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Evaluating narrow windows of maternal exposure to ozone
and preterm birth in a large urban area in Southeast Texas
Elaine Symanski1, Michelle K. McHugh1, Xuan Zhang2, Elena S. Craft1,3 and Dejian Lai2

The association between O3 exposure and preterm birth (PTB) remains unclear. We evaluated associations for three categories of
PTB and O3 in Harris County, Texas, during narrow periods of gestation. We computed two sets of exposure metrics during every
4 weeks of pregnancy for 152,214 mothers who delivered singleton, live-born infants in 2005–2007, accounting first for temporal
variability and then for temporal and spatial sources of variability in ambient O3 levels. Associations were assessed using multiple
logistic regression. We also examined the potential for a fixed cohort bias. In the bias-corrected cohort where associations were
somewhat stronger, elevated odds ratios (ORs) per 10 parts per billion increase in O3 exposure (county-level metric) were detected
for the fifth (OR= 1.08, 95% confidence interval (CI): 1.04–1.12), sixth (OR= 1.05, 95% CI = 1.01–1.09), and seventh (OR= 1.07, 95%
CI = 1.03–1.10) 4-week periods of pregnancy for late PTB (33–36 completed weeks gestation), the fifth (OR = 1.13, 95% CI = 1.02–
1.25) and seventh (OR= 1.15, 95% CI = 1.04–1.27) 4-week periods of pregnancy for moderate PTB (29–32 completed weeks
gestation), and the fifth (OR = 1.21, 95% CI = 1.08–1.36) 4-week period of pregnancy for severe PTB (20–28 completed weeks
gestation). Conversely, decreased odds were found in the first 4-week period of pregnancy for severe PTB (OR= 0.83, 95%
CI = 0.74–0.94). Associations were slightly attenuated using the spatially interpolated (kriged) metrics, and for women who did
not work outside of the home. Our analyses confirm reports in other parts of the United States and elsewhere with findings that
suggest that maternal exposure to ambient levels of O3 is associated with PTB.
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INTRODUCTION
Houston, the nation’s fourth largest city and the largest city in
Texas, is located in Harris County, a county that exceeds the
National Ambient Air Quality Standard for ambient levels of ozone
(O3) and is therefore designated as a non-attainment area for this
air pollutant. All seven surrounding counties, including neighbor-
ing Galveston and Brazoria Counties, also share this non-
attainment designation.1 Ozone is created in the troposphere as
a result of chemical reactions between nitrogen oxides (NOx) and
volatile organic compounds in the presence of heat and sunlight.
Major sources of NOx and volatile organic compounds in ambient
air largely originate from car and truck exhaust, industrial facilities,
electric utilities, and chemical solvents.2 With over 15,000 miles of
roadway in Harris County, the US Department of Transportation3

estimates that Houstonians travel approximately 93 million vehicle
miles per day. Moreover, the population of Harris County has
grown by 26% since 2000 to over 4.1 million persons in 20104

thereby increasing on-road emissions from mobile sources. In
addition to a network of heavily trafficked roadways, Harris County
is home to the nation’s largest petrochemical industrial complex;
has two of the four largest refineries in the United States; over 700
establishments that manufacture chemical and plastic products;
and leads the nation in production of three major resins (i.e.,
36.6% of polyethylene production; 51.7% of polypropylene

production; and 41.5% of polyvinyl chloride production). Thus,
Houston is often referred to as the “energy capital of the world.”5

There is increasing evidence that ambient air pollution is
associated with preterm birth (PTB).6,7 Unlike other air pollutants
for which the evidence has been more consistent, the association
between O3 exposure and PTB remains unclear. Of the studies
published between 2000 and 2014, five found no association
between O3 and PTB8–12 and nine studies reported positive
associations.13–21 Inconsistencies in study findings may be due
to differences in study settings (e.g., regional differences in
geography and temperature, as well as pollutant sources),
demographic differences in the study population, study designs,
modeling approaches (e.g., single pollutant models or multiple
pollutant models), and/or exposure assessment methods7,22,23

that include variability in the duration of exposure windows that
have been examined.23,24

