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Abstract

Background: Maternal exposure to air pollution has been associated with birth outcomes;
however, few studies examined biologically critical exposure windows shorter than trimesters or
potential effect modifiers.

Objectives: To examine associations of prenatal fine particulate matter (PM, s), by trimester and
in biologically critical windows, with birth outcomes and assess potential effect modifiers.

Methods: This study used two pregnancy cohorts (CANDLE and TIDES; N = 2099) in the
ECHO PATHWAYS Consortium. PM> 5 was estimated at the maternal residence using a fine-
scale spatiotemporal model, averaged over pregnancy, trimesters, and critical windows (0-2
weeks, 10-12 weeks, and last month of pregnancy). Outcomes were preterm birth (PTB, <37
completed weeks of gestation), small-for-gestational-age (SGA), and continuous birthweight. We
fit multivariable adjusted linear regression models for birthweight and Poisson regression models
(relative risk, RR) for PTB and SGA. Effect modification by socioeconomic factors (maternal
education, household income, neighborhood deprivation) and infant sex were examined using
interaction terms.

Results: Overall, 9% of births were PTB, 10.4% were SGA, and mean term birthweight was
3268 g (SD = 558.6). There was no association of PM5 5 concentration with PTB or SGA. Lower
birthweight was associated with higher PM, 5 averaged over pregnancy (f —114.2, 95%CI -183.2,
-45.3), during second (B -52.9, 95%CI -94.7, —11.2) and third (p —45.5, 95%CI -85.9, -5.0)
trimesters, and the month prior to delivery (B —30.5, 95%CI -57.6, —3.3). Associations of PM 5
with likelihood of SGA and lower birthweight were stronger among male infants (p-interaction
<0.05) and in those with lower household income (p-interaction = 0.09).

Conclusions: Findings from this multi city U.S. birth cohort study support previous reports of
inverse associations of birthweight with higher PM> 5 exposure during pregnancy. Findings also
suggest possible modification of this association by infant sex and household income.

Keywords

Air pollution; Fine particulate matter; Birth outcomes; Preterm birth; Birthweight; Prenatal
exposure; Effect modification

1. Background

Mounting evidence suggests that exposure to ambient air pollution is related to several
adverse birth outcomes including intra-uterine growth restriction (IUGR), resulting in low
birthweight, small-for-gestationalage (SGA), and preterm birth (PTB) (Klepac et al., 2018;
Lamichhane et al., 2015a; Stieb et al., 2012a). These outcomes are important indicators of
fetal growth and development and have been associated with lifecourse health, including
future cardiovascular diseases and type 2 diabetes (Barker, 2002, 2004).
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Proposed mechanisms behind the association of air pollution with IUGR and PTB include
systemic or local oxidative stress and inflammation, endothelial disruption, disruptions
and alterations to placental structure, endocrine disruption, and epigenetic and genetic
mechanisms (Lakshmanan et al., 2015; Nachman et al., 2016; Slama et al., 2008; Vadillo-
Ortega et al., 2014). Prior systematic reviews and meta-analyses have consistently indicated
that fine particulate matter (PM, 5) exposure is associated with decreased birthweight
(Dadvand et al., 2013; Lamichhane et al., 2015b; Stieb et al., 2012b). Findings of PM> 5
exposure and PTB risk associations were inconsistent, including both null and increased
risk (Klepac et al., 2018; Stieb et al., 2012b; Lamichhane et al., 2015c). These reviews
identified several gaps in the literature for future studies including the need for spatially
and temporally resolved exposure characterization during critical exposure windows, use
of enriched data sources for outcome and covariate assessment compared to the use of
administrative birth records, and investigation of potential modifiers. These considerations
informed our study design.

