EPOS survey for the birth cohort, survey responders, and
nonresponders is provided in Web appendix table 1. Over
half of all responders identified as Hispanic and were for-
eign born, mostly in Mexico. Approximately 60 percent had
12 or fewer years of education, and 53 percent reported
a household income below $30,000/year in 2002. Very
few women used cigarettes or alcohol during pregnancy
(5 percent and 9 percent, respectively), but 18 percent were
exposed to household environmental tobacco smoke while
pregnant. A majority of women were married or living
with a partner (79 percent) and had previously given birth
(60 percent), and almost all women received prenatal care
starting in the first trimester (91 percent).

Odds ratios for potential risk factors for preterm birth
collected in the EPOS survey are presented in Web appendix
table 2. Odds ratios for the major risk factors recorded on
birth certificates differed most for young maternal age, par-
ity, and education when comparing the birth cohort, EPOS
survey responders, and nonresponders (table 1).

Air pollutants closely tied to primary traffic emissions,
carbon monoxide and nitrogen dioxide, were highly corre-
lated for each pregnancy period and strongly negatively
correlated with pregnancy-specific ozone exposures; carbon
monoxide and PM2.5 were moderately correlated (Web
appendix table 3).

For the first trimester, we observed an increase in the odds
of preterm birth with increasing carbon monoxide expo-
sures, and a positive trend was suggested in the birth cohort
(ptrend < 0.001). Adjusting for birth certificate and EPOS
covariates, we estimated that the odds of preterm birth in-
creased by 11–17 percent for women with average carbon
monoxide levels of 0.59–1.25 ppm (vs. �0.58 ppm) and by
as much as 21–25 percent for women with carbon monoxide
exposures greater than 1.25 ppm (table 2). Similarly, single-
pollutant models showed a 10–29 percent increase in the
odds of preterm birth at the highest levels of first trimester
PM2.5 exposures (>21.36 lg/m3). We observed no consis-
tent patterns of increase in the odds of preterm birth for
ozone or nitrogen dioxide exposures. Multipollutant models
that included carbon monoxide and fine particle measures
generally confirmed these associations; the odds of preterm
birth increased 16–47 percent for women with high PM2.5

exposures and remained between 7 and 25 percent in the
cohort or the EPOS sample (results not shown).

An increase in the odds was also observed for women
with average carbon monoxide exposures above 0.91 ppm
(3–33 percent) during the last 6 weeks before birth. How-
ever, the exposure-response relation was not as consistently
observed as for first trimester exposures. Odds ratios for all
other pollutants late in pregnancy were close to the null
value.

Overall, air pollution exposure estimates for the EPOS
survey responders changed most strongly (>10 percent)
upon adjustment for covariates provided on birth certifi-
cates: maternal age, race, education, parity, and infant’s
season of birth. Effect estimates for first trimester carbon
monoxide averages increased while odds ratios for entire
pregnancy carbon monoxide exposures were generally at-
tenuated. In fact, after adjustment for these covariates, none
of the air pollutants exhibited a consistently positive asso-
ciation with preterm birth when averaged over the entire
pregnancy.

In EPOS responders, the point estimates were often
larger, but because of the much-reduced sample size, the
95 percent confidence intervals were wider. Adding poten-
tial confounders from the EPOS survey to the birth certifi-
cate covariate-adjusted models generally did not change the
pollutant point estimates but further widened the confidence
intervals. Our two-stage models yielded point and interval
estimates similar to the cohort estimates, except for carbon
monoxide estimates averaged over the last 6 weeks or the
entire pregnancy, which could be due to random variability
and/or the differences between the two groups noted in
table 1.

