1duosnue Joyiny vd3 1duosnuel Joyiny vd3

1duosnuel Joyiny vd3

EPA Public Access

Author manuscript
Environ Res. Author manuscript; available in PMC 2022 July 01.
About author manuscripts [ Submit a manuscript

Published in final edited form as:
Environ Res. 2021 July ; 198: 111317. doi:10.1016/j.envres.2021.111317.

Ozone exposure during early pregnancy and preterm birth: a
systematic review and meta-analysis

Kristen M Rappazzo™1, Jennifer L Nichols?, R Byron Ricel, Thomas J Lubenl

Lu.S. Environmental Protection Agency, Office of Research and Development, Center for Public
Health and Environmental Assessment

Abstract

Exposure to ozone has been linked to reproductive outcomes, including preterm birth. In this
systematic review, we summarize published epidemiologic cohort and case-control studies
examining ozone exposures (estimated on a continuous scale) in early pregnancy (1%t and 2nd
trimesters (T1, T2)) and preterm birth using ratio measures, and perform a meta-analysis to
evaluate the potential relationship between them. Studies were identified by searching PubMed
and Web of Science, screened according to predefined inclusion/exclusion criteria, and evaluated
for study quality. We extracted study data including effect estimates, confidence limits, study
location, study years, ozone exposure assessment method, and mean or median ozone
concentrations. Nineteen studies were identified and included, of which 18 examined T1 exposure
(17 reported effect estimates), and 15 examined T2 exposure. Random effects meta-analysis was
performed in the metafor package, R 3.5.3. The pooled OR (95% CIl) for a 10 ppb increase in
0zone exposure in T1 was 1.06 (1.03, 1.10) with a 95% prediction interval of 0.95, 1.19; for T2 it
was 1.05 (1.02, 1.08) with a 95% prediction interval of 0.95, 1.16. Effect estimates for both
exposure periods showed high heterogeneity. In meta-regression analyses of study characteristics,
study location (continent) explained some (~20%) heterogeneity for T1 exposure studies, but no
characteristic explained a substantial amount of heterogeneity for T2 exposure studies. Increased
ozone exposure during early pregnancy is associated with preterm birth across studies.
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Introduction

Preterm birth (PTB), delivery that occurs before 37 weeks of completed gestation, is a
marker for fetal underdevelopment and is related to subsequent adverse health outcomes,
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including high infant mortality and adverse developmental outcomes later in childhood
(Behrman and Butler 2007). PTB is the leading cause of perinatal morbidity and mortality
and second most common cause of death, after pneumonia, in children under 5 years of age
(Lawn et al. 2010; Liu et al. 2016). In 2016, the proportion of births delivered preterm in the
United States was 9.85% (Martin and Osterman 2018). PTB is characterized by multiple
etiologies (spontaneous, premature rupture of membranes (PROM), or medically induced),
which may have either separate or shared mechanistic pathways. Known risk factors for PTB
include low socio-economic factors, age, race, substance abuse, tobacco use during
pregnancy, poor nutritional status, and the presence of a birth defect (Goldenberg et al.
2008).

Ozone, one of the criteria pollutants regulated under the Clean Air Act, is created in the
troposphere as a result of chemical reactions between nitrogen oxides and volatile organic
compounds in the presence of heat and sunlight. Exposure to ozone is associated with a
variety of health outcomes, such as respiratory effects (US Environmental Protection
Agency 2020). Studies have also investigated if exposure to ozone during pregnancy could
affect fetal growth and development.

There is a growing body of epidemiologic studies examining associations between ozone
and adverse birth outcomes, including PTB. Findings for the relationship between ozone and
PTB have been inconsistent; associations between exposure to ozone and PTB are generally
elevated when exposure is averaged over the first or second trimesters of pregnancy, with
less consistent associations reported for exposures estimated for the third trimester or
averaged over the entire pregnancy period (US Environmental Protection Agency 2020).

To address this question of PTB related to 0zone exposure, we conducted a systematic
review and meta-analysis of studies examining associations between 0zone exposure
(measured on a continuous, rather than categorical, scale) during the first or second trimester
of pregnancy and PTB. This systematic review uses the Population, Exposure, Comparison,
Outcome, Study Design (PECOS) statement (Morgan et al. 2018) shown in Figure 1

Data sources and searches

We searched PubMed and Web of Science literature databases, without beginning time
restriction through January 31, 2021, using combinations of keywords related to ozone and
PTB. Keywords for exposure included “ozone” and “O3”, while keywords for the outcome
included “preterm birth”, “preterm labor”, and “preterm delivery”. Exact search terms used
to query each database are provided in supplemental materials. Studies not captured in our
search but captured in the 2013 or 2020 Ozone Integrated Science Assessments (ISAs) (US
Environmental Protection Agency 2013, 2020) were also included. In addition, the reference
lists of included studies were screened for any potentially relevant studies not previously
identified in this review.