Previous studies have largely focused on pregnancy average or trimester specific exposures,
which may not necessarily align with biologically critical windows of exposure. In

the current study, we considered relevant periods of exposure based on key critical
biological events in pregnancy: very early pregnancy (first two weeks of gestation, around
implantation), early pregnancy (10-12 weeks gestation, early placental development), and
late pregnancy (last month prior to delivery, a period of accelerated fetal weight increase and
a period closer to labor initiation) (Kemp, 2014; Kannan et al., 2006). Many prior studies
have relied on low precision measures of PM> 5 exposure including area level measures, an
approach which can reduce the variability in exposures and limit the study power (Woodruff
et al., 2010). The current study uses a well validated spatially and temporally resolved PM, g
prediction model that estimates exposures at the residential point location.

Similarity of mechanisms (e.g. oxidative stress) linking air pollution and social stressors,
including socioeconomic factors, to adverse birth outcomes may lead to synergistic
interactions (Eick et al., 2018; Meng et al., 2013). Additionally, socioeconomic factors can
lead to differential exposure to air pollution and potentially differential vulnerability to its
effects (Deguen et al., 2021). Similarly, sex-specific differences in hormone metabolism,
placental response to intrauterine exposure, and fetal growth patterns may result in
differences in associations of air pollution exposure with birth outcomes among males

and females (Broere-Brown et al., 2016; Rosenfeld, 2015; DiPietro and Voegtline, 2017;
Aibar et al., 2012). It has been shown that male fetuses have both greater exposures to
prenatal toxicants and greater adverse responses (Broere-Brown et al., 2016; Rosenfeld,
2015; DiPietro and Voegtline, 2017; Aibar et al., 2012). Sex-specific differences in birth
outcomes in relation to in utero toxic exposure to other chemicals have been studied in more
depth, but few have evaluated differences in air pollution exposure (Barrett et al., 2016).

We leveraged information from two well-characterized cohorts to adjust for potential
confounders as well as examine potential interactions of PM, 5 exposure with individual
and neighborhood level socioeconomic factors and infant sex. Better understanding of the
impact of air pollution on adverse birth outcomes can inform future decisions related to
community wide air quality and environmental exposures during the prenatal period.
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2. Methods
2.1. Study setting and population

This study included participants from two pregnancy cohorts from the ECHO PATHWAYS
Consortium: The Conditions Affecting Neurocognitive Development and Learning in Early
Childhood (CANDLE) study and The Infant Development and Environment Study (TIDES)
(Sontag-Padilla et al., 2015; Kobrosly et al., 2012; Barrett et al., 2014). The CANDLE
cohort recruited individuals during the second trimester in Shelby County/Memphis, TN
from 2006 to 2011. The TIDES cohort recruited individuals during trimester 1 from

four cities in 2012 including: Seattle, WA, San Francisco, CA, Minneapolis, MN, and
Rochester, NY. All recruited individuals provided informed consent upon enroliment and
local IRBs approved research activities. Both cohorts enrolled pregnancies without existing
complications. Additional exclusions in the current analyses included pregnancies that were
multiple gestation (n = 1) and those resulting in a spontaneous abortion or stillbirth (n

= 7). Participants were included in this analysis if there was a valid maternal residential
address. The total study population included 2099 mother-infant dyads. The current study
protocol, conducted by the ECHO PATHWAY'S Consortium, was reviewed and approved by
the University of Washington Human Subjects Division.

2.2.  Air pollution

Exposure to particulate matter <2.5 um in diameter (PM> 5) was estimated at each
participant’s residential address point location (latitude and longitude) at enroliment using

a national spatio-temporal prediction model (Keller et al., 2015; Kirwa et al., 2021; Wang

et al., 2018). This prediction model uses data from both regulatory and research monitors
across the U.S. and a large (>200) suite of geographic covariates to produce fine scale
spatial predictions at a temporal resolution of two-week exposure windows. We generated
concentration estimates averaged over pregnancy and each trimester. We also generated
concentration estimates for pre-determined exposure windows with potential biologic
relevance including very early pregnancy (0-2 weeks post estimated date of conception),
late first trimester (10-12 weeks post estimated date of conception), and late pregnancy (last
month prior to delivery). Exposure averages were based on estimated date of conception and
were weighted according to the number of days that fell within a two-week window.

