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BACKGROUND: Preeclampsia is a major complication of pregnancy that can lead to substantial
maternal and perinatal morbidity, mortality, and preterm birth. Increasing evidence suggests that
air pollution adversely affects pregnancy outcomes. Yet few studies have examined how local traffic-
generated emissions affect preeclampsia in addition to preterm birth.

OBJECTIVES: We examined effects of residential exposure to local traffic-generated air pollution on
preeclampsia and preterm delivery (PTD).

METHODS: We identified 81,186 singleton birth records from four hospitals (1997-2006) in
Los Angeles and Orange Counties, California (USA). We used a line-source dispersion model
(CALINE4) to estimate individual exposure to local traffic-generated nitrogen oxides (NO,) and
particulate matter < 2.5 pm in aerodynamic diameter (PM) 5) across the entire pregnancy. We used
logistic regression to estimate effects of air pollution exposures on preeclampsia, PTD (gestational
age < 37 weeks), moderate PTD (MPTD; gestational age < 35 weeks), and very PTD (VPTD;
gestational age < 30 weeks).

RESULTS: We observed elevated risks for preeclampsia and preterm birth from maternal exposure
to local traffic-generated NO, and PM, 5. The risk of preeclampsia increased 33% [odds ratio (OR)
= 1.33; 95% confidence interval (CI), 1.18—1.49] and 42% (OR = 1.42; 95% CI, 1.26-1.59) for
the highest NO, and PM, 5 exposure quartiles, respectively. The risk of VPTD increased 128%
(OR = 2.28; 95% CI, 2.15-2.42) and 81% (OR = 1.81; 95% CI, 1.71-1.92) for women in the
highest NO, and PM, 5 exposure quartiles, respectively.

CONCLUSION: Exposure to local traffic-generated air pollution during pregnancy increases the risk
of preeclampsia and preterm birth in Southern California women. These results provide further evi-
dence that air pollution is associated with adverse reproductive outcomes.
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Preeclampsia is a multisystem disorder in
pregnant women, which is characterized by
elevated blood pressure, edema, and protein
in the urine. Preeclampsia complicates an
estimated 2-8% of pregnancies and is a major
cause of maternal mortality and morbidities,
perinatal deaths, preterm birth, and intra-
uterine growth restriction (Duley 1992; Sibai
et al. 2005). Because the only cure is deliv-
ery of the baby and placenta, preeclampsia
is the most frequent primary reason for elec-
tive nonspontaneous preterm birth, account-
ing for 30-35% of total preterm deliveries
(PTD) (Goldenberg et al. 2008; Meis et al.
1998). Preeclampsia does not necessarily lead
to spontaneous PTD, and the association
between preeclampsia and spontaneous PTD
depends on PTD subtypes defined by gesta-
tional age (e.g., very or moderately preterm)
and pathway (e.g., membrane rupture or
spontaneous onset of labor before membrane
rupture) (Ananth et al. 1997).

More than half a million infants are born
prematurely each year in theUnited States
(Hamilton et al. 2006). Preterm birth is asso-
ciated with 70% of neonatal deaths and up
to 75% of neonatal morbidity (Challis et al.
2001). Extremely preterm infants who survive
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the neonatal period face an elevated risk of
serious life-long health problems, includ-
ing learning disabilities and other chronic
conditions (Doyle 1995, 2008). A growing
body of research has linked elevated air pol-
lutant exposures to PTD at pollution lev-
els typical of many U.S. cities (Maroziene
and Grazuleviciene 2002; Perera et al. 2003;
Ritz et al. 2000, 2007; Sram et al. 2005;
Wilhelm and Ritz 2005). So far, preeclampsia
has been associated with air pollution in only
two recent U.S. studies (Rudra and Williams
2006; Woodruff et al. 2008).

There is also a growing body of evidence
linking pollutants found in traffic exhaust
specifically to respiratory and cardiovascular
diseases (Adar and Kaufman 2007; Delfino
2002; Heinrich and Wichmann 2004; Sarnat
and Holguin 2007). Although data are lim-
ited to date (de Kok et al. 2006), evidence is
emerging that fresh vehicle emissions contain
more toxic compounds per unit of particle
mass than do aged aerosols, in part because of
the contribution of ultrafine particles (UFPs;
< 0.1 pm in aerodynamic diameter), which
are found in higher concentration closer to
emission sources (Zhu et al. 2002). Fresh traf-
fic emissions’ toxicity may originate from a
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high concentration of organic components
because particle number concentrations are
orders of magnitude higher, increasing the
surface area to which volatile and semivolatile
pollutants such as polycyclic aromatic hydro-
carbons (PAHs) and carbonyl compounds
can adhere.