LAbbreviations - PTB: preterm birth; PROM: premature rupture of membranes; PECOS: population, exposure, comparator, outcome,
study design; SWIFT-AS: SWIFT-Active Screener; OHAT: Office of Health Assessment and Translation; HAWC: Health Assessment
Workspace Collaborative; NAAQS: National Ambient Air Quality Standard
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Study selection

After duplicate studies were removed from the initial query results, two investigators
independently performed title and abstract screening using SWIFT-ActiveScreener (SWIFT-
AS). We excluded studies if they did not examine ozone as an exposure, did not examine
PTB as an outcome, were not case-control or cohort design, were reviews or abstract-only,
or were not English language. Studies with unclear designations were kept for full-text
screening. Two investigators then performed a full text screen to retain studies assessing
continuous ozone exposure during the 15t or 2" trimesters (exposure period must have
covered entire trimester).

Data Extraction

Data from included studies were extracted into an excel spreadsheet independently by two
investigators. Extracted information included: study design, cohort or study name, study
population details (e.g., registry or hospital based), study size, study location, timing of
study, definition of PTB used, exposure assessment method, exposure timing, ozone
averaging method (e.g., 8 hr-max, 24 hr avg, etc.), distribution of ozone concentrations,
confounders examined, co-pollutant correlations, multi-pollutant models evaluated and with
which co-pollutants, effect measure, exposure contrast/increment, effect estimates, upper
and lower confidence bounds, and modifiers or sub-strata examined. We requested
quantitative results from the authors when articles indicated that analyses were performed
but were not reported in the manuscript or supplemental materials.

Study Quality Evaluation

Using a modified Office of Health Assessment and Translation (OHAT) framework (Rooney
et al. 2014), we developed guidance for evaluating study quality across domains including
participant selection, outcome, exposure, confounding, analysis, selective reporting,
sensitivity, and overall quality. Quality levels for individual domains were “good”,
“adequate”, “deficient”, and “critically deficient” for all domains except sensitivity, which
had levels of “adequate” or “deficient” only. Overall quality was rated as “high confidence”,
“medium confidence”, “low confidence”, or “uninformative”. Guidance tables are presented
in supplemental materials. Each study was independently evaluated by two investigators,
notes and decisions were extracted into the Health Assessment Workspace Collaborative
(HAWC) tool (Shapiro et al. 2018), and any conflicts were resolved in group discussion.

Statistical Analysis

For the purposes of meta-analysis, a single effect estimate was selected from each study and
standardized to an incremental increase in ozone exposure equal to 10 ppb; preferentially,
we chose those estimates that covered the full preterm period for the definition of PTB (e.g.,
<37 completed weeks of gestation versus <32 weeks) and included the full study population.
As few studies reported co-pollutant adjusted effect estimates, we used effect estimates from
single pollutant models. Effect estimates were standardized to reflect an incremental
increase of 10 ppb by dividing natural logged effect estimates (and confidence limits) by the
original exposure increment reported in the manuscript, multiplying by 10 and
exponentiating. We then performed meta-analysis, using both fixed and random effects
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methods, and estimated pooled odds ratios and 95% confidence intervals for trimester 1
and/or trimester 2 using the metafor package in R with RStudio (Allaire 2012; Team 2013;
Viechtbauer 2010). When random effects models were used, 95% prediction intervals were
also estimated for each trimester — these convey where we expect to see individual study
results given the heterogeneity observed. Publication bias was assessed through funnel plots
and Egger’s regression tests, and when appropriate, trim and fill methods were used to
assess the potential impact of publication bias. 12 statistics were used to evaluate
heterogeneity between studies, and when heterogeneity was statistically significant (a <
0.05), meta-regression was performed using study characteristic variables including: study
location (country or continent), study design, study size (=100,000 births, or 10,000 to
<100,000 births), ozone averaging period (8-hr max, daily average, other), mean ozone
concentration, start year, end year), study quality domains of participant selection, outcome
ascertainment, exposure assessment, confounding, and analysis (all deficient, good,
adequate), and overall study quality confidence score (low, medium, or high). Leave-one-out
analyses were performed as sensitivities to identify potential outlier and influential studies.