2.3. Birth outcomes

We assessed three birth outcomes: PTB, SGA, and birthweight. The calculation of
gestational age in the CANDLE cohort was based on gestational age on the birth

record which was confirmed by study research nurses who investigated and adjudicated
discrepancies in gestational age at birth based on estimated date of conception recorded
using last menstrual period (LMP) or ultrasound. In the TIDES cohort, information on
gestational age was extracted from the birth record. If it was missing from the birth record,
gestational age was calculated using estimated delivery date (EDD) based on ultrasound or
LMP.

PTB was defined using the clinical criteria of <37 completed weeks of gestation at delivery.
SGA was defined as <10th percentile of birthweight for gestational age using sex-specific
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percentiles based on a U.S. national reference population (Talge et al., 2014). Birthweight
was measured and is reported in grams. The analyses of SGA and birthweight were
restricted to term births only (=37 completed weeks of gestation at delivery).

2.4. Effect modifiers

We assessed four potential effect modifiers: maternal education, household income,
neighborhood socioeconomic factors, and infant sex. Maternal education was defined
according to questionnaire response to highest level of education completed at baseline and
categorized in three groups (high school degree or equivalent or less; college or technical
degree; and some graduate school or more). For household income, we used a household
size and regional-adjusted continuous measure. Household income category and size were
based on questionnaire responses. Regional adjustment used the U.S. Bureau of Economic
Analysis (BEA) regional price parity (RPP) index matched to study metro region and infant
birth year (Bureau of Economic Analysis, 2020). Our adjusted income calculation used the
midpoint value for the household income category from the questionnaire, divided by the
square root of household size and adjusted to the relevant RPP percentile. This calculation
is as follows: [Midpoint of income category/sqrt(household size)]/[(BEA RPP for study
site and birth year)/100]. Neighborhood level socioeconomic status was measured using

an adapted version of the neighborhood deprivation index (NDI) (Messer et al., 2006), a
census tract level continuous z-score index that incorporates % <high school education, %
professional employment (reverse coded), % owner occupied housing (reverse coded), %
<100% poverty, and % unemployed created using principal components analysis. Effect
modification with socioeconomic factors was hypothesized to have larger associations with
lower education, household income, and NDI. Infant sex (male/female) determination was
based on biological sex at birth.

2.5. Statistical analysis and covariates

We used descriptive statistics for study information, covariates, infant characteristics, and
exposure concentrations for the whole study population and within the cohorts separately.
For analyses evaluating associations of PM, 5 with PTB and SGA, we used modified
Poisson regression models with robust variance to estimate a relative risk (RR). For analyses
involving birthweight (measured in grams), we used linear regression models with robust
standard errors. PM> 5 was modeled as a continuous exposure and presented effect estimates
are scaled to the approximate concentration interquartile range (2 ug/m3).

We used a staged modeling approach for covariate adjustment by fitting minimal, partially
adjusted, fully adjusted, and extended/sensitivity models. Covariates were selected a priori
based on directed acyclic graphs and examination of prior literature. The minimally adjusted
model included maternal age, infant sex, study city, and a time spline, including 24 knots
over the six year study period, to account for temporal and seasonal trends. Though

