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Abstract

Background—~Prenatal traffic-related air pollution exposure is linked to adverse birth outcomes.
However, modifying effects of maternal body mass index (BMI) and infant sex remain virtually
unexplored.

Objectives—We examined whether associations between prenatal air pollution and birth weight
differed by sex and maternal BMI in 670 urban ethnically mixed mother-child pairs.
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Methods—ABlack carbon (BC) levels were estimated using a validated spatio-temporal land-use
regression (LUR) model; fine particulate matter (PM5 5) was estimated using a hybrid LUR model
incorporating satellite-derived Aerosol Optical Depth measures. Using stratified multivariable-
adjusted regression analyses, we examined whether associations between prenatal air pollution
and calculated birth weight for gestational age (BWGA) z-scores varied by sex and maternal pre-
pregnancy BMI.

Results—Median birth weight was 3.3+0.6 kg; 33% of mothers were obese (BMI =30 kg/m3). In
stratified analyses, the association between higher PM 5 and lower birth weight was significant in
males of obese mothers (—0.42 unit of BWGA z-score change per IQR increase in PM, 5, 95%Cl:
-0.79 to —0.06) ( PM> 5 x sex x obesity Pjnteraction=0.02). Results were similar for BC models
(Pinteraction=0.002).

Conclusions—Associations of prenatal exposure to traffic-related air pollution and reduced

birth weight were most evident in males born to obese mothers.

Keywords
traffic-related air pollution; prenatal exposure; birth weight; sex; body mass index

1. INTRODUCTION

Low birth weight remains a major public health problem. It is associated with increased
infant mortality and developmental, behavioral, and metabolic disorders that may persist
into adult life (Barker 2003; Fisher et al. 2006; Johnson and Schoeni 2011; Mclntire et al.
1999). Thus, an active area of research examines modifiable environmental risk factors that
impact birth outcomes (Nieuwenhuijsen et al. 2013). Increasing evidence suggests that
outdoor ambient air pollution affects birth outcomes, including reduced birth weight
(Dadvand et al. 2013; Nieuwenhuijsen et al. 2013; Shah and Balkhair 2011; Stieb et al.
2012). Traffic-related air pollution, which remains a global public health problem especially
in the urban environment, has been particularly implicated (Cohen et al. 2005; O’Neill et al.
2003; Proietti et al. 2013).

Studies have linked ambient and traffic-related air pollution to increased pro-inflammatory
responses (Kannan et al. 2006; Ritz and Wilhelm 2008) and systemic oxidative stress
(Donaldson et al. 2001). While mechanisms linking ambient pollution to birth weight are not
completely elucidated, overlapping evidence suggests that air pollution exposure may
impact placental growth and function which in turn influences fetal growth. For example,
animal studies have linked air pollution exposure with disrupted placental functional
morphology in mice (e.g., reduced volume, caliber and surface area of maternal blood
spaces, greater fetal capillary surfaces and diffusive conductance) (Veras et al. 2008).
Moreover, various factors including vascular endothelial growth factor (VEGF) and
placental growth factor (PIGF), which play a role in placental vascular development as well
as enzymes such as soluble fms-like tyrosine kinase-1 (sFlt-1) which may inhibit activity of
these growth factors (Herraiz et al. 2014; Hoeben et al. 2004), may be influenced by air
pollution exposures. For example, a recent human study links maternal exposure to
particulate matter with a diameter <10 um (PM1g) and nitrogen dioxide (NO,) with higher
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fetal sFIt-1 and lower PIGF levels (van den Hooven et al. 2012). It has been proposed that
prenatal air pollution exposure likely involves enhanced maternal oxidative stress and
inflammation causing decreased placental blood flow, disrupted trans-placental oxygenation
and placental inflammation leading to impaired nutrient accretion for the fetus and in turn,
decreased fetal growth (Donaldson et al. 2001; Kannan et al. 2006; Proietti et al. 2013;
Yorifuji et al. 2012). Recently, prenatal PM1q exposure was found to be associated with
mitochondrial alterations which can also intensify oxidative stress (Janssen et al. 2012).
Other mechanisms of action have been proposed including endocrine disruption of
hormones that regulate placental function and growth (Linton et al. 1993; Slama et al. 2008).