Results - ozone and preterm birth systematic review and meta-analysis

Figure 2 presents the literature flow diagram for study inclusion. Our search of PubMed and
Web of Science databases returned 155 studies, and 3 additional studies from the Ozone
ISAs were added by investigators (Hao et al. 2016; Ritz et al. 2007; Wilhelm and Ritz 2005).
In reviewing references of included studies, it was determined that any potentially relevant
references had been identified during the initial screening process and excluded or included.
In the abstract screening phase, we excluded 115 studies for either not meeting the criteria of
examining ozone (n=13), not examining PTB (n=62), or study design outside of
consideration (n=40); this left 43 studies. In the process of full text screening, 13 studies
were excluded as not examining 15t or 2" trimester ozone exposures, including Brauer et al.
(2008) which was discovered to not meet inclusion criteria after consultation with authors.
Five studies were excluded as they did not examine continuous exposure contrasts, and
another five were excluded for population overlap or effects reported in another included
paper (these were largely aggregated reports). This included two studies (Liang et al. 2019;
Yang et al. 2020) which covered the same population and did not present independent effect
estimates; the study that focused on subpopulation analysis Liang et al. (2019) was
excluded. Twenty studies were identified for inclusion (G Chen et al. 2018; Chen et al. 2021;
Ha et al. 2014; Hansen et al. 2006; Hao et al. 2016; Jalaludin et al. 2007; Lavigne et al.
2016; Lee et al. 2013; Lin et al. 2015; Liu et al. 2019; Olsson et al. 2012; Olsson et al. 2013;
Qian et al. 2016; Smith et al. 2020; Sun et al. 2019; Wang et al. 2018; Warren et al. 2012;
Wilhelm and Ritz 2005; Wu et al. 2011; Yang et al. 2020). Within this group, one study,
Chen et al. (2021), was identified as an extreme outlier, and because of this it was removed
from the main analysis and included in analyses reported in supplemental materials. Of the
remaining 19 studies, 18 investigated 15t trimester exposures and were identified for
inclusion in the systematic review for that trimester, and 15 were identified for inclusion in
the systematic review for the 2" trimester exposure. One study (Wilhelm and Ritz 2005)
examined both 15t and 29 trimester exposures, but only reported quantitative effect
estimates for 2" trimester exposures and was not included in the meta-analysis for 15t
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trimester. This left a total of 17 studies included in the 15t trimester meta-analysis and 15
studies included in the 29 trimester meta-analysis. Study details and extracted results are
shown in supplemental Table S.1.

Included studies were primarily: cohort designs, with three case-control studies; estimated
odds ratios (n = 15), with others estimating hazard ratios; had populations above 100,000
individuals (n = 12), followed by >10,000 — 100,000 (n=4); and used 0zone concentration
data from monitoring systems (n = 13) versus modeled concentrations (n = 6). There was
large geographic variation with studies from several different countries and continents. The
ozone metric used varied considerably across studies; nine studies used 8-hr daily maximum
concentrations (i.e., the National Ambient Air Quality Standard (NAAQS) averaging time);
however, four used 8-hr average concentration from 10am-6pm, four used daily average (i.e.,
24-hr avg) concentration, one used a monthly predication (Smith et al. 2020) and one used
daily 1-hr maximum concentration (Jalaludin et al. 2007). Reported mean ozone
concentrations ranged from 17 ppb in Australia to 57 ppb in China. About half of the
included studies reported some form of co-pollutant correlations with ozone, and six
examined co-pollutant adjusted models (Ha et al. 2014; Olsson et al. 2012; Olsson et al.
2013; Warren et al. 2012; Wilhelm and Ritz 2005; Yang et al. 2020).

Study quality evaluation

A summary of study evaluations is presented in Figure 3 and additional details can be
obtained by accessing the HAWC project page at https://hawcprd.epa.gov/assessment/
100500027/. One study was ranked high confidence, with the rest being ranked medium
(n=9) or low confidence (n=9) overall (Figure 3). In individual domains, deficient metric
scores were often due to a lack of stated reasoning or underlying information within the text.
Several lower scores were due to restrictions of the data, for example, exposure assessment
scores were frequently lower when a single home residence from the time of birth was used
for entire pregnancy exposure without knowledge of movement during pregnancy.