infant sex is unlikely a confounder, it is included as a precision variable. The partially
adjusted model added the following: pre-pregnancy body mass index (BMI, kg/m?2), Black/
African American race, smoking history (yes/no based on self-report), marital status, and
parity. In this analysis, in our analytic models we included a race covariate coded as
self-reported Black/African American race or not; we report the distribution of race by
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smaller sub-categories in descriptive tables. The race variable does not have any clinical
interpretation, but was used as a crude proxy for a number of potential unmeasured
confounders including access to healthcare and exposure to structural racism including
residential segregation (VanderWeele and Robinson, 2014; Benmarhnia et al., 2021). The
fully adjusted model included variables in the partially adjusted model as well as variables
related to socioeconomic factors including maternal education, household size-regional
adjusted income, and NDI and is considered the primary model (Bureau of Economic
Analysis, 2020; Messer et al., 2006). The partially adjusted model includes all a priori
identified covariates, other than the potential effect modifiers; the fully adjusted model
includes all covariates including the potential effect modifiers. The analyses of birthweight
also included an adjustment for gestational age. The extended model, part of sensitivity
analyses, included an adjustment for meteorological factors including temperature and
relative humidity averaged over the same period as the primary exposure. Temperature
and humidity are considered a sensitivity analysis given that the relationship between
meteorological factors and birth outcomes is unclear, therefore the role as confounders,

is uncertain.

Effect modification was assessed using models that included multiplicative interactions
terms. Associations were calculated for each level of the effect modifiers from the
interaction model. For continuous modifiers (household income and NDI), these were
calculated at the 25th, 50th, and 75th percentile of the modifier. Due to potential differences
in how socioeconomic factors function in each of our study cities, we also included an
interaction term between city and education, income, and NDI in their respective modifier
analyses. Statistical significance of interaction terms was assessed with p-values (p < 0.05)
calculated using a Wald test based on robust standard errors.

In order to assess if any of our results were driven by a single study city or cohort, we
performed sensitivity analyses using the primary model and sequentially leaving each study
city out of the analyses and by leaving each study cohort of the analyses. In order to
determine if effect estimates from smaller exposure windows were driven by trimester level
exposures, we performed mutually adjusted analysis including trimester level exposures in
analyses of biologically driven exposure windows. The results from this mutual adjustment
model are designed to assess for issues related to correlated exposures and are not designed
to be interpreted otherwise.

All analyses were conducted using SAS version 9.4 (SAS Institute, Cary, NC) and STATA
version 14 (StataCorp, College Station, TX).

3. Results

Overall and cohort specific maternal and infant characteristics are presented in Table 1

for 2099 women and infants. Overall, mean maternal age was 27.8 years (SD = 5.9) and
45.4% were nulliparous. In this study population, 46.6% of individuals self-reported as
Black/African American race, 44.3% White, 2.25% Asian, 3.9% Other (including American
Indian/Alaska Native, Native Hawaiian/Pacific Islander), and 3.2% reporting multiple. Mean
household count and region-adjusted income was $21,822. Of all births, 9.0% were pre-term
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(<37 weeks). Among term births (n = 1902), 10.4% were characterized as term SGA and
mean term birthweight was 3,268 g (SD = 558.6). Mean PM> 5 during pregnancy was

9.8 pg/m3 (interquartile range = 2.2 pg/m?3) (Table 2). PM, 5 concentration varied by city,
with Memphis having the highest concentrations and Seattle having the lowest (eTable 1).
We observed a secular decreasing trend and seasonal patterns of PM, 5 levels over time
reflecting known temporal trends in U.S. outdoor air pollution. Study years (2011-2013)
that included more cities had more variation in concentration than earlier years (2006-2011)
which included only one city, Memphis, due to earlier timing of enroliment in the CANDLE
study (eFig. 1).

We did not observe a statistically significant association between maternal residential

PM, 5 concentrations and PTB (Table 3), however associations indicated an increased risk
particularly for PM, 5 concentrations during trimester 3, and very early pregnancy (0-2
weeks). Higher PM> 5 during very early pregnancy (0-2 weeks) was associated with a higher
risk of term SGA in the partially adjusted model (RR 1.18 per 2 ug/m3 PM, 5, 95%Cl 1.03,
1.36). This was slightly attenuated in the fully adjusted model (RR 1.14, 95%CI 0.98, 1.33).
While associations of PM, 5 concentrations with term SGA all indicated an increased risk,
no other exposure windows were statistically significant.