There is indirect evidence for adverse
impacts of traffic-generated PAHs on birth
outcomes from studies in the United States
(Choi et al. 2006, 2008; Perera et al. 2003,
2004), Poland (Choi et al. 2006), and the
Czech Republic (Dejmek et al. 2000).
However, most previous birth outcome stud-
ies relied solely on data from air monitors
operated by government agencies, which are
usually sited to assess regional ambient pol-
lution and are thus unlikely to adequately
capture the high spatial heterogeneity of
air pollutants directly emitted from traffic
(Hitchins et al. 2000; Zhu et al. 2002). Two
studies examined the impact of local traf-
fic emissions specifically on PTD (Wilhelm
and Ritz 2003; Yang et al. 2003), but both
assigned exposures based on the distance to
and/or level of traffic on major roadways near
residences, a relatively crude measure of traffic
exhaust that does not consider vehicle emis-
sion rates or meteorology (Jerrett et al. 2005).
Two recent birth outcome studies (Brauer
et al. 2008; Slama et al. 2007), however,
employed more sophisticated techniques to
model traffic-related air pollution based on
land use regression (LUR) that yielded quan-
titative estimates for specific pollutants.

Because of population and economic
growth and the lack of effective public trans-
portation in the Los Angeles area, the amount
of passenger traffic and of goods being moved
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through this region is projected to increase
substantially in the next decade (California
Environmental Protection Agency 2000).
Such rapid growth in traffic-related fossil fuel
use is expected to occur worldwide (Energy
Information Administration 2008), adding
urgency to research evaluating the impact of
increased vehicle emissions on reproductive
health outcomes. To address this issue, in the
present study we investigated the effects of
local traffic-generated air pollution on pre-
term birth and preeclampsia based on the
CALINE4 line-source dispersion model
(Benson 1989), which is specifically designed
for the assessment of traffic emissions from
roads. We obtained health outcomes data
from a perinatal database with detailed clinical
data from a four-hospital network in southern
Los Angeles County and Orange County,
California, from 1997 to 2006.

Materials and Methods

Study population. Our racially and socio-
economically diverse study population resided
in two areas of the South Coast Air Basin
of California [see Supplemental Material,
Figure 1 (do0i:10.1289/ehp.0800334.S1 via
http://dx.doi.org)] that exhibit a wide range
of air pollution concentrations from mobile
sources. One is located in southern Los
Angeles County, north of the Ports of Los
Angeles and Long Beach. The communities
adjacent to the port are affected by major com-
muter freeways and main trucking routes for
goods leading out of the port (Interstate 710);
15% of all containers arriving in the United
States travel on this freeway (Beverly 2005).
The other area is located in Orange County,
southeast of the ports. Four major commuter
and truck transport freeways traverse these
neighborhoods. The study region also covers
some suburban, low-traffic neighborhoods.
Birth data. We acquired all birth-related
variables and antenatal information for preg-
nant women delivering during 1997-2006
within the Memorial Health Care System
(MHCS), a four-hospital network (Chung
et al. 2006). Poverty (percentage of popula-
tion living below the poverty level) informa-
tion by census block groups was obtained from
U.S. Census 2000 data (U.S. Census Bureau
2004). No birth certificate data were used. The
MHCS database included residential address at
delivery, birth hospital, prenatal care insurance,
maternal age and race/ethnicity, maternal med-
ical history (heart disease, chronic hyperten-
sion, previous PTD), preeclampsia and other
maternal complications during pregnancy (dia-
betes, pyelonephritis), parity (first birth vs. sec-
ond or subsequent birth), gestational age, and
the neonate’s sex and birth weight. Gestational
age was calculated according to delivery date
and estimated date of conception (based on last
menstrual period and ultrasound dating). We
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did not have diagnosis dates for preeclampsia;
therefore, we could not determine when the
disease first occurred.

A total of 105,092 neonatal records were
extracted from the birth database. We success-
fully geocoded 92.8% of nonmissing residential
addresses with exact matches to house number
using the TeleAdas Geocoding Service (http://
www.geocode.com). A total of 81,186 single-
ton birth records remained in the data set for
final analyses (77%) after excluding multiple
gestations (1 = 5,261; 5%), incomplete records
including those without full residential address
and those missing any covariate information (7
= 12,6665 12%), and unsuccessfully geocoded
residential addresses and addresses outside the
study region ( = 5,979; 6%). Excluded births
were similar to included births by study region
(Los Angeles County and Orange County),
demographics (age and race/ethnicity), and the
prevalence of preeclampsia.