Meta-analysis trimester 1

In meta-analyses for 15t trimester ozone exposure (n=17), heterogeneity was determined to
be present, with an 12 statistic of 97% and a Q-statistic p-value of <0.0001, therefore results
from random effects models are presented. Effect estimates for 10 ppb increases in 15t
trimester ozone exposure ranged from 0.79 to 1.38 in the 17 studies; the pooled odds ratio
from the random effects model was 1.06 (1.03, 1.10) (Figure 4) with a prediction interval of
0.95 to 1.19. Examination of the funnel plot and Egger’s test (p<0.001) indicated the
presence of potential publication bias, while a rank correlation test did not (p = 0.2); trim-
and-fill analyses estimated three missing studies and resulted in a pooled odds ratio of 1.04
(1.00, 1.08) (Figure 5). In leave-one-out sensitivity analyses, pooled effect estimates ranged
from 1.05 to 1.07 (Supplemental Figure S.1), indicating that no single study had a
substantial influence on the pooled estimate. As Wu et al. (2011) reported estimates for both
Los Angeles and Orange counties, we chose one (Los Angeles) effect estimate to include in
the main analysis and performed a sensitivity analysis using the other to avoid double
weighting the study. We observed no differences in the pooled estimate based on which
county was included in our meta-analysis (not shown).
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We conducted meta-regression that included potential explanatory variables: study location
(continent), study design (cohort or case-control), study size (=100,000 births, or 10,000 to
<100,000 births), ozone averaging period (8-hr max, daily average, other), mean ozone
concentration (continuous), study quality domains of participant selection, outcome
ascertainment, exposure assessment, confounding, and analysis (all deficient, good,
adequate), and overall study quality confidence score (low, medium, or high). Of these
factors, only study location explained some heterogeneity for 15t trimester exposure
associations; in meta-analysis modified by study location 12 was reduced to 74% (from 97%)
(Figure 6). Location-specific pooled estimates ranged from 1.01 for the US to 1.15 for
Australia (Table 1). Heterogeneity varied substantially within the continents, with
Australian, and North American studies having low 12 values, while heterogeneity within
Asian and European studies remained high (85% and 60%, respectively); note that the small
number of studies on each continent may itself reduce heterogeneity.

Meta-analysis trimester 2

All studies that examined 2" trimester exposures were included in the 2"d trimester ozone
exposure meta-analysis (n = 15), and heterogeneity was determined to be present, with an 12
statistic of 97% and a Q-statistic p-value of <0.001. Therefore, results from random effects
models are presented for the 2™ trimester pooled estimate. Effect estimates for 10 ppb
increases in 2" trimester ozone exposure ranged from 0.87 to 1.38 in the 15 studies; the
pooled estimate from the random effects model was 1.05 (1.02, 1.08) with a prediction
interval of 0.95 to 1.16 (Figure 7). While the funnel plot appeared balanced (Figure 8), the
Egger’s test (p<0.01) indicated evidence for potential publication bias, however trim-and-fill
analysis estimated no missing studies and rank correlation testing was non-statistically
significant (p=0.55). In leave-one-out sensitivity analyses, pooled effect estimates ranged
from 1.04 to 1.06 (Supplemental Figure S.2), indicating that no single study had a
substantial influence on the pooled estimate.

We conducted meta-regression that included potential explanatory variables: study location
(continent), study design (cohort or case-control), study size (=100,000 births, or 10,000 to
<100,000 births), ozone averaging period (8-hr max, daily average, other), mean ozone
concentration (continuous), study quality domains of participant selection, outcome
ascertainment, exposure assessment, confounding, and analysis (all deficient, good,
adequate), and overall study quality confidence score (low, medium, or high). In meta-
regression analyses, study size (smaller studies tended to have lower magnitude of
associations and larger studies higher) and mean ozone concentrations (studies with higher
mean concentrations had lower magnitude of associations) were identified as potential
contributors to heterogeneity, however neither reduced observed heterogeneity in meta-
analyses when examined as modifiers. This was likely due to single studies in some modifier
categories, as those technically had no within group heterogeneity.

Overall confidence

We also evaluated the overall confidence in the body of evidence (Table 2). We found no
factors that were influential enough to decrease or increase overall confidence, leading to a
final designation of moderate overall confidence. In general, we believe that in evaluating

Environ Res. Author manuscript; available in PMC 2022 July 01.



1duosnuel Joyiny vd3 1duosnuep Joyiny vd3

1duosnue Joyiny vd3

Rappazzo et al.

Page 7

causality, inference should be drawn across multiple lines of evidence, for example across
epidemiology, toxicology, and human exposure studies (when possible). While we rate our
overall confidence here, it is important to note that this is for the studies included on the very
specific topic of interest.