Because most studies typically use trimesters and/or the entire
pregnancy as the exposure periods of interest,6,7 less is known
about effects of air pollutant exposure during narrower gestational
periods throughout pregnancy. Second, little is known whether
associations would differ based on how early the infant is born
because most studies evaluate PTB as a single category (i.e., births
with less than 37 completed weeks of gestation). Third, although
there is increased emphasis on accounting for spatial and
temporal sources of exposure variability in air pollution
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epidemiology,25,26 applying spatial interpolation techniques such
as kriging has been limited in studies of adverse birth
outcomes.15,27 Only one of these studies investigated O3

exposure.15 Finally, in the air pollution literature, using infant date
of birth to define the birth cohort is a typical practice and, yet, it
has the potential to introduce selection bias (described as a fixed
cohort bias) because the population at risk differs at the beginning
and the end of the study period.28 Hence, to address several gaps,
we designed a study with threefold objectives: (1) to investigate
the association between ambient O3 levels and late (33–36
completed weeks of gestation), moderate (29–32 completed
weeks of gestation), and severe (20–28 completed weeks of
gestation) PTB in a large urbanized area of the United States; (2) to
compare findings using county-level and spatially interpolated
estimates of maternal exposure to O3 for every 4 weeks of her
pregnancy; and (3) to examine fixed cohort bias, by comparing
results using a cohort defined on the basis of infant birth date to a
cohort defined on the basis of date of conception.

METHODS
Study Population
We obtained electronic birth records for infants who were born between
the period of 1 January 2005 and 31 December 2007 in the greater
Houston area (Harris County, Texas) from the Texas Department of State
Health Services. These records included geocoded addresses for the
location of the mother’s residence at time of delivery and were linked to
the Texas Birth Defects Registry. The University of Texas Health Science
Center at Houston Committee for the Protection of Human Subjects and
the Texas Department of State Health Services Institutional Review Boards
approved our study.
We used SAS version 9.2 (SAS Institute, Cary, NC, USA) and Arc GIS 10

(ESRI, Redlands, CA, USA) to prepare our birth record data for analyses.
Among the 222,735 infants who were born in the study area during the
years 2005–2007, we excluded the following data: 34,191 deliveries of
mothers who lived outside of Harris County; 19,692 birth records with
missing birth weight and/or gestational age or where there were large
discrepancies between the obstetrical estimate of gestational age and the
estimate computed based on the first day of the last menstrual period;
5,665 multiple births; 4,564 deliveries of mothers with missing addresses;
and 511 infants with computed gestational ages less than 20 weeks
or greater than 43 weeks. We also excluded 5,898 infants with one or
more congenital anomalies, based on records from an active, state-wide
population-based birth defects registry in Texas. This element of our study
design is likely important as it will establish that an association between O3

and PTB is independent of confounding due to congenital anomalies,
for which there is evidence of an association with air pollution29–31 and
PTB.32–34 Following application of the aforementioned exclusion criteria, a
total of 152,214 singleton births comprised the study population.

Assessment of PTB
We computed gestational age at birth using information on the first day
of the last menstrual period from the birth certificates, which was assigned
as the first day of pregnancy. Next, we classified PTBs into three mutually
exclusive categories and evaluated each one separately in the statistical
analyses: late PTB (33–36 completed weeks of gestation), moderate PTB
(29–32 completed weeks of gestation), and severe PTB (20–28 completed
weeks of gestation). For all three categories, the control group was full-
term infants (37 or more completed weeks of gestation).