Higher concentrations of PM> 5 at the maternal residence was associated with lower
birthweight at term across all exposure windows except during late first trimester (10-12
weeks) in the partially adjusted model, however this was attenuated in the fully adjusted
model (Table 3). In the fully adjusted model, we found a 114.2 g decrease in birthweight
with a 2 pg/m? higher level of average PM,, 5 concentration (95%CI —183.2, —45.3) during
pregnancy. Similar significant associations in the fully adjusted model were found in
trimester 2 (f —52.9, 95%Cl -94.7, —11.2), trimester 3 (§ —45.5, 95%Cl -85.9, -5.0),

and the month prior to delivery (f —30.5, 95%CI -57.6, —3.3). PM 5 concentrations during
trimester 1 (p —23.6, 95%CI -64.5, 17.3) and 10-12 weeks pregnancy (p 1.7, 95%CI —23.6,
26.9) were not associated with birthweight in the fully adjusted model. When accounting for
meteorological factors in the extended model, effect estimates remained mostly unchanged.

In our effect modification analyses (Figs. 1-3, eTable 2), there was a significant interaction
between PM, 5 concentration during very early pregnancy (0-2 weeks) and maternal
education such that an association with PTB was observed only among participants with a
college or technical degree (RR 1.45, 95%CI 1.16, 1.82, p-interaction = 0.004). For income,
there was an indication of an exposure-response trend of a higher likelihood of term SGA
corresponding to increasing PM, 5 concentration during pregnancy among those in the 25th
percentile for household income compared to those in the 50th or 75th percentile, though
this interaction did not reach statistical significance (p-interaction = 0.09). There was also

a significant interaction between PM, 5 and NDI during the last month of pregnancy where
the association of PM5 5 concentration with PTB was highest among those in the lowest
25th percentile NDI (RR 1.19, 95%CI 0.95, 1.49, p-interaction = 0.02), however none of the
strata estimates were statistically significant.

There was a suggestion of effect modification by infant sex with stronger effects in males
than females for term SGA and birthweight. There was a pattern of higher likelihood of
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SGA with higher PM5 5 concentration in males compared to females, though this was only
statistically significant in the late first trimester period (10-12 weeks) (RR female 0.94,
95%CIl 0.75, 1.19; RR male: 1.25, 95%CI: 1.03, 1.52; p-interaction = 0.02). There was also
a pattern of larger decreases in term birthweight related to PM, 5 concentration among males
compared to females during trimester 1 (B female -5.5 g, 95%Cl: —-51.9, 40.9; p male -42.3
g, 95%CI —86.2, 1.6; p-interaction = 0.06) and 10-12 weeks pregnancy ( female 17.6 g,
95%CI -12.3, 47.4; p male —15.8 g, 95%CI —46.2, 14.6; p-interaction = 0.05).

In the leave-one-city or cohort out sensitivity analysis, we did observe differences in
findings with exclusion of certain sites or cohorts (eFig. 2a and b; eTable 3a-b). Specifically,
PM, 5 concentration and birthweight associations in general were attenuated and not
significant in the CANDLE cohort (vs. TIDES cohort). In our sensitivity analyses that
involved including trimester level concentrations in analyses of smaller biologically driven
exposure windows for trimester average exposures, we did not see meaningful changes in
the PTB or SGA findings from what we reported above; for birthweight estimates were
mostly attenuated and became non-significant (eTable 4).

4. Conclusions

Our findings corroborate previous reports of inverse associations of maternal PM5 5
exposure and infant birthweight in a multi-city cohort. More specifically, a 2 ug/m3 higher
PM,, 5 concentration during pregnancy was associated with 114.2 g lower birthweight. We
also found suggestive evidence that these associations were stronger among male infants. We
observed suggestive evidence for associations between PM, 5 exposure and PTB risk and
SGA risk, however, potential effect modification by education and NDI was observed, where
associations were stronger among college educated individuals and those with lower NDI.