Air pollution exposure assessment.
Background air pollutant concentrations may
be high in the study region due to port activi-
ties and relatively heavy traffic regionwide.
However, in this study we focused solely on
local traffic-generated pollution to assess the
potentially high toxicity of hypothesized caus-
ative agents (e.g., UFPs and PAHs) in traffic
emissions. Our estimated pollutant exposures
should be regarded as indicators of primary
emissions from local vehicular traffic on top of
background ambient levels [see Supplemental
Material (doi:10.1289/ehp.0800334.51)]. We
modeled local traffic pollution using a modi-
fied CALINE4 dispersion model for two sur-
rogate pollutants [nitrogen oxides (NO,) and
particulate matter < 2.5 pm in aerodynamic
diameter (PM;5)] originating from traf-
fic emissions within 3 km of each residence
(Benson 1989; Wu et al. 2005, 2009), assum-
ing that at this distance we would capture
most local traffic emissions but little regional
pollution transported from upwind areas.
CALINE4 is a Gaussian dispersion model that
employs a mixing zone concept to characterize
pollutant dispersion over the roadway. Major
inputs to CALINE4 include meteorology
(atmospheric stability, mixing height, wind,
and temperature), roadway geometry and traf-
fic activities, and vehicle emission factors. The
performance of CALINE4 has been evaluated
in a number of studies (Benson 1989, 1992;
Broderick et al. 2005; Gramotneyv et al. 2003;
Levitin et al. 2005; Marmur and Mamane
2003). Previous studies have found moder-
ate to high correlations (R = 0.55-0.95) of
CALINE4-modeled estimates with measured
variability of traffic-related air pollutants [e.g.,
NO, and nitrogen dioxide] in urban commu-
nities (Gauderman et al. 2005; Jerrett 2006).
Our recent study showed a high correlation (R
= 0.87) of CALINE4-modeled monthly NO,
concentrations with measurements at nine

monitoring sites in the Long Beach study area
in December 2007 and April 2008 (Wu ],
Lurmann F, Avol E, unpublished data).

A comprehensive traffic database with
annual average daily traffic counts and gasoline
and diesel vehicle fractions was constructed for
the entire study region. Vehicle emission fac-
tors were obtained from the California Air
Resources Board’s EMFAC2007 vehicle emis-
sions model (California Air Resources Board
2008). Paved road-dust emissions for PM, 5
were based on in-roadway measurements (Fitz
and Bufalino 2002). Hourly wind speed, direc-
tion, and temperature were obtained from the
National Weather Service (National Climatic
Data Center 2008). Summarized mixing
heights by season and hour were obtained
from the 1997 Southern California Ozone
Study (Croes and Fujita 2003) and assigned to
each modeled day based on season and hour.

Statistical analyses. PTD was defined as
a birth at < 37 completed gestational weeks,
moderate preterm deliveries (MPTD) as births
at < 35 gestational weeks, and very preterm
deliveries (VPTD) as births at < 30 gesta-
tional weeks. We defined preeclampsia as
the occurrence of mild preeclampsia (blood
pressure > 140/90 mmHg and proteinuria),
severe preeclampsia (e.g., blood pressure
> 160/110 mmHg and proteinuria with
or without signs of end-organ involvement,
including oliguria, liver function abnormalities,
thrombocytopenia, headache), or hemolysis,
elevated liver enzyme levels, and low platelet
count (HELLP) syndrome at any time during
pregnancy. Because hemolysis/HELLP is on the
continuum of mild/severe preeclampsia and is
relatively uncommon, we chose to combine this
diagnosis with severe preeclampsia. Pregnancy
trimesters were defined as gestational weeks
1-13, 1426, and 27 weeks to birth.

We performed multiple logistic regression
using the statistical package R (version 2.6.1;
R Foundation for Statistical Computing,
Vienna, Austria). Confounders were selected
based on a priori knowledge and included
maternal age, maternal race/ethnicity, parity,
prenatal care insurance type [private, pub-
lic (government-sponsored or self-pay), and
unknown], poverty, season of conception,
pyelonephritis (preterm analyses only), and
diabetes (preeclampsia analyses only). We
adjusted for maternal age as a continuous vari-
able using a quadratic polynomial function.
For the preeclampsia analyses, we excluded
women who had preexisting chronic condi-
tions such as hypertension and heart disease
before pregnancy. We separately calculated
odds ratios (ORs) and 95% confidence inter-
vals (ClIs) for increases in the interquartile
range (IQR) for each pollutant exposure met-
ric. ORs and 95% ClIs were scaled to IQR
increases in air pollutant variables to stan-
dardize and compare associations regardless
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of pollutant concentration range or units of
measurement (Lipfert and Wyzga 1999). In
addition to using continuous exposure vari-
ables, we performed categorical analyses in
which we compared subjects in each exposure
quartile with those in the lowest quartile and
tested for dose response. We also examined
the outcomes both collectively and separately
by subcategories, including study region, race,
poverty, insurance type, infant sex, maternal
age, parity, delivery type and method, and
health conditions (diabetes for preeclampsia
and preeclampsia for preterm birth).