Maternal Exposure to O3 during 4-week Gestational Periods and
for the Entire Pregnancy
A total of 22 O3 monitors were used in the exposure assessment. Of this
total, 16 monitors were operating in Harris County in 2004 and 2005 and
17 monitors were operating in 2006 and 2007. In neighboring counties,
there were two monitors in Brazoria County, two in Galveston County (two
in the years 2004 and 2007, one in the years 2005 and 2006), and one in
Montgomery County. Daily maximum 8-h moving averages of O3, reported
in units of parts per million (p.p.m.), were downloaded from the Air Quality
System Data Mart of the US Environmental Protection Agency35 during the

period of 1 January 2004 to 31 December 2007. All concentrations were
converted to parts per billion (p.p.b.).
We computed two sets of exposure metrics during every four weeks of a

mother’s pregnancy accounting first for temporal variability alone and
then for both temporal and spatial sources of variability in ambient air
levels of O3. R programming language (version x64 2.13.0) was used to
generate both sets of exposure metrics. For our county-level metrics, daily
maximum 8-h values were averaged across all monitoring locations in
Harris County. Using these time series of daily air pollutant levels for each
of the 1,461 days from 1 January 2004 to 31 December 2007, we computed
the mean exposure for each 4-week period of a mother’s pregnancy
(i.e., first 4-week period was for 1–4 weeks; second 4-week period was for
5–8 weeks; third 4-week period was for 9–12 weeks; fourth 4-week period
was for 13–16 weeks; fifth 4-week period was for 17–20 weeks; sixth
4-week period was for 21–24 weeks; seventh 4-week period was for
25–28 weeks; eight 4-week period was for 29–32 weeks; and ninth 4-week
period was for 33–36 weeks).
To account for temporal and spatial sources of variability in ambient O3

levels, we applied kriging for optimal linear spatial prediction at
unmonitored sites and fit spherical and exponential semivariogram
models36 for each day in the 4-year period. Next, we used the resulting
time series from both fitted semivariogram models to predict daily
ambient O3 concentrations at each mother’s residence at delivery for each
day of her pregnancy. As before, we used these data to compute exposure
metrics for every 4-week period of a mother’s pregnancy. Because the
kriged values generated under both spherical and exponential semivar-
iograms were very close to each other, we conducted the logistic
regression analyses using the exposure metrics generated under one
(spherical) model.
To ease comparisons with previous studies, we also computed estimates

of exposure during a mother’s entire pregnancy using both the county-
level and kriged time series.

Potential Confounders
Using information reported on the birth records, the following variables
were evaluated as potential confounders. These variables included:
mother’s smoking status (no smoking, smoking before pregnancy, and
smoking throughout pregnancy); race/ethnicity (non-Hispanic white,
Hispanic-foreign born; Hispanic-US born, black, and other); level of
education (o12 years, High School Graduate or GED, 13–15 years, and
16+ years); age; body mass index (BMI) before pregnancy (weight in kg
divided by height in m2); receipt of Women, Infants, and Children services;
trimester prenatal care initiated; parity; and type of payment for delivery
(private insurance, Medicaid, self-pay, other/missing). Using US Centers for
Disease Control and Prevention guidelines for females,37 mother’s BMI was
categorized as being underweight (o18.5 kg/m2), normal weight (18.5–
24.9 kg/m2), overweight (25.0–29.9 kg/m2), or obese (4 30 kg/m2). For
mothers younger than 20 years of age, BMI categories were based on
percentile ranges, as per Centers for Disease Control and Prevention
guidelines for teenagers. Information about marital status and paternal
information reported on the birth certificate was used to create a three-
level variable as a proxy for level of support received from the infant’s
father: mother married; mother not married but reported information on
infant’s father (age, education, or address); and mother not married and
did not report information about the age, educational level, or address of
the infant’s father. We also considered season of birth and season of
conception as potential confounders (summer, June–August; fall, Septem-
ber–November; winter, December–February; and spring, March–May).

Statistical Analysis
All statistical analyses were performed using SAS version 9.2 (SAS Institute
Inc., Cary, NC, USA). To assess the potential for multicollinearity, we
conducted correlation analyses for all exposure metrics (computed for
every 4-week period of pregnancy) and obtained correlation coefficients
that ranged from − 0.43 to 0.59. We performed logistic regression analyses
to evaluate the associations between O3 exposure during pregnancy
and PTB. For late PTB, exposure metrics for the first to the eighth 4-week
periods of pregnancy were included as independent variables within the
model; for moderate PTB, exposure metrics for the first to the seventh
4-week periods of pregnancy were included as independent variables
within the model; and for severe PTB exposure metrics for the first to the
fifth 4-week periods of pregnancy were included as independent variables
within the model.
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We controlled for other variables in our analyses if they resulted in a
≥ 10% change in the estimate of the association between O3 and PTB38 or
are known risk factors for PTB (i.e., smoking, race/ethnicity, age, and
education).39 Therefore, our final logistic regression models were adjusted
for: mother’s smoking status; race/ethnicity; age; level of education; and
season of birth.