In our novel assessment of biologically relevant exposure windows, we saw non-significant
but decreased birthweight with exposure during very early pregnancy (0-2 weeks), but not
late first trimester (10-12 weeks), indicating that observed trimester 1 effects might be
driven by effects during fertilization and genetic imprinting. We also saw associations with
PM,, 5 concentration in the last month of pregnancy, a period of increased fetal growth. Two
recent studies using non-targeted data-driven distributed model lag approaches also found
late pregnancy as a potential critical window for PM, 5 effects on birthweight (Yuan et al.,
2020; Yitshak-Sade et al., 2021). A recent study in Shanghai, China, explored potential
susceptible windows of exposure to PM5 5 and identified late pregnancy (31-34 weeks)

as a period of strongest effects on birthweight (Yuan et al., 2020). A study of PM, 5

and heat exposure effects on birthweight in Massachusetts observed that PM, 5 exposure
was associated with a decrease in birthweight specifically at the later part of pregnancy
(Yitshak-Sade et al., 2021).

Our findings indicate a larger decrease in birthweight and a higher likelihood of SGA with
PM, 5 concentration than seen in many prior studies. A meta-analysis reported a pooled
estimate of 22 g (95%CI —37.9, —6.4) lower birthweight with a 10 pg/m3 PM, 5 exposure,
with estimates from individual studies included in the meta-analysis with as much as 67 g
(95%CI: -77.7, =55.9) lower birthweight, while we observed an approximately 114 g lower
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birthweight across pregnancy with a 2 pg/m? higher PM, 5 (Lamichhane et al., 2015a). Our
study observed likelihoods for SGA with a 2 pg/m3 higher PM5 5 concentration ranging
from 1.02 (95%CIl 0.86, 1.23) for exposure during the last month of pregnancy up to 1.23
(95%CI 0.79, 2.04) for average exposure across pregnancy. A meta-analysis on PM, 5 and
birth outcomes reported a pooled estimate of an OR for SGA 1.15 (95%CI 1.10-1.20) per a
10 pg/m3 higher PM2.5 averaged across pregnancy (Zhu et al., 2015).

PM, 5 components are known to differ across regions; the larger effects observed in our
study could be explained by more toxic PM, 5 in the TIDES and CANDLE cohorts,
compared to other studies (Lamichhane et al., 2015c). Differences may also reflect
population differences between our study population and those of prior studies including
potential differences in baseline risk factors. Another possibility is that our larger observed
estimates resulted from the higher precision and accuracy in our exposure estimates
compared to most prior studies. Non-differential misclassification of exposures in other
studies may have resulted in attenuation of observed effect estimates. Notably, our findings,
though large, are similar to effect sizes seen for other prenatal environmental exposures,
including maternal smoking (Eskenazi et al., 1995; Zheng et al., 2016).

We also observed evidence of potential modification by infant sex. There are known sex-
specific differences in fetal growth and development. Accumulating evidence also supports
sex-specific differences in birth outcomes in relation to several maternal environmental
exposures including air pollutants (DiPietro and Voegtline, 2017; Barrett et al., 2016). In a
cohort study of 481 pregnancies in Krakow, Poland measuring PM,, 5 via personal monitors
for 48 h during the second trimester, Jedrychowski et al. found that male infants had a larger
decrease in birthweight (B —189 g, 95%CI —34.2, —343) per 30 ug/m? increase in PM, 5
compared to females (B —-17 g, 95%Cl: —164.8, 130.8) (Jedrychowski et al., 2009). Among
a cohort of 670 pregnancies in Boston, MA, Lakshmanan et al. found a negative association
of PM,, 5 with birthweight specific to male infants who were born to individuals with a

BMI =30 kg/m? (Lakshmanan et al., 2015). The enhanced vulnerability of male infants to
maternal PM, 5 exposure observed in these studies is supported in our study findings where
we found stronger effects in male infants for both term SGA and birthweight. We also found
significant interactions between maternal education and NDI with PM, 5 exposure on PTB
risk; however given that we did not find overall PM, 5 exposure and PTB associations and
the potential for spurious results in subgroup analyses, these findings need to be cautiously
interpreted (Weiss, 2008).