Multiple studies have examined associations between air pollution and adverse birth
outcomes using different study designs, data collection methods and analytical approaches,
each with their own strengths and limitations. Studies with larger sample sizes consider
more chronic exposure to ambient air pollution and are usually based on birth certificates/
registries without extensive information on individual factors, and have relied upon
exposure assessments based on relatively crude estimates of ambient pollutants (e.g.,
proximity to roadway, exposure level measured by the closest monitoring site) and lack
individual level information on personal and lifestyle characteristics or health behaviors
which may confound the associations being examined (Ritz and Wilhelm 2008). Exposure
misclassification that results from the use of cruder proxies such as proximity to roadway,
while likely non-differential, requires considerably large sample sizes to overcome. While
studies using personal sampling may address some of these issues and hence yield better
statistical power to detect associations (Dailey 2009; Ponce et al. 2005), this approach is
labor intensive and prohibitively costly for larger-scaled studies, typically includes exposure
measurements at limited time points during pregnancy, and provides limited data on the
geospatial distribution of pollution. Other researchers have used advanced spatio-temporal
air pollution land-use regression (LUR) techniques to obtain estimates on exposure profiles
throughout the pregnancy (Ghosh et al. 2012; Pedersen et al. 2013; Wilhelm et al. 2012).
Recently, studies using prenatal particulate matter with a diameter of <2.5 pm (PM, 5)
exposures estimated by a state-of-the-art modeling method that incorporates satellite-based
data within a LUR framework also demonstrated significant associations with low birth
weight and preterm birth (Hyder et al. 2014; Kloog et al. 2012). This approach yields daily
estimates that can be aggregated to assess more chronic exposures to air pollution over the
course of pregnancy.

In addition, few studies have focused on ethnic minorities and lower socioeconomic status
(SES) urban populations, who are more likely to experience adverse birth outcomes (Dailey
2009; Ponce et al. 2005; Wallace 2011; Woodruff et al. 2003; Zeka et al. 2008) and may
also be more likely to live in disadvantaged communities with increased exposure to traffic-
related air pollution (O’Neill et al. 2003). In addition, evidence suggests that SES, including
individual and neighborhood SES, and race might be associated with maternal obesity
(Genereux et al. 2008). Studies to date have also not fully considered factors that may
modify pollution effects on birth weight such as maternal pre-pregnancy obesity and infant
sex (Bonzini et al. 2010; Ritz and Wilhelm 2008).
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Previous studies in non-pregnant adults suggest that obesity may modify the association
between air pollution and adverse health outcomes (Baja et al. 2010; Dubowsky et al. 2006).
Enhanced oxidative stress and inflammation are again implicated. For example, studies
describe associations of higher ambient PM exposure with increased white blood cell count
and systematic inflammatory markers, and demonstrate that obesity enhances these
associations (Dubowsky et al. 2006). Moreover, pregnancy is a state having enhanced
susceptibility to oxidative stress (Casanueva and Viteri 2003; Patil et al. 2007) which has
implications for fetal growth (Weber et al. 2014). These associations may be further
modified by maternal obesity (Ferretti et al. 2013; Rajasingam et al. 2009; Sen et al. 2014).

Furthermore, evidence suggests that maternal height and weight may affect birth weight
differentially in males and females (Lampl et al. 2010). Some studies demonstrate that male
infants were at a higher risk of low birth weight in relationship to higher levels of air
pollution compared with females (Ghosh et al. 2007; Jedrychowski et al. 2009), while others
did not find statistically significant differences across sex (Bell et al. 2008; Pedersen et al.
2013). To our knowledge, only one study has examined effect modification by maternal
obesity and found that maternal pre-pregnancy obesity significantly exacerbated the risk of
polycyclic aromatic hydrocarbon (PAH) exposure on low birth weight in African-American
newborns in a low income inner-city population (Choi and Perera 2012). None have
examined interactive effects of maternal obesity and sex concurrently.

Given these inter-connecting relationships we took advantage of an ethnically diverse urban
sample of pregnant women to assess whether air pollution was associated with birth weight
for gestational age and whether obesity and/or sex modified this relationship, while we were
able to take into account a number of the potential confounders discussed above.
Specifically, we examined the associations between prenatal maternal exposure to traffic-
related ambient air pollutants [black carbon (BC), a surrogate of traffic particles, and
ambient PM> 5] and birth weight. The primary objective of these analyses was to examine
interactions among prenatal air pollution, sex, and maternal obesity given overlapping
evidence suggesting differential associations between ambient air pollution and birth
outcomes related to maternal obesity and infant sex, as well as associations between
maternal height and weight and infant growth that differ based on child sex.