Evaluating Fixed Cohort Bias
To examine the potential for fixed cohort bias, we re-defined the cohort on
the basis of dates of conception by limiting to those births whose
conception date was no more than 20 weeks (the shortest gestational age
in the cohort) before the cohort started (1 January 2005) and at least
43 weeks (the longest gestational age in the cohort) before the cohort
ended (31 December 2007). Our bias-corrected cohort included 132,075
pregnancies that represented 87% of the full study population.

Sensitivity Analysis
Using the kriged exposure metrics, we conducted a sensitivity analysis to
address potential misclassification of exposure due to mobility to and from
work and included only mothers who listed “homemaker,” “housewife,”
“stay at home,” “unemployed,” “none,” “N/A,” or some combination of
these as a response to the question about their usual occupation. This
sensitivity analysis was conducted on women who comprised the bias-
corrected cohort.

RESULTS
Table 1 presents characteristics of the full study population
(n= 152,214) and the bias-corrected cohort (n= 132,075). Most of
the population, whether in the full sample population or the bias-
corrected cohort, was Hispanic-foreign born (33%), had less than
a high school education (36%), were married (58–59%), and
reported no smoking during pregnancy (96%). There were near
equal percentages of women who used Medicaid (36%) as
compared with private insurance (36–37%). The mean maternal
age at delivery in the full study population was 26.8 years
(SD± 6.2) and 27.0 years (SD± 6.2) in the bias-corrected cohort.
The mean pre-pregnancy BMI was 25.7 kg/m2 (SD± 5.9) for both
groups, although there were nearly equal proportions of women
with normal weight (49–50%) as compared with women who were
overweight (28%) or obese (18–19%). The mean gestational age
was 38.5 weeks (SD± 2.1) and approximately 9% of all births were
preterm in both groups, which is slightly lower than the national
average of 11%.40 Of these PTBs, 85% were late PTBs, 9% were
moderate PTBs, and 6% were severe PTBs in both study
populations.
The mean level of the 8-h maximum daily average concentra-

tions (n= 1,461) of O3 across the greater Houston area for 2004–
2007 was 37.6 p.p.b. (SD± 16.34). Selected percentiles of the
distribution were: 5th percentile, 16.4 p.p.b.; 10th percentile, 19.8
p.p.b.; 25th percentile, 25.5 p.p.b.; 50th percentile, 33.7 p.p.b.; 75th
percentile, 47.5 p.p.b.; and 90th percentile, 62.4 p.p.b.
Table 2 presents fully adjusted odds ratios (ORs) for the

associations between O3 (county-level metric) and each category
of PTB in the full study population. Elevated odds per 10 p.p.b.
increase in O3 exposure for late PTB in the full study population
were found in the second and seventh 4-week periods of
pregnancy. Conversely, an inverse relationship was found in the
fourth 4-week periods of pregnancy for both late PTB and
moderate PTB.
Results for those pregnancies in the bias-corrected cohort are

also presented in Table 2. For late PTB, elevated odds were found
in the fifth, sixth, and seventh 4-week periods of pregnancy, as
well as the fifth and seventh 4-week periods of pregnancy for
moderate PTB. The most significant increase in odds of PTB was
found in the fifth 4-week period of pregnancy for severe PTB. In
contrast, decreased odds were found for the first 4-week period of
pregnancy for severe PTB. Unlike the full study population, an

inverse relationship was not found for the fourth 4-week period of
pregnancy in late PTB or moderate PTB.
Overall, we found results for the kriged O3 metrics were slightly