Including an adjustment for study site likely attenuates observed effects since it limits
analysis to within city variation, rather than across city variation, however given the number
of unknown confounders by city, we opted to include this as an adjustment factor. In our
sensitivity analyses leaving one study city or cohort out at a time, we observed differences in
association in some iterations. This may indicate residual confounding by factors related

to study city or cohort given that maternal characteristics differed across cohorts and

cities. It could also indicate differences in PM, 5 composition by region with some regions
potentially having a higher proportion of toxic components or differing vulnerabilities by
cohort or city subpopulations. In particular, we saw stronger associations in the TIDES
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cohort compared to the CANDLE cohort, which is a single site study and has limited PM> 5
variation.

In our sensitivity analyses adjusting for exposure during each trimester while examining
smaller exposure windows, associations of PM> 5 concentration with birthweight were
attenuated. However, the pattern of associations of PM, 5 in very early pregnancy (0-2
weeks) and the last month of pregnancy remained, which suggests that there may be a
distinct association for these time periods, even after accounting for trimester average
exposures. This observation highlights the significance of examining critical windows of
exposure.

Strengths of our study include the application of highly resolved exposure estimates both in
time and in space, increasing our confidence in the predicted exposure estimates. This study
pools together two geographically and socioeconomically diverse cohorts which recruited
participants from U.S. cities with varying levels of PM, 5 exposure as well as socioeconomic
distributions. This study also benefits from well characterized covariate data from these
studies.

On the other hand, some limitations deserve mention. Most research to date has been
conducted in pregnancy cohorts which enroll individuals during the second trimester leading
to potential selection bias (Raz et al., 2018). Our study population was restricted to healthy
pregnancies enrolled during the first and second trimester and resulting in a live birth.

If exposure to air pollution contributes to conception or early pregnancy loss following

a similar proposed causal pathway to those between air pollution exposure and birth
outcomes, as supported by recent findings, selection bias may ensue (Quraishi et al., 2019;
Frutos et al., 2015). Another limitation of our study relates to study power. Our study may
have had limited power to detect associations in our PTB and SGA analyses, as well as in
our subgroup analyses, due to small sample sizes. Our study estimated ambient exposure at
residential locations and therefore may have suffered from exposure misclassification due

to the lack of accounting for participant mobility or indoor sources of PM, 5, though we
believe this misclassification is non-differential. Finally, though our study used data from
well characterized cohort studies, there is always the possibility of residual confounding and
confounding from unmeasured factors.

Our novel assessment of biologically critical windows which suggest sensitive periods to air
pollution both very early in pregnancy as well as late in term pregnancies deserve further
investigation in other well-characterized cohorts. The relatively large effect size of PM, g

on birthweight and SGA among term births observed is notable and underscores the public
health importance of air pollution exposure during pregnancy. Furthermore, many women
may not be aware of their pregnancy in the first weeks, so ensuring healthy community wide
air quality remains an important priority for fostering healthy births.
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Refer to Web version on PubMed Central for supplementary material.
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Fig. 1.

Effect modification of association between air pollution and PTB by (A) maternal education,
(B) household income, (C) NDI, and (D) infant sex. Corresponding numerical results