Discussion

PTB is a public health concern because it is associated with high infant mortality and
adverse developmental outcomes later in childhood. Previous reviews have concluded that
short-term exposure to ozone during late pregnancy was consistently not associated with
PTB and that associations with long-term exposures were inconsistent across studies,
particularly across study locations (US Environmental Protection Agency 2013). In recent
years, the number of studies examining ozone exposure and PTB has expanded greatly, with
many focusing on exposures averaged over trimesters, and consistently report elevated
associations for the 15t or 2" trimester exposures (US Environmental Protection Agency
2020). To examine these associations in a systematic and transparent manner, we conducted
a systematic review and meta-analysis of studies evaluating the relationship between ozone
exposure during the 15t or 2" trimester of pregnancy and PTB.

Generally, we observed associations elevated from the null between PTB and ozone
concentrations averaged over the 15t or 2™ trimester of pregnancy. Pooled random-effects
estimates from our meta-analysis were positive, though small in magnitude, when evaluating
both 15t (1.06, 95% CI: 1.03, 1.10) and 2" (1.05, 95% CI: 1.02, 1.08) trimester exposures.
Correction for potential publication bias did not change our interpretation of the meta-
analytic results for exposures during the 15t trimester. There appeared to be the potential for
publication bias in the pooled estimate for exposures during the 2" trimester, however trim-
and-fill analysis estimated no missing studies and rank correlation testing was non-
statistically significant (p=0.55). In addition to meta-analyses, we conducted meta-regression
analyses to evaluate whether heterogeneity in the magnitude of the associations between
ozone exposure and PTB could be explained by variability in covariates. The meta-
regression indicated that a some of the variability in 15t trimester associations was explained
by continent of study, though no factors explained the observed heterogeneity in associations
between PTB and ozone exposure during the 2" trimester. While the meta-regression
identified continent as a source of heterogeneity among the 1t trimester effect estimates,
Figure 6 and Table 1 demonstrate the consistent, positive associations observed across
studies conducted in different continents. It is likely that the identified heterogeneity is due
to variability in highly-powered studies reporting low-magnitude associations (i.e., <1.2;
range 0.79-1.38).

An important assumption about the random effects models used is that effect estimates are
taken from a series of sub-populations, and that differences between these populations, and
structures within these populations, gives rise to observed heterogeneity. We identified study
location as a source of heterogeneity in our meta-regression of 15t trimester ozone exposure
and PTB. While there still appears to be some residual heterogeneity within continents,
specifically studies occuring within Asian countries, this may be an artifact of large study
samples and tight confidence intervals as actual point estimates are similar; specifically, we
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observed elevated ORs for Australia (OR=1.15) and Europe (OR=1.14) and lower, though
still positive, ORs for Asia (OR=1.03) and North America (OR=1.01) (Table 2). PTB rates
vary by location, with the lowest rates in Sweden (4%, (Murray et al. 2019)) and higher in
China (7%, (C Chen et al. 2018)), Australia (8% (Australian Government Department of
Health 2019)), Taiwan (9%,(Wang et al. 2014)), and the U.S. (10%, (Martin and Osterman
2018)). However, the variability in these rates does not explain the geographic heterogeneity
that we observed. Other potential explanations for the heterogeneity could be related to the
distribution across countries of other PTB risk factors, such as poverty and other
socioeconomic status related factors, race/racism, maternal age, smoking and parental body
mass index. Factors associated with atmospheric conditions and chemistry, such as presence
and concentrations of co-pollutants, can differ by region and may contribute to observed
heterogeneity. Noise and temperature, especially at extremes, have also been identified as
potential risk factors for PTB, and may influence response to air pollutants (Smith et al.
2020; Sun et al. 2019). Additional research will provide useful insights into the geographic
variability of PTB rates and the associations between ozone concentrations and PTB.

Biological modes of action by which 0zone exposure may lead to adverse birth outcomes,
including preterm birth, are largely through pathways initiated by systemic inflammation
and oxidative stress responses (US Environmental Protection Agency 2020). These pathways
could originate through activation of sensory nerves in the respiratory tract or respiratory
inflammation and oxidative stress, and lead to altered thyroid, cardiovascular, and uterine
function (US Environmental Protection Agency 2020). Evidence from animal models
demonstrates altered circulating serum cytokines with ozone exposure, which may impact
proper placentation, altered uterine artery vascularity, impaired trophoblast invasion and
migration, and impaired trophoblast metabolic capacity (US Environmental Protection
Agency 2020). There has also been evidence of altered thyroid hormone levels in non-
pregnant animals (US Environmental Protection Agency 2013). These pathways provide a
plausible biological mechanism by which ozone exposure in early pregnancy could
contribute to preterm birth.