2. MATERIAL AND METHODS

2.1 Study Participants

Between August 2002 to September 2009, English- or Spanish-speaking women =18 years
old receiving prenatal care at the Brigham and Women’s Hospital (BWH) and Boston
Medical Center (BMC) and affiliated community health centers were recruited into the
Asthma Coalition on Community, Environment, and Social Stress (ACCESS) project, a
pregnancy cohort examining the effects of perinatal stress and other environmental factors
on urban childhood asthma risk (Wright et al. 2008). Among women approached in mid- to
late-pregnancy (28.4+7.9 weeks gestation) who were eligible, 989 (78.1%) agreed to enroll.
Based on screening data, there were no significant differences for race/ethnicity, education,
and income between participants who enrolled and those who declined. Of those enrolled,
955 gave birth to a singleton live born infant and continued follow-up. Procedures were
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approved by human studies committees at the BWH and BMC and written consent was
obtained in participants’ primary language (English, Spanish).

2.2 Prenatal Air Pollution Exposure

Individuals’ prenatal exposure to BC was estimated based on residence during the entire
pregnancy (i.e., at enrollment and updated if they moved) using a validated spatio-temporal
LUR model as detailed elsewhere (Gryparis et al. 2007). In brief, the BC model was built
using data of 24-hr estimates of BC exposure based on >6021 pollution measurements from
>2079 unique exposure days at 82 monitoring locations in greater Boston (three-quarters
residential, one-quarter commercial or governmental sites). Predictions were based on
meteorological and other characteristics (e.g. weekday/weekend) of a particular day,
geographic information system (GIS)-based measures (e.g., traffic density within 100
meters, population density, distance to major roadway, percent urbanization), and BC levels
measured from a central monitor (representing overall area concentration on a particular
day). The cumulative traffic density was recorded once per location, indicating the sum of
traffic counts on all road segments within 100 meters multiplied by the length of each road
segment. Spline regression methods were used to allow factors to nonlinearly predict
exposure and thin-plate splines captured additional spatial variability, analogous to kriging.
Separate models were fit for the cold (November-April) and warm (May-October) seasons;
the RZ of the model over both seasons was 0.82.

Prenatal PM> 5 exposure was estimated using a novel exposure model assessing temporally-
and spatially-resolved PM, 5 exposures, as detailed previously (Kloog et al. 2011). This
method utilizes Moderate Resolution Imaging Spectroradiometer (MODIS) satellite-derived
Aerosol Optical Depth (AOD) measurements in a hybrid model including traditional LUR to
predict daily PM> 5 concentration levels at a 10x10 km spatial resolution, allowing us to
derive residence-specific estimates of PM 5 exposures for each participant. As the model is
based on daily physical measurements of a surrogate for PM, 5 concentrations in each grid
cell, it benefits both from the spatial resolution of LUR models and the spatio-temporal
resolution of satellite models. The model was run using day-specific calibrations of AOD
data using ground PM, 5 measurements from 78 monitoring stations and LUR and
meteorological variables (temperature, wind speed, visibility, elevation, distance to major
roads, percent of open space, point emissions and area emissions). To estimate PM; g
concentrations in each grid cell on each day, the AOD-PM; 5 relationship was calibrated for
each day using data from grid cells with both monitor and AOD values using mixed models
with random slopes for day and nested regions. A second model was used to estimate
exposures on days when AOD measures were not available (due to cloud coverage, snow,
etc.). The final model was fit with a smooth function of latitude and longitude and a random
intercept for each cell that takes advantage of associations between grid cell AOD values
and PM, 5 data from monitors located elsewhere, and associations with available AOD
values in neighboring grid cells. The “out of sample” ten-fold cross validation R? for daily
values were 0.83 and 0.81 for days with and without available AOD data, respectively.

We estimated individual daily BC and daily PM, 5 exposure level for each participant based
on the participant’s address during pregnancy using these models, and then calculated the
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overall prenatal exposure level by averaging the daily estimates throughout the entire
pregnancy. The predicted prenatal BC and PM 5 levels at each participant’s residence are
shown elsewhere (Chiu et al. 2014).