attenuated when compared with the county-level O3 metrics
and these finding are presented in Supplementary Materials,
Supplementary Table 1. Also, associations weakened when
restricting analyses to the bias-corrected cohort among women
who did not work outside of the home (Supplementary Materials,
Supplementary Table 2).
When analyzing PTB across the entire pregnancy, increased

odds per 10 p.p.b. increase in O3 exposure were found for late PTB
(OR= 1.21 (95% confidence interval (CI) = 1.10–1.32)), moderate
(OR= 1.31 (95% CI = 0.99–1.74)), and severe PTB (OR = 1.16 (95%
CI = 0.82–1.62)), although the results were statistically significant
only for preterm infants born between 33 and 36 completed
weeks of gestation. Similar results (not shown) were obtained for
the exposure metrics obtained using the kriged data.

DISCUSSION
Our study was conducted to examine susceptibility of the fetus to
O3 exposure during 4-week windows of a mother’s pregnancy in
the greater Houston area, Texas, thus allowing for an evaluation of
exposure during narrow gestational periods. As the nation’s fourth
largest city and the largest city in Texas, Houston was an ideal
location to conduct the study as it is located in a county (Harris
County) that is designated by the US Environmental Protection
Agency as a non-attainment area for O3. All seven surrounding
counties, including neighboring Galveston and Brazoria Counties,
also share this non-attainment designation.41 Moderate associa-
tions between maternal exposure to ambient levels of O3 and late,
moderate, and severe PTB were detected, although they varied in
magnitude (and sometimes direction) across gestational periods.
We also confirmed increases in the odds of PTB with increasing O3

exposure over the entire pregnancy period. Moreover, our study
took into account fixed cohort bias as described by Strand et al.,28

and we report somewhat stronger associations between O3 and
PTB when the bias is addressed.
We applied kriging to capture spatial and temporal variability in

assessing maternal exposure to ambient air levels of O3. Yet, our
findings using the kriged O3 metric (see Supplementary Materials,
Table 1) were slightly attenuated when compared with the results
that relied on the county-level O3 metrics. The only other study15

that employed kriging to examine the association between O3 and
PTB did so with far fewer (n= 3) monitoring stations as compared
with our investigation (n= 22). However, even with the greater
number of monitoring stations available in our study, we
recognize that we may not have had a sufficient number to
obtain stable estimates of the semivariogram model36 and, thus,
may not have captured the local variability in O3 concentrations.
Also, it is possible that the spatial average across monitors
in the county is a better measure of exposure for an individual
than just using the home location because we did not have
information about maternal exposures at locations other than her
residence.
Causes of preterm labor are multifactorial and vary according to

gestational age,42 therefore we examined three mutually exclusive
categories of PTB. Our assessment of exposure for each month
of pregnancy allowed us to more narrowly assess potentially
susceptible exposure windows. In the bias-corrected cohort, we
detected positive associations in the later 4-week periods of
pregnancy for late PTB, with stronger associations for late PTB
and moderate PTB in the fifth and seventh 4-week periods of
pregnancy and in the fifth 4-week period of pregnancy for severe
PTB. Per 10 p.p.b. increase in O3 exposure, the odds of late PTB
increased between 5 and 8% in the fifth through seventh 4-week
periods of pregnancy; the odds of moderate PTB increased
13–15% during the fifth and seventh 4-week periods of
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pregnancy; and the odds of severe PTB increased 21% in the fifth
4-week period of pregnancy. These findings suggest that O3

exposure has the greatest impact on infants born extremely early
(20–28 completed weeks of gestation).
Our finding of a protective association in the first 4-week period

of pregnancy for severe PTB coupled to the positive association in
the fifth 4-week period of pregnancy is difficult to explain.
Although other studies have typically not controlled for multiple
exposure windows in the same analyses, a few investigations have
examined O3 exposure in the first or last month of pregnancy and
PTB. Per 1 part per 100 million increase in O3 concentration,
Wilhelm and Ritz13 in a Southern California study observed an
elevated risk of PTB (relative risk = 1.23 (95% CI = 1.06–1.42)) in the
first month of pregnancy and, in a separate analysis, no risk
6 weeks before birth. In Sydney, Australia, Jaludin et al.21 reported
elevated odds of PTB per 1 p.p.b. increase in O3 levels in the first
month (OR= 1.60 (95% CI = 1.27–2.03)); however, interestingly, the
same study found a decreased association in the first trimester of
pregnancy (OR = 0.81 (95% CI = 0.67–0.98)).
Although not well understood, a myriad of biological mechan-