Finally, we restricted our analyses to EPOS survey
women who reported not to have changed residence
throughout pregnancy and found that the first trimester car-
bon monoxide exposures strengthened, although confidence
intervals widened (0.59–0.91 ppm carbon monoxide: odds
ratio (OR)¼ 1.12, 95 percent confidence interval (CI): 0.87,
1.45; 0.92–1.25 ppm carbon monoxide: OR ¼ 1.22, 95 per-
cent CI: 0.90, 1.65; >1.25 ppm carbon monoxide: OR ¼

1.29, 95 percent CI: 0.90, 1.85). Parous women also expe-
rienced strongly increased odds for delivering preterm at
high exposures to carbon monoxide during the last 6 weeks
of pregnancy (0.59–0.91 ppm carbon monoxide: OR¼ 1.13,
95 percent CI: 0.85, 1.51; >0.91 ppm carbon monoxide:
OR ¼ 1.54, 95 percent CI: 1.08, 2.19) compared with
women with first pregnancies (0.59–0.91 ppm carbon mon-
oxide: OR ¼ 0.79, 95 percent CI: 0.55, 1.11; >0.91 ppm
carbon monoxide: OR ¼ 0.90, 95 percent CI: 0.58, 1.39).
For parous women who worked outside the home at any
point during pregnancy compared with those who did not,
first trimester carbon monoxide results did not differ much.
However, parous women who did not work outside their
home and were exposed to high carbon monoxide levels
during the last 6 weeks of pregnancy experienced strongly
increased odds for delivering preterm (0.59–0.91 ppm car-
bon monoxide: OR¼ 1.40, 95 percent CI: 0.93, 2.10;>0.91
ppm carbon monoxide: OR ¼ 1.96, 95 percent CI: 1.19,
3.23) compared with multiparas who reported working out-
side their home during pregnancy (0.59–0.91 ppm carbon
monoxide: OR ¼ 0.92, 95 percent CI: 0.60, 1.41; >0.91
ppm carbon monoxide: OR¼ 1.23, 95 percent CI: 0.73, 2.07).
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TABLE 2. Crude and adjusted (single pollutant) odds ratios and 95% confidence intervals for preterm delivery from one- and two-phase logistic models for birth cohort and

Environment and Pregnancy Outcomes Survey responders residing in Los Angeles (California) in 2003

Birth cohort EPOS* responders

Crude Adjustedy Crude

Adjusted

Adjusted for state
covariatesy

Adjusted for state and
EPOS covariatesz

Two-phase
modelz

Odds
ratio

95% confidence
interval

Odds
ratio

95% confidence
interval

Odds
ratio

95% confidence
interval

Odds
ratio

95% confidence
interval

Odds
ratio

95% confidence
interval

Odds
ratio

95% confidence
interval

First trimester carbon monoxide (ppm*)

�0.58 1.0 1.0 1.0 1.0 1.0 1.0

0.59–0.91 1.16 1.08, 1.25 1.17 1.08, 1.26 1.11 0.90, 1.37 1.11 0.89, 1.38 1.11 0.89, 1.39 1.15 1.03, 1.29

0.92–1.25 1.13 1.05, 1.23 1.15 1.05, 1.26 1.19 0.95, 1.50 1.17 0.90, 1.52 1.17 0.89, 1.52 1.15 0.97, 1.38

>1.25 1.14 1.05, 1.23 1.25 1.12, 1.38 1.18 0.94, 1.50 1.21 0.89, 1.65 1.21 0.88, 1.65 1.25 0.96, 1.63

Last 6 weeks carbon monoxide (ppm)

�0.58 1.0 1.0 1.0 1.0 1.0 1.0

0.59–0.91 1.02 0.95, 1.09 1.00 0.93, 1.08 0.94 0.77, 1.16 0.95 0.77, 1.19 0.97 0.78, 1.21 1.06 0.96, 1.17

0.92–1.25 1.12 1.03, 1.22 1.08 0.98, 1.20 1.22 0.96, 1.54 1.29 0.97, 1.72 1.33 0.99, 1.78 1.23 1.02, 1.47