Results

Descriptive statistics. Most mothers were non-
Hispanic white or Hispanic (Table 1). The
prevalence of preeclampsia was higher among
PTD women compared with non-PTD
women (12% vs. 2%) and among African-
American women compared with other races
(4% vs. 3%). Mild, severe, and HELLP syn-
drome accounted for 75%, 18%, and 7%
of the preeclampsia cases, respectively. The
prevalence of PTD was higher among male
infants than among female infants (9% vs.
8%) and in African-American women than
in other races (13% vs. 7-9%). Spontaneous

Table 1. Descriptive statistics of infants and
mothers in our study in south Los Angeles County
and Orange County, California, from 1997 to 2006
(n=281,186).

Variable Measure
Mother’s age (mean + SD) 30.0+6.2
Mother's race (%)
African American 8.8
Asian 9.9
Hispanic 321
White 40.3
Other 8.9
Male infant (%) 516
Gestational age [weeks (mean + SD)] 38.7+2.1

Preeclampsia (%) 30

Mild preeclampsia 74.9
Severe preeclampsia 18.2
HELLP syndrome 6.9
Term birth [> 37 weeks (%)] 91.7
Spontaneous 78.3
PTD [< 37 weeks (%)] 8.3
Spontaneous 87.2
MPTD [< 35 weeks (%)] 34
VPTD [< 30 weeks (%)] 1.0
Pyelonephritis (%) 0.2
Diabetes (%) 54
First child (%) 815
Delivery mode (%)
Vaginal 73.1
Cesarean 26.9
Previous preterm infant (%) 1.1
Prenatal care insurance (%)
Private 67.6
Government-sponsored or self-pay 284
Unknown 40
Poverty (%)? 14.2

Traffic pollution and preeclampsia and preterm birth

delivery accounted for 79% of all births and
occurred in 87% of preterm births and 78%
of term births. The poverty rate in our study
region was higher than the national average
(14% vs. 11% based on 2000 Census data)
(U.S. Census Bureau 2004).

Average air pollution exposures derived
from the CALINE4 model for each preg-
nancy period and during the entire pregnancy
were similar and moderately to strongly corre-
lated (Table 2). CALINE4-estimated average
monthly (over all subjects in each calendar
month) NO, exposures showed a clear sea-
sonal trend, with higher exposures in the cool
season (average of 10.8 ppb in December)
and lower exposures in the warm season (aver-
age of 5.8 ppb in June), and we observed a
very similar monthly trend for PM, 5. The
estimated concentrations were much lower
than those measured at three ambient moni-
toring stations in the area (e.g., annual mean
of 57.0 ppb NO,), likely because our model
estimates were for local traffic-generated emis-
sions only. As expected, the modeled NO,
and PM,; 5 exposures were highly correlated
(correlation coeflicient 7= 0.91) in every preg-
nancy trimester, because the two pollutants
are emitted by the same source: local traffic.

Regression analyses. Because of only slight
variations in exposures and effect estimates in
different pregnancy periods [see Supplemental
Material, Tables 1 and 2 (doi:10.1289/
¢hp.0800334.51)], we present all regres-
sion results based on exposure during the
entire pregnancy period. We found positive

associations of preeclampsia and preterm birth
with entire-pregnancy exposure to traffic-re-
lated air pollution (Table 3). An 11% increase
was observed in adjusted risk of preeclampsia
per IQR increase of entire-pregnancy NO,.
Preeclampsia results were the same for mod-
eled PM; 5 exposures. Overall, we observed
somewhat stronger increases in risk of pre-
term birth with increases in modeled NO,
than with modeled PM, 5. The effect of expo-
sure tended to be stronger for VPTD (25%
increase in risk per IQR increase in NO,) than
for PTD considered as a whole (6% increase
in risk per IQR increase in NO,).

Stratified analyses for preeclamp-
sia and preterm birth were conducted
[see Supplemental Material, Tables 3-6
(doi:10.1289/¢hp.0800334.S1)]. We found
greater impacts of traffic-related air pollu-
tion on preeclampsia and VPTD for women
> 40 years of age and in women < 20 years
of age when giving birth, although 95% ClIs
overlapped to a large degree. We observed a
higher risk of preeclampsia from local traffic-
generated air pollution exposure among pri-
vately insured women than among women
on public or government-sponsored insur-
ance [for entire-pregnancy NO,: interquartile
OR (IOR) = 1.12; 95% CI, 1.06-1.18, vs.
IOR = 1.04; 95% CI, 0.96-1.13]. Closer
inspection, however, showed that this was
mostly driven by the high percentage (83%)
of older women (> 40 years of age) using pri-
vate insurance (for > 40 age group: IOR =
1.44; 95% CI, 1.22-1.69; < 40 age group:

Table 2. Pollutant averages and Pearson’s correlation coefficients for pollutants by pregnancy period.