isms have been suggested to explain the association between air
pollution and PTB and include oxidative stress, pulmonary and
placental inflammation, coagulation, endothelial function, and
hemodynamic responses.42,43 However, as Slama et al.44 state in
their findings from the International Workshop on Air Pollution and
Human Reproduction, because of the heterogeneous chemical and
physical nature of air pollutants, it is unlikely that there is a unique
biological mechanism that will explain the air pollutant effects on
multifaceted events such as adverse birth outcomes. Further,
given that relatively few studies have examined narrow windows
of exposure24,45,46 additional investigations may help elucidate the
underlying biological mechanisms that may be involved in PTB
and possibly lead to interventions that improve perinatal health.
To address what has been called fixed cohort bias, Strand et al.28

simulated a retrospective cohort using data from 114,063
singleton births in Brisbane, Australia, between 1 July 2005 and
30 June 2009. Their results indicate that a bias is present when the
cohort is defined on the basis of infant’s date of birth rather than
date of conception because the population at risk at the
beginning of the study period misses pregnancies with shorter
gestations, whereas the population at risk at the end of the study
period misses pregnancies with longer gestations. Further, this
bias is likely important when examining exposures that vary
seasonally over the course of a year, as is the case with O3 levels.
Whereas Hwang et al.47 found little evidence of fixed cohort bias in
a study investigating air pollution (SO2, NO2, CO, O3, and PM10)
and stillbirth, we found that this bias had a modest effect on our
findings (with somewhat stronger associations detected between

Table 1. Maternal characteristics of the study population and
singleton births whose mothers resided in the greater Houston area,
Texas at delivery, 2005–2007.

Characteristic Full study
population

Bias-corrected
cohort

(n= 152,214) (n= 132,075)

N (%) N (%)

Race/ethnicity
Non-Hispanic White 36,068 (24) 30,880 (23)
African-American/Black 27,722 (18) 24,327 (19)
Hispanic White, US born 29,280 (19) 25,463 (19)
Hispanic White, foreign born 49,460 (33) 42,975 (33)
Other 9,684 (6) 8,430 (6)

Age (years)
⩽16 3,310 (2) 2,881 (2)
17–19 15,425 (10) 13,495 (10)
20–24 39,192 (26) 34,087 (26)
25–29 41,778 (28) 36,244 (28)
30–34 33,284 (22) 28,720 (22)
35–39 15,809 (10) 13,727 (10)
⩾40 3,416 (2) 2,921 (2)

Parity
First birth 58,999 (39) 51,239 (39)
Second or subsequent birth 93,198 (61) 80,821 (61)
Missing 17 (0) 15 (0)

Maternal education (years)
o12 54,188 (36) 47,109 (36)
High school graduate or GED 35,421 (23) 30,741 (23)
13–15 32,953 (22) 28,614 (22)
16± 29,533 (19) 25,524 (19)
Missing 119 (0) 87 (0)

Type of medical insurance
Private Insurance 55,932 (37) 48,168 (36)
Medicaid 54,549 (36) 47,315 (36)
Self-pay 31,951 (21) 27,460 (21)
Other 9,479 (6) 8,861 (7)
Unknown 303 (0) 271 (0)

Mother on WIC during pregnancy
No 73,905 (48) 63,747 (48)
Yes 78,010 (52) 68,240 (52)
Missing 299 (0) 88 (0)

Father support
Married 89,488 (59) 77,127 (58)
Unmarried, with father’s
support

40,034 (26) 34,980 (27)

Unmarried, no father’s support 22,732 (15) 19,968 (15)