>1.25 1.06 0.98, 1.15 1.03 0.93, 1.14 1.03 0.83, 1.29 1.14 0.84, 1.55 1.13 0.83, 1.55 1.23 0.98, 1.54

Entire pregnancy carbon monoxide (ppm)

�0.58 1.0 1.0 1.0 1.0 1.0 1.0

0.59–0.91 0.84 0.78, 0.91 0.76 0.70, 0.82 0.77 0.62, 0.97 0.65 0.51, 0.83 0.66 0.52, 0.84 0.73 0.65, 0.83

0.92–1.25 0.93 0.86, 1.00 0.84 0.77, 0.91 0.99 0.79, 1.25 0.82 0.64, 1.07 0.85 0.65, 1.10 0.82 0.71, 0.94

>1.25 1.22 1.09, 1.37 1.03 0.91, 1.17 1.13 0.82, 1.56 0.82 0.57, 1.18 0.83 0.57, 1.19 0.90 0.74, 1.10

First trimester nitrogen dioxide (pphm*)

�2.61 1.0 1.0 1.0 1.0 1.0 1.0

2.62–3.12 1.23 1.14, 1.32 1.22 1.13, 1.31 1.04 0.84, 1.29 1.04 0.83, 1.31 1.04 0.83, 1.30 1.23 1.11, 1.37

3.13–3.64 1.09 1.00, 1.18 1.09 1.00, 1.19 1.15 0.91, 1.44 1.11 0.87, 1.41 1.13 0.88, 1.45 1.07 0.93, 1.23

>3.64 1.09 1.02, 1.18 1.09 1.00, 1.19 1.03 0.82, 1.28 0.92 0.71, 1.20 0.94 0.72, 1.23 1.03 0.86, 1.23

First trimester ozone (pphm)

�2.17 1.0 1.0 1.0 1.0 1.0 1.0

2.18–2.86 1.03 0.97, 1.10 0.98 0.91, 1.06 1.08 0.89, 1.31 1.07 0.85, 1.35 1.08 0.86, 1.37 0.99 0.84, 1.17

2.87–3.54 0.98 0.92, 1.06 0.96 0.88, 1.06 0.91 0.73, 1.13 0.94 0.72, 1.24 0.95 0.72, 1.25 0.95 0.78, 1.17

>3.54 0.93 0.83, 1.03 0.93 0.82, 1.06 1.08 0.80, 1.46 1.17 0.81, 1.68 1.16 0.80, 1.68 0.92 0.70, 1.20

First trimester PM2.5* (lg/m3)

�18.63 1.0 1.0 1.0 1.0 1.0 1.0

18.64–21.36 0.96 0.90, 1.03 1.01 0.93, 1.09 1.11 0.90, 1.36 1.14 0.90, 1.46 1.15 0.90, 1.47 0.98 0.84, 1.15

>21.36 1.05 0.99, 1.12 1.10 1.01, 1.20 1.27 1.06, 1.53 1.27 0.99, 1.64 1.29 1.00, 1.67 1.07 0.85, 1.35

* EPOS, Environment and Pregnancy Outcomes Survey; ppm, part(s) per million; pphm, parts per hundred million; PM2.5, particulate matter less than or equal to 2.5 lm in diameter.

y Adjusted for state covariates: birth season, parity, and mother’s age, race, and education.

z Adjusted for both state covariates (birth season, parity, and mother’s age, race, and education) and EPOS covariates (active and passive smoking, marital status, and alcohol use during

pregnancy).
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DISCUSSION

We conducted the first case-control study nested within
a birth cohort that collected detailed risk factor information
to assess the extent to which residual confounding and ex-
posure misclassification due to time activity and mobility
may affect birth certificate-based studies of air pollution and
adverse pregnancy outcomes. Our extensively adjusted anal-
yses conducted with new 2003 data for both the birth cohort
and our EPOS sample confirmed that carbon monoxide
associations are strongest and suggestive of an exposure-
response relation during the first pregnancy trimester; our
analyses further suggested that higher exposures during the
last 6 weeks of pregnancy may also increase the odds of
preterm birth.