Pearson correlation coefficient

Entire First Second Third
pregnancy trimester trimester trimester
Trimester Pollutant Mean? 1QR  SD NO, PM,s NO, PM,s NO, PM,s NO, PMys
Entire pregnancy NOy 723 565 522 1.00
PM; 5 182 135 133 090 1.00
First trimester NO, 745 617 568 091 083 1.00
PMps 183 144 137 084 094 091 100
Second trimester NOy 729 602 557 097 087 08 079 1.00
PM; 5 183 142 136 089 098 080 091 091 1.00
Third trimester NO, 714 588 554 091 083 071 068 085 079 1.00
PM, 5 184 143 139 085 095 070 082 079 090 091 1.00

aUnits are parts per billion for NO, and micrograms per cubic meter for PMjs.

Table 3. Crude and adjusted ORs per IQR increase? in traffic-related air pollutions for preeclampsia and

preterm, moderate preterm, and very preterm hirth.

Condition No. of cases Pollutant Crude I0R (95% Cl) Adjusted? I0R (95% Cl)
Preeclampsia 2,442 NOy 1.15(1.10-1.19) 1.11(1.06-1.16)
PMy 5 1.13(1.09-1.17) 1.11(1.06-1.15)
PTD (< 37 weeks) 6,712 NO, 1.12(1.09-1.15) 1.06 (1.03-1.09)
PMy 5 1.09(1.06-1.11) 1.03(1.01-1.06)
MPTD (< 35 weeks) 2,749 M 1.22 (1.18-1.26) 1.13(1.09-1.18)
PM, 5 1.15(1.11-1.19) 1.07 (1.03-1.12)
VPTD (< 30 weeks) 775 NO, 1.32(1.25-1.41) 1.25(1.17-1.33)
PMy 5 1.23(1.16-1.31) 1.18(1.10-1.26)

aThe percentage of the population living below the
poverty level based on U.S. Census block group data for
the year 2000.
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2Based on entire-pregnancy exposure. |QR was 5.65 ppb for NO, and 1.35 pg/m® for PM, 5. PAdjusted for maternal
age, maternal race/ethnicity, parity, prenatal care insurance type, poverty, and season of conception in all models.
Additionally adjusted for pyelonephritis in PTD, MPTD, and VPTD models, and for diabetes in preeclampsia models.
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IOR = 1.09; 95% CI, 1.03—-1.16; based on
entire-pregnancy NO,) versus public or gov-
ernment-sponsored insurance (for > 40 age
group: IOR = 0.93; 95% ClI, 0.56-1.54; for
< 40 age group: IOR = 1.05; 95% CI, 0.97-
1.14; based on entire-pregnancy NO,). We
observed no significant differences in effect
estimates by study region, race/ethnicity, pov-
erty, infant sex, parity, delivery type (sponta-
neous vs. nonspontaneous), delivery method
(vaginal vs. cesarean section), diabetes status
(for preeclampsia), and preeclampsia (for pre-
term birth).

Preeclampsia risk increased with quartiles
of modeled NO, and PM, 5 exposures, and
the increase was consistent with a linear dose
response for NO, (Figure 1). We observed
a 33% (OR = 1.33; 95% CI, 1.18-1.49)
and 42% (OR = 1.42; 95% CI, 1.26-1.59)
increase in risk of preeclampsia for women in
the highest NO, and PM, 5 entire-pregnancy
exposure quartiles, respectively. We observed
increasing risks with increasing quartiles of
exposure to modeled NO, and PM, 5 and all
preterm birth outcomes, yet the pattern was
not always linear with dose (Figure 2). We
observed a 128% (OR = 2.28; 95% CI, 2.15—
2.42) and 81% (OR = 1.81; 95% CI, 1.71-
1.92) increase in risk of VPTD for women in
the highest NO, and PM, 5 entire-pregnancy
exposure quartiles, respectively. The dose—
response relationships from the quartile cat-
egorical analyses were consistent with what
we observed from smoothing curves of dose
response [see Supplemental Material, Figure 2
(doi:10.1289/ehp.0800334.51)].

Discussion

There is growing interest in exploring the pos-
sible effects of ambient air pollution on fetal
and perinatal development because the grow-
ing fetus may be particularly susceptible to
the toxic effects of air pollutants (Maisonet
et al. 2004; Mone et al. 2004; Pinkerton and

OR

* T T T T T
1st 2nd 3rd 4th 1st 2nd 3rd 4th
NO, PM,5

Figure 1. Adjusted ORs (95% Cls) for preeclampsia
by entire-pregnancy exposure quartile (adjusted
for maternal age, maternal race/ethnicity, parity,
prenatal care insurance type, poverty, diabetes,
and season of conception).
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Joad 2006). Our study contributes new results
based on exposure data from a dispersion
model for local traffic-generated air pollutants
and preeclampsia. To our knowledge, this is
the first study to show a positive association
between exposure to local traffic-generated
pollutants at the birth residence and the devel-
opment of preeclampsia during pregnancy.
We also found that the risk of premature
birth increases with exposure to local traffic-
generated pollutants, and this risk was stron-
gest for VPTD followed by MPTD and PTD.
This is important because postnatal health
impairments are greatest for the children born
most premature (Doyle 1995, 2008).