2.3 Birth Weight Outcome

Birth weight was obtained from labor and delivery record review, and gestational age was
calculated based on maternal report of last menstrual period and updated based on
obstetrical estimates on medical record review at delivery if discrepant (Hoffman et al.
2008). Because birth weight is tightly tied to length of gestation and each may have different
predictors and there are substantial data that show that birth weight rises in a non-linear
pattern as gestational age increases, traditional procedural methods to use raw birth weight
data and adjusting for gestational age in a linear regression model might add bias in ways
difficult to predict (Oken et al. 2003). The use of these z-scores allows adjustment for
gestational age more precisely as it will factor in non-linear growth but can still be easily
applied to linear regression models hence reduce both bias and residual confounding (Oken
et al. 2003). Therefore, birth weight for gestational age (BWGA) z-scores were calculated
based on sex-specific normative U.S. data (Oken et al. 2003) and were used as our main
outcome of interest as in other recent studies (Hinkle et al. 2014; Rytter et al. 2014; Sridhar
et al. 2014). BWGA z-scores were normally distributed in our sample.

2.4 Effect Modifiers

Child Sex—Child sex was based on maternal report on the postnatal questionnaire.

Maternal Pre-pregnancy Anthropometrics—Maternal pre-pregnancy height and
weight were ascertained by self-report at enrollment. Body mass index (BMI) was calculated
by dividing weight by height squared (kg/m?). As previously reported (Wright et al. 2013), a
validation analysis on a subset of 121 ACCESS women using Bland-Altman plots showed
no difference in the level of agreement/disagreement across values of height and weight
when comparing height and weight measured early in pregnancy (<10 weeks) to self-
reported values. We defined pre-pregnancy obesity as BM1=30 kg/m?2, overweight as
25.0-29.9 kg/m?2, and normal weight as 18.5-24.9 kg/m? based on CDC guidelines (CDC
2012). Two participants with BMI between 18.0-18.5 kg/m? were collapsed into the normal
weight group.

2.5 Covariates

A number of standard control variables and potential confounders previously identified as
being related to air pollution exposure and birth weight were considered. Maternal age, race/
ethnicity, and maternal education status, an indicator of individual-level SES, were
ascertained by questionnaire. Season of birth, which has been associated with birth weight
(McGrath et al. 2005; Murray et al. 2000; Tustin et al. 2004; Waldie et al. 2000) and
prenatal air pollution exposures (Zhang et al. 2006), was also included. We also considered
covariates that may co-vary with increased ambient air pollution exposure in these lower-
income urban mothers that also may impact birth outcomes including maternal smoking and
prenatal psychological stress (Meng et al. 2013). Mothers reported prenatal smoking at
enrollment and in the third trimester, and were classified as prenatal smokers if they reported
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smoking at either visit. As maternal stress during pregnancy may co-vary with air pollution
exposures and be associated with child birth weight, it was considered as a confounder. We
indexed maternal stress using the Crisis in Family Systems-Revised survey (CRYSIS-R),
validated in English and Spanish, which was administered prenatally within two weeks of
enrollment (Berry et al. 2001; Shalowitz et al. 1998). This survey assesses life events
experienced across 11 domains (e.g., financial, relationships, violence, housing issues,
discrimination/prejudice). Mothers endorsed events experienced in the past six months and
rated each as positive, negative, or neutral. We summed the number of domains with one or
more negative event was endorsed to create a continuous negative life events (NLES)
domain score, with higher scores indicating greater stress. While participants were asked
about events across 11 domains, the maximum number endorsed by participants in this study
was 9. In addition, community-level SES was measured by a neighborhood disadvantage
index derived by linking enrollment addresses with aggregated data (census tract) from the
2000 U.S. Census (indexed as an average z-score for percentages of: residents living below
poverty, unemployed, non-U.S. citizens, and nonwhite in the neighborhood) (Chiu et al.
2012; Sampson et al. 1999). Information on parity, a potential confounder of the association
between air pollution and birth weight (Madsen et al. 2010; Pedersen et al. 2013), was
obtained by maternal report at enrollment.

2.6 Data Analysis

These analyses included 670 mothers and their infants with data on prenatal BC and PM 5
exposure as well as maternal pre-pregnancy weight and height. Characteristics of included
(maternal age 2746 years, 62% with > high school education, 29% Blacks, 55% Hispanics,
52% boys) versus excluded subjects (maternal age 265 years, 64% with < high school
education, 38% Blacks, 48% Hispanics, 53% boys) were not significantly different.