Therefore, we corroborated our earlier birth-certificate-
only–based results that implicated traffic-related pollutants.
We first reported carbon monoxide and particle associations
for preterm birth in the South Coast Air Basin using data
from 1989 to 1993 (7). For the later period from 1994 to
2000 (9), we reported an 8–24 percent increase in risk of
preterm birth per 1-ppm increase in carbon monoxide during
the first trimester among women who lived close to stations
measuring carbon monoxide. Depending on the distance to
the monitoring station, we also observed a 9–30 percent
increase in the risk of preterm birth when average carbon
monoxide concentrations were high (�1.9 ppm) 6 weeks
before birth. For particles (PM10), a risk increase of 17–20
percent during both the early and late pregnancy periods
was seen only for women in the highest exposure quartile
(�51.2 lg/m3) and residing within one mile (1.6 km) of
a station, and no association was seen beyond this distance
from a station that measured these particles.

Complete PM10 measurements were available only for
five of the nine stations measuring particles and—as
previously—these were recorded every 6 days. A denser
PM2.5 monitoring network was established in the Los
Angeles Basin in 1999 with one third of the stations taking
daily measurements, the rest recording every third day.
Thus, for the first time, we were able to use fine particle
measures in our analyses. We found that PM2.5 exposures
during the first trimester, but not the last 6 weeks before
birth, paralleled the carbon monoxide results. These consis-
tent associations for carbon monoxide and PM2.5 suggest
that smaller primary exhaust particles may play an impor-
tant role in the Los Angeles Basin; that is, the observed
associations for carbon monoxide may be attributable to
toxins sorbed to primary exhaust particles. This further sup-
ports our results that proximity to traffic sources is related to
these birth outcomes (8).

The majority of fine and ultrafine (<PM0.1) particles
found in the urban atmosphere derive from engine combus-
tion (12–15). Ultrafine particles have very low mass but
provide a high surface area for the adsorption of toxic spe-
cies, such as polycyclic aromatic hydrocarbons (16). These
particles deposit in the lung (17, 18), escape phagocytosis by
alveolar macrophages, and translocate to extrapulmonary
organs (19), and they may transfer sorbed toxic compounds
to the fetus and the placenta. Experimental and human data
indicate that polycyclic aromatic hydrocarbons can cross the

placenta and reach fetal organs (20–27). It has been sug-
gested that such compounds may interfere with placental
development and subsequent nutrient and oxygen delivery
to the fetus (28, 29), and the DNA-adduct levels of poly-
cyclic aromatic hydrocarbons in cord blood leukocytes have
been linked with decreased birth weights, lengths, and head
circumferences (4, 30).

Another potential mechanism of developmental toxicity
is through activation of the oxidative stress pathway. Poly-
cyclic aromatic hydrocarbons, metals, and related com-
pounds can induce the production of cytotoxic reactive
oxygen species and, ultimately, inflammatory and oxidant
stress responses (16, 31). Ultrafine particles were found to
be potent inducers of cellular heme oxygenase-1 expression
and to deplete intracellular glutathione, both important in
oxidant stress responses (32). Furthermore, while increasing
concentrations of inflammatory cytokines may be part of the
body’s normal preparation for parturition, it has been hy-
pothesized that preterm birth can be triggered by abnormal
cytokine production favoring inflammation (33, 34); for
example, common genetic variants increasing expression
of proinflammatory cytokine genes have recently been as-
sociated with spontaneous preterm birth. Susceptibility to
preterm delivery may be increased by an early activation of
components normally associated with delivery (33, 35).

As explained previously (9), carbon monoxide may be
a better marker of vehicle exhaust toxins than PM2.5, since
the latter includes both particles directly emitted in vehicu-
lar exhaust and those created secondarily through atmo-
spheric reactions (36). Thus, the newly available PM2.5

measures cannot be as easily interpreted as a primary ex-
haust proxy, and carbon monoxide may still be the better
indicator of primary exhaust toxins’ contributions.