The present study had two major advan-
tages over previous studies examining traffic
air pollution and birth outcomes. First, we
modeled air pollution exposures from local
traffic sources (within 3 km) using a compre-
hensive traffic database and a well-established
dispersion model that better characterizes spa-
tiotemporal variability in exposure than that
used in most previous studies. Two exceptions
are recent studies from Munich, Germany
(Slama et al. 2007), and Vancouver, Canada
(Brauer et al. 2008), that employed temporally
adjusted LUR models. However, because the
LUR models were based on ambient air meas-
urement data, they estimated total ambient
air pollutant concentrations with contribu-
tions from many sources other than local traf-
fic emissions. Thus, these exposure estimates
only partially represent local traffic-generated
air pollutants. The amount of total estimated
ambient pollution that is contributed from
traffic may vary according to location in LUR
models. In addition, LUR models may not

25

2.0

OR
—e——

perform well in predicting temporal variations
of exposures because they are mostly built rely-
ing on one to four purpose-designed monitor-
ing windows of 7 to 14 days, with or without
further temporal adjustment using ambient
monitoring station data (Hoek et al. 2008).

The second major advantage is that the
present study used detailed individual-level
clinical data (e.g., chronic hypertension, pyelo-
nephritis, diabetes, heart disease), allowing
us to evaluate the impact of these clinical
parameters on air pollution effect estimates.
But more important, we were able to employ
more accurate gestational age information to
classify preterm birth than most previous air
pollution studies that relied on birth certifi-
cates. Gestational ages on birth certificates are
usually based on first day of last menstrual
period, which leads to misclassification of ges-
tational age due to poor recall, postconception
bleeding, or menstrual irregularities (Dietz
et al. 2007; Kline 1989; Lynch and Zhang
2007). One the other hand, gestational age
estimated by ultrasound measurements alone
may induce systematic errors and inflate the
risk of PTD (Olsen and Basso 2005). More
than 99% of our subjects obtained prenatal
care early in pregnancy, which ensured that
their estimated conception date was based on
a combination of last menstrual period and
early ultrasound dating. Moreover, our preec-
lampsia data were based on hospital records
of clinical diagnoses, probably more accurate
than the preeclampsia data reported on birth
certificates that may only record extreme or
severe preeclampsia cases.

We estimated only local traffic-generated
air pollution exposure in this study, whereas

05 T T T T T T T T T T T T T T T T T T T T T T T T
1st 2nd 3rd 4th  1st 2nd 3rd 4th  1st 2nd 3rd 4th 1st 2nd 3rd 4th  1st 2nd 3rd 4th  1st 2nd 3rd 4th
PTD MPTD VPTD PTD MPTD VPTD
NO, PM,5

Figure 2. Adjusted ORs (95% Cls) for PTD, MPTD, and VPTD by entire-pregnancy exposure quartile
(adjusted for maternal age, maternal race/ethnicity, parity, prenatal care insurance type, poverty, pyelo-

nephritis, and season of conception).

voLuME 117 | numBer 11 | November 2009 - Environmental Health Perspectives



most previous studies based on ambient or
modeled total concentration data (e.g., carbon
monoxide and NO,) examined contributions
from not only local traffic but also pollutants
transported from upwind regions and from
other sources. Local traffic emissions may
differ from aged pollutants from long-range
transport in terms of chemical composition
and particle size distribution. Therefore, our
estimated effect sizes for different outcomes
may not be directly comparable to those from
other air pollution studies.

The only results ever reported for air pol-
lution and preeclampsia relied on CO con-
centrations measured at the nearest ambient
air monitor to residence (Woodruff et al.
2008) or CO and PM, 5 concentrations esti-
mated using linear regression models at each
residence (Rudra and Williams 2006). Rudra
and Williams (2006) observed a 49% increase
in preeclampsia risk (95% CI, 0.76-2.90) for
third- versus first-tertile average CO expo-
sures during the month of conception and the
following 3 months among women in Seattle,
Washington, and Woodruff et al. (2008)
reported an 8% increase in preeclampsia risk
(95% CI, 1.02-1.14) for the highest versus
the lowest entire-pregnancy CO exposure
quartile in Californian women. In our study,
women exposed at the highest quartile of
modeled entire-pregnancy PM, 5 experienced
approximately 40% higher risk of developing
preeclampsia compared with women in the
lowest quartile of exposure. We also noted
a slightly higher risk of preeclampsia from
local traffic-generated air pollution exposure
among privately insured women. This might
have been attributable to the high percentage
(83%) of older women (> 40 years of age)
using private insurance, as mentioned above,
or may result from more accurate diagnosis
of preeclampsia in privately compared with
publicly insured women. Also, older pregnant
women might be especially vulnerable to the
effects of toxins such as air pollutants.