Trimester prenatal care began
1st Trimester 88,939 (58) 76,548 (58)
2nd Trimester 40,900 (27) 35,695 (27)
3rd Trimester or none 16,599 (11) 14,666 (11)
Missing 5,776 (4) 5,166 (4)

Maternal smoking
No smoking 145,296 (96) 126,117 (96)
Smoked and stopped trimester
1 or 2

2,993 (2) 2,537 (2)

Smoked throughout pregnancy 3,684 (2) 3,208 (2)
Missing 241 (0) 213 (0)

Pre-pregnancy BMI (kg/m2)
Underweight (o18.5) 6,342 (4) 5,420 (4)
Normal (18.5–24.9) 75,319 (50) 65,172 (49)
Overweight (25.0–29.9) 41,928 (28) 36,425 (28)
Obese (⩾30) 28,012 (18) 24,588 (19)
Missing 613 (0) 470 (0)

Table. 1. (Continued ).

Characteristic Full study
population

Bias-corrected
cohort

(n= 152,214) (n= 132,075)

N (%) N (%)

Gestational age (weeks,
mean± SD)

38.5 (± 2.1) 38.5 (± 2.1)

Preterm delivery (n, %) 14,278 (9) 12,394 (9)
Late (33–36 weeks) 12,084 (85) 10,497 (85)
Moderate (29–32 weeks) 1,288 (9) 1,118 (9)
Severe (20–28 weeks) 906 (6) 779 (6)

Abbreviations: BMI, body mass index; WIC, Women, Infants and Children
services.
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O3 exposure and PTB when the cohort was defined on the basis of
date of conception rather than on infant’s birth date).
Our study is not without limitations. Although we evaluated

confounding due to multiple risk factors for PTB, we cannot rule
out that some residual confounding may still be present.
Residential mobility during pregnancy was not assessed and
may have introduced exposure misclassification. However, in our
previous study that examined exposure misclassification due to
residential mobility during pregnancy among Texas mothers
participating in the National Birth Defects Prevention study, we
found that while 30% of cases (mothers of infants with neural tube
defects) and 24% of control mothers moved during pregnancy,
the moves tended to be of relatively short distances (median
distance moved of 3.5 and 3.7 miles for cases and controls,
respectively).48 Further, Chen et al.49 also examined the potential
for misclassification of air pollutant exposure in a subgroup of a
New York birth cohort and found that of the mothers who moved,
the majority of them remained in the same exposure region. Some
misclassification of exposure is also likely because potential
exposures at locations other than the mother’s residence were not
assessed. Our analysis of a subset of mothers who did not work
outside the home yielded attenuated findings when compared
with the analysis that included all mothers. In the absence of data
on daily activity patterns, place or type of work, and time spent
commuting, applying metrics developed over broader geographi-
cal areas may be preferable to approaches that estimate, for
example, residential exposure. Although we could not evaluate
alcohol use, environmental tobacco smoke (ETS), or nutritional
status as potential confounding variables, results from a nested
case–control study11 suggest that effects of air pollution on PTB
were not affected by lack of control for these risk factors. Finally,
we did not address multiple comparisons; therefore, we recognize
that some of our statistically significant findings may have resulted
from chance.
Our study offers several advantages over earlier studies because

we examined narrower windows of exposure, used a more refined
classification of PTB, and addressed what is termed fixed cohort
bias. Furthermore, our study benefited in being conducted in one
of the most highly monitored regions in the United States that
allowed us to compare findings using county-level and spatially
interpolated estimates of maternal exposure to O3 for every
four weeks of her pregnancy.

CONCLUSIONS
We evaluated associations between maternal exposure to ambient
levels of O3 and PTB in the greater Houston area having
accounted for more discrete windows of susceptibility than has
been examined in previous investigations. Our analyses confirm
reports in other parts of the United States and elsewhere with
findings that suggest that maternal exposure to ambient levels of
O3 is associated with PTB. To better understand the etiology of
PTB, we recommend that future studies select a birth cohort by
date of conception rather than infant birth date, classify PTB into
different categories based on how early the infant is born, and
further examine narrow periods of fetal development.
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