provided in eTable 2.
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Table 1
Maternal and infant characteristics.
TOTAL CANDLE TIDES
N N = 2099 N N = 1417 N N =682
Percent or Mean Percent or Mean Percent or Mean
(SD) (SD) (SD)
Study City
Memphis, TN 1417 68.1 1417  100.0
Seattle, WA 98 4.7 98 14.4
San Francisco, CA 167 8.0 167 245
Minneapolis, MN 197 9.4 197 28.9
Rochester, NY 220 10.5 220 323
Maternal characteristics
Age, years, mean (SD) 2095 27.8(5.9) 1413 26.3(5.5) 682 30.9 (5.6)
Pre-pregnancy BMI, kg/m?, mean (SD) 2089 27.1(7.1) 1412 27.5(7.5) 677 26.3(6.2)
Maternal Race
Black/African American 978  46.9 884 625 94 140
White 925 44.3 437 30.9 488 72.6
Asian 47 2.2 13 0.9 34 5.1
Other? 82 3.9 75 53 7 1.0
Multiple 55 2.6 6 0.4 49 7.3
Prior Parity
None 944 454 579 40.9 365 55.0
One or more 1137 546 838  59.1 299 45.0
Maternal Smoking History
Never 1906 91.3 1279  90.3 627 93.3
Former/Current 182 8.7 137 9.7 45 6.7
Maternal Marital Status
Single/living as single 738 352 615 434 123 181
Married/living as married 1359 64.8 801  56.6 558 81.9
Household Income
<$15 474 24.3 370 28.7 104 158
$15-$24.9 255 13.1 196 15.2 59 9.0
$25-$44.9 310 15.9 250 19.4 60 9.1
$45-$54.9 144 7.4 103 8.0 41 6.2
$55-$64.9 112 5.7 75 5.8 37 5.6
$65-$74.9 121 6.2 80 6.2 41 6.2
$75+ 534 27.4 217 16.8 317 48.1
Adjusted income?. mean (SD) 1964 21,822 (17,381) 1322 19,521 (15,337) 642 33,299 (17,675)
Neighborhood Deprivation Indexc, mean 2077 -03(3.6) 1395 00(3.7) 682 0.0(35)
(SD)
Maternal Education
<High school, high school or equivalent 1035 495 848 59.9 187 277
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Technical or college degree
Graduate or professional school
Infant characteristics
Infant Sex
Male
Female
Term birth category (weeks)
Very preterm (<34)
Preterm (24 to <37)
Early term (37 to <39)
Full (39-40)
Late (>40)
Pre-term birth (<37 weeks)

Term small for gestational aged
Low birth weight (<2500 g)

Term low birth weight (<2500 g, =37
weeks)

Birthweight (grams), mean (SD)
Term birthweight (=37 weeks), mean (SD)

622
435

1044
1051

38

149
544
821
537
187
198

136
48

2086
1902

TOTAL

N = 2099
Percent or Mean
(SD)

29.7
20.8

49.8
50.2

1.8
7.1
26.0
39.3
25.7
9.0
10.4

6.5

2.5

3268 (558.6)
3351.8 (471.6)

411
156

717
696

29

93

399
597
289
122
143

98
37

1405
1285

CANDLE

N = 1417
Percent or Mean
(SD)

29.1
11.0

50.7
49.3

2.1
6.6
28.4
42.4
20.5
8.7
11.2

7.0

2.9

3236.9 (548.0)
3318.1 (462.7)

211
279

327
355

56
145
224
248
65
55

38
11

681
617

TIDES

N = 682

Percent or Mean
(SD)

31.2

41.2

48.0
52.1

1.3
8.2
21.3
32.8
36.4
9.5
8.9

5.6

1.8

3333.6 (574.7)
3421.9 (482.4)

a . . . . . . -
Other includes American Indian/Alaska Native, Native Hawaiian/Other Pacific Islander, and those reported as “other”.

Regional-household count adjusted income: Household income adjusted by total household count and regional metro area parity score, calculated

by the Bureau of Economic Analysis at year of birth (2008 data used for 2007).

c. . - . . .
Neighborhood Deprivation Index (NDI): Census tract level z-score index of: percent <100% poverty, percent less than high school education,
percent unemployed, percent not professional employment, percent not owner occupied housing.

dSmaII for gestational age (SGA) defined as <10th percentile based on national percentiles published in Talge et al. (2014). Restricted to births =37

weeks.
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