Our preterm birth results are consis-
tent with results from previous birth out-
come studies in the literature. In addition,
the preterm birth results were similar using
separate models for the three nonexclusive
preterm outcomes compared with multilogit
models that captured the relatedness of the
three outcomes [see Supplemental Material,
Table 7 (doi:10.1289/ehp.0800334.51)]. We
estimated a 6% increase in risk of PTD per
IQR in modeled entire-pregnancy NO, expo-
sure and a 25% increased risk of PTD for
mothers in the highest NO, exposure quartile.
Wilhelm and Ritz (2003) previously reported
a 10-20% increase in the risk of PTD in
mothers exposed to high levels of local traffic-
generated air pollution in Southern California,
based solely on residential distance-weighted
traffic density. Following up on this first study,
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they conducted a nested case—control study
within another birth cohort in Los Angeles
County, California, and found PTD to be
approximately 20% higher in mothers with
first trimester CO exposure > 1.25 ppm (Ritz
et al. 2007). A study from Taiwan estimated a
30% increased risk of PTD for mothers living
within 500 m of a major freeway (Yang et al.
2003). A more recent study from Vancouver,
Canada, reported no consistent association of
PTD (< 37 weeks) with any of the pregnancy
air pollution exposure metrics (including LUR
measures) except inverse distance—weighted
PM, 5 concentration during the entire preg-
nancy (OR = 1.06; 95% CI, 1.01-1.11; per
1-pg/m? increase in PM,5) (Brauer et al.
2008). Similar to our findings, risk increased
when they further restricted PTD to < 30
weeks of gestation (for PM, 5 exposure: OR =
1.13; 95% CI, 0.92-1.39; for NO, exposure:
OR =1.26; 95% CI, 1.08-1.47).

We found the risk of preeclampsia and
VPTD due to modeled NO, and PM, 5 expo-
sure from traffic to be greater in the youngest
(< 20 years of age) and the oldest (= 40 years
of age) age groups, consistent with the pre-
term birth results of a study in Los Angeles
County, California (Ponce et al. 2005). Two
U.S. studies, one conducted in Arizona and
North Dakota (Ahluwalia et al. 1997) and the
other in California (Windham et al. 2000),
have also reported a stronger impact of envi-
ronmental tobacco smoke (ETS) on preterm
births among older (= 30 years of age) com-
pared with younger (< 30 years of age) moth-
ers, further suggesting possible differences in
vulnerability by maternal age.

There were several limitations in the
present study. We likely reduced exposure
measurement error for primary traffic pol-
lutants by using a dispersion model and a
sophisticated traffic database versus relying
on ambient measurements. However, the
exposure estimates were based solely on the
maternal address at time of birth. Mobility
rates among pregnant women reported in the
literature range from 12% (Fell et al. 2004) to
35% (Brauer et al. 2008). Ritz et al. (2007)
found that associations between air pollution
exposures (estimated via nearest air monitor)
during pregnancy and preterm birth did not
change or slightly strengthened when restrict-
ing analyses to women who did not move
during pregnancy. The estimates of exposures
in the present study, however, may have been
affected more strongly by residential mobil-
ity because they are more spatially resolved
than in previous studies. Second, our expo-
sure estimates were based only on residential
addresses, ignoring other microenvironments
(e.g., workplace, commuting) that might be
important for personal exposures. Ritz et al.
(2007) reported associations between moni-
tor-based estimates of air pollution exposure
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during pregnancy and PTD to be greater for
women who did not work (and for whom a
residence-based measure of exposure presum-
ably is more accurate) than for women who
worked outside their homes.

Another potential source of bias is resid-
ual confounding due to risk factors we were
unable to account for in our analyses (e.g.,
maternal smoking, ETS, stress, and nutri-
tion). Ritz et al. (2007) collected detailed
survey data postnatally on risk factors not
reported on birth certificates and assessed
the influence of these potential confounding
factors on air pollution effect estimates for
preterm birth. Adjustment for covariates on
birth certificates exhibited the strongest influ-
ence on the pollutant effect estimates, whereas
additional adjustment for a large number of
survey covariates (e.g., occupation, income,
maternal smoking and ETS, alcohol drink-
ing) changed the effect estimates by < 5%.
This confirmed that for pollutants that change
with season and are averaged over short time
intervals (pregnancy months or trimesters),
behavioral factors that do not change season-
ally are unlikely to be confounders. Compared
with ambient measurements of total pollutant
concentrations, however, the major contrast
in the CALINE4-modeled exposure was spa-
tial rather than temporal. Therefore, residual
confounding cannot be ruled out in these pri-
marily spatially based exposure measures.