Two-phase designs nesting a sample within a cohort for
which both outcome and some exposure information are
available have a long history in epidemiology (37). Yet, they
have not been widely used and, to our knowledge, have
never been applied in studies of birth outcomes and air
pollution. The advantage of a two-phase analysis is better
control of confounding by use of survey data and minimi-
zation of any selection or response bias. Based on our re-
sults, we recommend that researchers consider this design in
the future.

One limitation to our study was the low response rate,
mostly because of our inability to find and/or contact the
women randomly selected from birth records. However,
when the pollutant estimates from the birth cohort, EPOS
responders, and nonresponders were contrasted, the evi-
dence for selection/response bias was modest, even though
responders differed from nonresponders and the birth cohort
in some aspects of exposure, as well as major risk factors for
preterm birth (maternal education and age, being foreign
born) (Web appendix tables 1 and 2). Adjustment for birth
certificate covariates had the strongest influence on pollutant
estimates, while additional adjustment for EPOS-collected
covariates changed the estimates little (table 2). This con-
firmed our hypotheses that 1) estimates of effect for pollu-
tants that change with season and are averaged over short
time intervals, such as months or pregnancy trimesters, are
likely not confounded by behavioral variables that do not
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change seasonally, and 2) state covariates are sufficient to
remove most confounding for the short- to moderate-term
averages. This was further emphasized by our results for
entire pregnancy averages that rely more on spatial rather
than temporal contrasts. The large changes in estimates ob-
served for the entire-pregnancy carbon monoxide averages
(table 2) when adjusting for state covariates seem to support
that these longer term averages are more sensitive to con-
founding bias due to population differences in other risk
factors but, again, indicate that adjustment for additional
behavioral risk factors is not necessary.

Furthermore, we performed a number of sensitivity anal-
yses including adjustment for additional EPOS variables:
pregnancy weight gain, occupation, and imputed income.
Addition of these variables to the models did not change
the effect estimates appreciably. We restricted our analyses
to women who had not moved during pregnancy, and our
results remained unchanged or were slightly strengthened,
as one would expect, assuming that nonmovers suffered less
from exposure misclassification and that misclassification
was nondifferential. Stratifying by whether or not women
worked outside their homes during pregnancy was impor-
tant for estimates of carbon monoxide averaged over the last
6 weeks before birth, suggesting that shorter-term averages
are sensitive to exposure misclassification (likely nondiffer-
ential) introduced by a woman’s actual location. This is
particularly important for primary exhaust pollutants, such
as carbon monoxide, whose concentrations have been
shown to vary substantially over short distances (12, 14,
15, 38–51). We previously argued that a multiparous woman
is more often at home during pregnancy, possibly taking
care of other children (6). For the last 6 weeks before birth,
the strongest and most consistent carbon monoxide expo-
sure results were estimated for multiparas who did not work
outside the home during pregnancy, again raising this sup-
position. Our survey data confirmed that women being preg-
nant for the first time were more likely to be employed
outside the home during pregnancy (63 vs. 47 percent),
and those who had another child within the previous year
were more likely to not work outside their home during
pregnancy (76 vs. 46 percent).

In conclusion, we confirmed our previous results that
exposure to the traffic-related pollutants—carbon monoxide
and fine particles—mostly during the first trimester but also
possibly high exposures prior to delivery are associated with
preterm birth in the Los Angeles metropolitan area. Impor-
tantly, the results were not confounded by well-known risk
factors missing from California birth certificates. The addi-
tional information obtained by survey enabled us to also
confirm that local heterogeneity of pollutants may influence
results for traffic-related exposures, and that it might be im-
portant to consider time-activity patterns and to know where
women spend their time to avoid exposure misclassification.
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