The results of our systematic review and meta-analyses build upon previous reviews. Earlier
reviews were based on a relatively small number of studies and often reported qualitative
observations rather than pooled results. One study (Stieb et al. 2012) conducted a meta-
analysis of ozone and PTB, and reported a pooled estimate from 4 studies for first trimester
ozone exposure of 1.22 (0.91, 1.64) and 0.94 (0.88, 1.00) for a single study of second
trimester ozone exposure and PTB. Other previous reviews reported qualitative results (Shah
etal. 2011; Sram et al. 2005), and determined that the results for ozone and PTB were
“inconclusive” and “insufficient”, respectively. More recently, (Bekkar et al. 2020)
conducted a qualitative systematic review of exposures to air pollution or ambient heat with
birth outcomes. They included seven studies that evaluated ozone exposures and PTB and
did not restrict to any specific windows of exposure or exposure contrasts. Bekkar et al.
(2020) concluded that most studies of air pollution and PTB observed positive results, with a
focus on statistical significance and inclusion of all pregnancy-related exposure periods.
This included four studies of ozone finding positive associations across various exposure
periods. Additionally, (Guo et al. 2019) conducted a systematic review of air pollution and
adverse birth outcomes. Their literature search covered the period through March 2017 and
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identified 3 studies of ozone exposure and PTB and reported a pooled estimate of 1.02 (95%
Cl: 1.00, 1.04) per 10 ppb increase in 0zone concentration. In contrast, our systematic
review and meta-analyses reflect the rapidly expanding literature base and provide updated
pooled estimates for 15t and 2™ trimester ozone exposure from 17 and 15 studies,
respectively.

We calculated and present both 95% confidence intervals and 95% prediction intervals for
the pooled estimates from our meta-analyses. The confidence intervals provide information
about the uncertainty around the pooled OR, while the prediction intervals represent the
expected range for observed effects in similar studies and reflect the variation in exposure
effects over different populations, conditions, and/or settings (IntHout et al. 2016). Thus, the
confidence intervals for our pooled estimates provide increased certainty for an elevated OR
(i.e., above 1.0) for both 15t and 2" trimester ozone exposure and PTB. The prediction
intervals reflect the heterogeneity of studies included in the meta-analyses and provide a
range within which we would predict to see the OR for future studies of ozone exposure and
PTB. Our prediction intervals include the null value (OR=1.0) for both 15t and 29 trimester
0zone exposure, indicating that it would be expected that some future studies observe null
results. Therefore, as new studies are published, it will be important to consider underlying
population characteristics and other sources of heterogeneity identified in this review.

A strength of our systematic review is the incorporation of an evaluation of study quality to
our methods. This ensured critical evaluation of study design methods. Overall, we observed
very similar results in our study quality evaluation across studies. Similarity in study design
accounts for the majority of the consistency in the study quality ratings assigned across
studies (Figure 3); studies are largely registry based and use standard metrics of outcome
and exposure assessment. We would like to note that there are many complexities in both
creating these studies/analyses and in evaluating them; often there are limitations in the
available data that preclude achieving the highest possible study quality score based on our
metrics, but this should not discount the overall value and utility of these studies. We
determined that the overall quality of individual studies largely resulted in either medium or
low confidence. Overall quality determinations did not appear to impact heterogeneity in
meta-regression and sensitivity analyses. Often, lower study quality scores were assigned
due to a lack of specificity, details, or clarity in the published manuscripts. Study location
did appear to be correlated with study quality. The 19 included studies were judged to be of
sufficient quality to support the conclusions reached in this review. The ability of the study
quality analysis to identify specific influential components of the study quality scores is
likely limited due to the large number of covariates adjusted for and other variability in the
study designs and statistical analyses. An additional limitation of our study quality analysis
is that it did not directly consider statistical power, though a qualitative examination of
exposure variability was used to consider study sensitivity; insensitive studies can result in
false negatives from underpowered studies and may be an additional source of heterogeneity
in meta-analyses.

Other strengths of our meta-analysis on ozone and PTB were the inclusion of a larger
number of studies compared to previous meta-analyses of ozone and PTB (Guo et al. 2019;
Stieb et al. 2012), providing new summary information on potential effect measure modifiers
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of PTB and ozone exposure. We were also able to focus on specific time windows within
pregnancy, and perform several sensitivity analyses (e.g., trim and fill, leave one out, sub-
group analyses) to examine robustness of the pooled effect estimates.