Multivariable-adjusted linear regression analyses were used to examine associations
between the prenatal air pollution exposure indicators and infant’s BWGA z-scores. BC and
PM, 5 were examined in separate models as they were moderately correlated (Spearman’s
r=0.55, p<0.001). Models were adjusted for season of birth, maternal age, race, educational
status, prenatal smoking, prenatal stress (NLESs), and neighborhood disadvantage z-score.

Effect modification by sex and maternal pre-pregnancy body size was examined in stratified
analysis and by fitting interaction terms. We examined 2-way interactions between 1) air
pollution and sex, 2) air pollution and maternal pre-pregnancy obesity, as well as 3-way
interactions among air pollution, sex, and maternal pre-pregnancy obesity. To flexibly
explore the functional form of the exposure-response relationship between air pollution and
birth weight from the data rather than placing parametric assumptions on the form of this
relationship (e.g., linear or not), we also performed analyses using Generalized Additive
Models (GAMSs) with smooth penalized spline terms (Wood 2006) for the air pollution
effects. In addition, we also performed sensitivity analyses by restricting to full-term (=37
weeks of gestation at birth) infants, by using the raw birth weight data (in grams) with and
without adjusting for gestational age in the model, by additionally adjusting for parity (0, 1,
>1), as well as additionally including maternal BMI in the model without interaction terms
and in the air pollution x sex model. Most analyses were performed using SAS (version
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9.1.3, Cary, NC); GAMs were implemented in the mgcv package in R (version 2.13.0,
Vienna, Austria).

3. RESULTS

Mothers were primarily ethnic minority (51% Hispanic, 33% African American), low SES
(64% having <12 years of education), and nonsmokers (79%). Male newborns had greater
mean birth weight (3332.4 grams vs. 3241.6 grams, p=0.09) and greater mean BWGA z-
scores (—0.02 vs. —0.28, p<0.01) than female newborns. Table 1 summarizes participant
characteristics and prenatal air pollution by maternal pre-pregnancy BMI. Levels of prenatal
BC and PM, 5 exposure were similar among the BMI groups (Table 1) as well as between
the sex groups (data not shown). Overall, we did not find a statistically significant
association between individual air pollution levels averaged across the entire pregnancy and
BWGA z-scores in the main models without interaction terms (Table 2).

Tables 2 and 3 present the relationship between prenatal air pollution exposures and BWGA
z-scores in the multivariable-adjusted regression models with interaction terms. We
observed a significant 3-way interaction among prenatal air pollution, sex and pre-
pregnancy obesity for both BC (Table 2; Pjnteraction=0-002) and PM, 5 (Table 3;
Pinteraction=0.02) models. We caution that it is difficult to interpret a 2-way interaction when
a 3-way interaction exists, and thus for clearer interpretation we have performed analyses
stratified by sex and maternal obesity (Figure 1). We observed statistically significant
interactions between air pollution and sex only in infants born to obese mothers; increased
air pollution levels were associated with decreased BWGA z-scores among males born to
obese mothers (Figure 1; Pinteraction(air pollution x sex)=0-01 for both BC and PM; 5 models).
Of note, there was some suggestion of effect modification by sex in the non-obese mother
group for BC model where the associations seemed to be stronger in females in the stratified
analysis, but BC x sex interaction term was not significant (Pinteraction=0.17).

These findings were consistent with results from our secondary analyses using GAMs with
smooth terms for prenatal air pollution levels, stratified by sex and maternal pre-pregnancy
obesity (Figure 2 for BC, and Figure 3 for PM> 5). The associations were more apparent in
males born to obese mothers for both BC and PM,, 5, while for females the association was
seen for those born to non-obese mothers in BC model but not in PM5 5 model. Sensitivity
analyses considering only full-term infants, using the raw birth weight as outcome with and
without adjusting for gestational age, and additionally adjusting for parity, as well as
additionally including maternal BMI in the models did not substantively change the results
(data not shown).

4. DISCUSSION

These data add to a growing literature linking ambient pollution exposure to low birth
weight. To our knowledge, this is the first study to concurrently examine relationships
among air pollutants, obesity, sex and fetal growth. Our finding of a three-way interaction
among prenatal traffic-related air pollution exposure, sex, and maternal pre-pregnancy
obesity in relation to infant’s birth weight highlights a more complex relationship than that
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of competing risk factors. Specifically, male infants born to obese mothers may be more
susceptible to prenatal traffic-related air pollution.