It is also uncertain to what degree the dis-
persion model we used represents pollutant
species released only by traffic. Comparing
modeled and measured concentrations, we
observed reasonable agreement between
CALINE4-modeled and measured 2-week
average NO, concentrations at 260 resi-
dences in six communities participating in
the Southern California Children’s Health
Study, with an R? ranging from 0.3 to 0.9
(Gauderman et al. 2005; Jerrett 20006).
Relatively high correlations (n = 14; R* = 0.76)
were found between CALINE4-modeled and
measured monthly average concentrations of
NO, at nine monitoring stations in the Long
Beach area in November 2007 and/or April
2008 (Wu J, Lurmann F, Avol E, unpublished
data). The R? for daily estimates ranged from
0.19 to 0.81 (mean = 0.36) among the nine
stations (Wu J, Lurmann F, Avol E, unpub-
lished data). Thus, we expect that longer-
term exposure estimates (monthly, trimester,
and entire-pregnancy averages) derived from
CALINE models closely reflect residential
exposure to local traffic-generated pollutants
because traffic counts and mixing heights are
based on long-term, annual, or seasonal aver-
age observations.

Both modeled PM, 5 and NO, were asso-
ciated with PTD and preeclampsia, but this
should not be interpreted to mean that these
pollutants are necessarily causative for these
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adverse outcomes; rather, they could be act-
ing as surrogates of traffic exhaust, which is a
complex mixture of hundreds of toxic com-
ponents (Kim et al. 2008; Singer et al. 2004).
There is evidence that UFP number concen-
trations may be a more appropriate metric
than gas or particle mass concentrations when
evaluating health risk from traffic-related air
pollution (Oberdérster et al. 2005). UFPs
may be causal agents for the observed health
effects due to their high pulmonary deposi-
tion efficiency, and their orders of magnitude
higher number concentration and surface
area that allows them to carry larger concen-
trations of adsorbed or condensed toxic air
pollutants (e.g., oxidant gases, PAHs, and
transition metals) to the fetus and the pla-
centa (Oberdérster et al. 2005). UFPs con-
tain a signiﬁcant amount of PAHs, which
have been linked to various measures of intra-
uterine growth retardation in studies in New
York State (Choi et al. 2006, 2008; Perera
et al. 2003, 2004), Krakow, Poland (Choi
et al. 2006), and industrial areas of the Czech
Republic (Dejmek et al. 2000). Yet, little is
known to date about the etiologic role that
UFPs and PAHs may play for preterm birth
and preeclampsia.

Several hypotheses have been postulated
to explain how air pollution may trigger PTD.
Toxic compounds in traffic-generated air pol-
lutants may interfere with placental develop-
ment and subsequent nutrient and oxygen
delivery to the fetus (Dejmek et al. 2000).
Another potential mechanism of developmen-
tal toxicity is through the activation of the
oxidative stress pathway. PTD may be trig-
gered by an abnormal production or an early
activation of cytokines favoring inflamma-
tion, even though increasing concentrations
of inflammatory cytokines may be part of
the body’s preparation for normal parturition
(Engel et al. 2005; Keelan et al. 2003).

The mechanisms that initiate preeclamp-
sia in pregnant women have been elusive
(Mutter and Karumanchi 2008; Shah 2007).
Pathology studies show that an abnormal
development of an ischemic placenta with a
high-resistance vasculature contributes to the
development of preeclampsia. Endothelial
dysfunction plays a central role in the patho-
genesis of the syndrome. Multiple inter-
connected pathways linked to endothelial
dysfunction involve oxidative stress, cytokine
release, and a generalized intravascular inflam-
matory response (Baumwell and Karumanchi
2007). Exposure to traffic-related pollutants,
such as UFPs and PAHs, can cause oxida-
tive stress (Li et al. 2003; Nel et al. 2001;
Oberdérster et al. 2005) and endothelial
dysfunction (Tornqvist et al. 2007). Such
exposure could thus contribute to the cardio-
vascular complications of preeclampsia as well

as PTD (Gitto et al. 2002).
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Conclusions

Exposures to local traffic-generated air pollu-
tion modeled with CALINE4 for the entire
pregnancy elevated the risk of preterm birth
and preeclampsia in Southern California
women. A 42% increased risk of preeclampsia
was observed for the highest quartile of mod-
eled traffic-related PM; 5 exposure during the
entire pregnancy. For preterm birth, the expo-
sure—response relation was strongest for VPTD
with potentially serious consequences for the
newborn. These results provide further evi-
dence that traffic-related air pollution is associ-
ated with adverse reproductive outcomes.
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