There were several limitations that we could not address in our systematic review and meta-
analyses. We were unable to adequately evaluate the role of copollutant confounding in each
of the studies included in this review. Correlation of ozone concentrations with other co-
pollutants can lead to inflation of the effect estimates reported in epidemiologic studies.
Some studies included in our systematic review reported correlation coefficients with other
monitored air pollutants, and there was a wide range reported for PM4q (-0.2 to —0.85),
PM, 5 (-0.01 to —0.78), NO, (-0.02 to —0.80), SO, (-0.13 to —0.69) and CO (-0.06 to
-0.74) (Table S.1). The inability to account for potential copollutant confounding is a
limitation in the meta-analysis.. Though a notable exception was Chen et al. (2021) where
correlations ranges from —0.63 with SO, to —0.93 with NO,, potentially contributing to its
extreme outlier status. Given that the majority of co-pollutant correlations are low,
confounding of the relationship between ambient ozone exposure and a health effect by
exposure to CO, SO,, NOy, PMyq or PM5, 5 is not a substantial concern (US Environmental
Protection Agency 2020).

Each of the studies included in this systematic review utilized a linear model and no studies
specifically evaluated the concentration-response relationship using non-linear models or
other statistical approaches. Thus, information about the concentration-response relationship
for ozone exposure and preterm birth is unavailable and an additional limitation. In a recent
assessment of ozone and other health effects (mainly mortality or respiratory morbidity), it
was concluded that recent studies provide evidence to support a linear concentration-
response relationship, but with less certainty in the shape of the curve at lower
concentrations (i.e., below 30-40 ppb) (US Environmental Protection Agency 2020).

Another limitation is clear evidence for a biological pathway by which ozone exposure
might induce PTB. PTB is characterized by multiple etiologies (spontaneous, premature
rupture of membranes, or medically induced), and few studies distinguish between these
three groups in examining associations between ozone and PTB. While there is some
evidence that ozone inhalation could result in a series of physiological responses that could
lead to PTB (US Environmental Protection Agency 2020), there is substantial uncertainty
surrounding the biological mechanism leading to PTB, and multiple mechanisms may exist
simultaneously. Moreover, while we focused on trimester length exposures to ozone, there is
also research examining impacts of short-term ozone exposures (days or weeks) and PTB.
Short-term ozone exposures may act on birth outcomes through different mechanistic
pathways than long-term exposures, and thus were not included in this review.

In addition, although we investigated both averaging time and effect measure (OR, HR, RR)
as potential sources of heterogeneity and neither were identified as substantial sources of
heterogeneity, pooling estimates based on different averaging times likely contributes
additional heterogeneity compared to analyses based on a consistent averaging time, and we
did not adjust for effect measure in the meta-analysis.
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Overall, the results of this systematic review and meta-analysis, based on 19 studies
identified for overall inclusion, support an elevated risk of PTB associated with ozone
exposure during the 15t and 2" trimesters of pregnancy. The elevated pooled estimates from
our meta-analyses were robust to trim-and-fill methods that account for potential publication
bias, and after adjusting for heterogeneity due to study location in 15t trimester analysis.
While we were able to refine examination of exposure periods (trimester vs. entire
pregnancy) and potential sources of heterogeneity, there are still uncertainties that remain.
Further exploration in studies of ozone and PTB could address uncertainties, particularly
with more complete consideration of other PTB risk factors, such as socioeconomic status,
and race/racism.
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Population: Individuals of reproductive age in the general population capable of becoming
pregnant, living both in urban and in rural areas. Lifestages or populations with specific pre-
existing health conditions (e.g. respiratory or cardiovascular diseases) are not excluded.
Exposure: Ambient air ozone concentrations from any source during the first or second
trimester of pregnancy (considered separately).

Comparator: Health effect observed by continuous 10 ppb increase in concentration of ozone in
the same or in a control population.

QOutcome: PTB, defined as live birth occurring before 37 weeks of completed gestation. May
include subgroups of PTB (e.g., before 34 weeks completed gestation).

Study design: Epidemiologic studies on health effects of ozone consisting of case-control and
cohort studies.

In any population, including populations or lifestages that might be at increased risk (P), what is
the increase in risk (incidence/prevalence) of PTB (O) per unit increase (C) in ppb of long-term
ambient concentration of ozone averaged over the first or second trimester of pregnancy (E),
observed in studies relevant for the health outcome and exposure duration of interest (S)?

Figure 1:

Population, Exposure, Comparator, Outcome, Study Design (PECOS) statement used to
define scope of systematic review
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Literature Search Results (159)*

( N\
Literature Search Excluded (4)*
. Non-English (4)
*  Non-peer reviewed (2)
| J

References
from Other
Sources (3)

Literature Search —
Included (155)*

Title-Abstract Screening (Swift-AS) —

Excluded (115)
*  Notozone (13)
*  Not preterm birth (62)

Included (43)

Full-Text Screening Excluded (23)

O Does not examine 1%t or 2"¢ trimester ozone
exposure (13)

*  Non-continuous exposure contrast (5)

*  Population overlap or effects reported in

another included paper (5)

A 4

Full-Text Screening Included (20)

\- Study design (40)
Title-Abstract Screening (Swift-AS) — ]

)

Excluded as extreme outlier (1) ]

Included in 2" trimester review and
meta-analysis of Ozone and Preterm
Birth (15)

Included in 15t trimester review
of Ozone and Preterm Birth (18)

{ Lack of Estimate Reporting Excluded (1) ]

A

Included in 15 trimester meta-

analysis of Ozone and Preterm
Birth (17)

*duplicates removed

Figure 2:
Flow chart of study inclusion for systematic review and meta-analysis of first or second

trimester exposure to ozone and preterm
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Figure 3:

Study quality evaluation visualization showing metric scores for individual domains and
confidence score for overall quality.
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Wuetal, 2011, NAmerica —— 5.99% 0.991[0.93, 1.06]
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Warren et al_, 2012, N.America P 3.99% 1.15[1.03, 1.28]
Leeetal, 2013, N America ——— 3.73% 113[1.01,1.27]
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Liuetal, 2019, Asia - 0.86% 0.79[0.58, 1.09]
RE Model |- 100.00% 1.06[1.03,1.10]
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Figure 4:

Forest plot for associations between 15t trimester ozone exposure and odds of preterm birth,

with pooled odds ratio from random effects model.
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Figure 5:

Trim and fill funnel plot for studies included in meta-analysis of associations between 15t
trimester ozone exposure and odds of preterm birth. Actual studies are shown with black
circles, while expected studies are white circles.
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Figure 6:

1[1.00, 1.02]
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2[1.00, 1.03]
9[0.93, 1.06]

Forest plot for associations between 15t trimester ozone exposure and odds of preterm birth
with modification by continent; continent-specific meta-estimates are shown with grey

diamonds behind individual study effect estimates.
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Figure 7:

Forest plot for 219 trimester ozone exposure and preterm birth associations, with pooled

odds ratio from random effects model.
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Figure 8:

Trim and fill funnel plot for studies included in meta-analysis of associations between 2nd
trimester ozone exposure and odds of preterm birth. Actual studies are shown with black
circles, trim-and-fill analysis estimated no missing (i.e., “filled”) studies.
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Table 1:

continent specific meta-effect estimates

Continent Continent-specific meta-effect 12

Australia 1.15(1.09, 1.22) 0.24%
Asia 1.03 (1.01, 1.04) 84.58%
Europe 1.14 (1.08, 1.20) 60.39%
North America 1.01 (1.00, 1.02) 3.74%
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Evaluation of overall confidence in body of evidence
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Initial Confidence by Key

Features of Study Design Factors Increasing Confidence

Factors Decreasing Confidence

Confidence in
the Body of
the Evidence

Risk of Bias — no studies were
uninformative, half were considered
low confidence, and half were
medium to high (1) confidence (=)

Publication bias expected to have
Moderate Features: exposure minimal impact (=)
occurs prior to outcome,
individual outcome data, and
comparison groups used Indirectness — studies are of relevant
populations and examine ambient
exposures of interest (=)

Imprecision — confidence intervals
are generally of reasonable to narrow
range, except in very small study
populations (=)

Residual confounding — studies examining co-
pollutant confounding did not observe an
impact on observed associations. Not possible
to evaluate if other residual confounding
would bias toward or away from null without

more information (=)

Concentration response - not evaluated (=)

Consistency — while there was substantial

heterogeneity, associations are not so

dissimilar to change interpretation, study
design and population size did not contribute

to heterogeneity (=)

Magnitude of effect — magnitudes are small,
as would be expected in epidemiology studies

of environmental exposures and birth
outcomes (=)

Moderate
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