The observed association between prenatal exposure to air pollution and decreased birth
weight, particularly among males, has been reported in a few prior epidemiologic studies.
Jedrychowski et al. reported significant associations between PM, 5 measured from 481
Polish women using 2-day personal air samplings in the second trimester and decreased
birth weight in their male offspring (Jedrychowski et al. 2009). Ghosh et al. performed a
systemic review of sex differences on prenatal air pollution and birth outcomes, and re-
analyzed data from several previous studies that had not specifically assessed sex effects in
this context (Ghosh et al. 2007). They re-analyzed data from a study in China originally
conducted by Wang et al. (Wang et al. 1997) and found higher odds ratios of prenatal
exposure to sulfur dioxide (SO,) and total suspended particles measured at local monitoring
sites as predictors of low birth weight (defined as <2,500 g at delivery) among boys (Ghosh
et al. 2007). They also found that data from a study in Georgia, originally conducted by
Rogers and colleagues (Rogers et al. 2000), suggested that boys were more likely to be very
low birth weight (<1,500 g) than girls when their mothers were exposed to increased air
pollution quantified by a sum total of suspended particulates and SO, (Ghosh et al. 2007).
Their re-analyses of data from a case-control study in California (Wilhelm and Ritz 2003)
also found significant associations between nitrogen dioxide (NO,) estimated by distance-
weighted traffic density measures and low birth weight (<2,500 g) only among boys; on the
other hand, sex-stratified analyses of PM;q, carbon monoxide (CO), and ozone did not show
significant association in either sex (Ghosh et al. 2007). Another study by Bell and
colleagues (Bell et al. 2008) also did not find significant sex differences. In another recent
European multi-center study, Pedersen et al (Pedersen et al. 2013) reported that the
association between prenatal PM> 5 and low birth weight was stronger for boys than girls,
but the differences were not statistically significant. Therefore, it is possible that other
factors that vary across studies, such as pre-pregnancy obesity or different air pollution
constituents may play an additional modifying role in conjunction with sex.

Air pollution exposure in pregnant women may disrupt fetal antioxidant/oxidant balance
potentially leading to oxidative injury of the developing fetus (Proietti et al. 2013; Sram et
al. 2005). Obesity may share common pathologic mechanisms with air pollution. Studies
demonstrated that obesity and metabolic syndrome are characterized by chronic
inflammation (Hotamisligil 2006). Pregnancy is a stage having increased susceptibility to
oxidative stress (Casanueva and Viteri 2003; Patil et al. 2007) and effects may be enhanced
in obese mothers (Ferretti et al. 2013; Rajasingam et al. 2009; Sen et al. 2014). Furthermore,
studies have demonstrated that obese pregnant women may have enhanced systemic and
placental inflammation (Stewart et al. 2007) and increased pro-inflammatory cytokine
expression in the placenta (Challier et al. 2008), suggesting that maternal obesity and traffic
air pollution exposure may act synergistically to impact fetal development. The biological
mechanisms of sex-specific effects of air pollution are less well understood but may also be
linked to oxidative stress. A recent natural twin study reported sex differences in
vulnerability to oxidative stress between co-twins of unlike-sex pairs — male infants had
higher levels of oxidative stress as indexed by 15-Fy-isoprostane, a byproduct of free
radical-catalyzed peroxidation of essential fatty acids, compared to their female counterparts
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(Minghetti et al. 2013). This suggests that male fetus may be more susceptible to maternal
oxidative stress than female fetus when experiencing the same environmental challenge.
Thus the combination of obesity, sex and air pollution in fetal life may act synergistically to
create an inflammatory milieu that impairs growth. It is less clear why there is a suggestion
that girls might be more vulnerable to association between increased BC and reduced birth
weight in the non-obese group (although the BC x sex interaction was not statistically
significant [Figure 1]).

Strengths of this study include the reasonably large lower SES and ethnically mixed inner-
city cohort, and available data on many important confounders. We were able to control for
maternal psychosocial stress, a factor that may co-vary with increased exposure to
environmental toxicants including ambient pollution, particularly among lower-SES urban
populations (Makri and Stilianakis 2008). Most previous studies of prenatal air pollution and
birth weight have used raw birth weight as an outcome measure, which might be affected by
the infant’s gestational age at birth. Our study used BWGA z-score, which is standardized
based on U.S. norms and is proposed to be a more sophisticated measure of birth weight
(Oken et al. 2003). In addition, our findings were robust when using either BWGA z-score
or raw birth weight. Moreover, the individual prenatal PM, 5 exposure estimates in this
study were derived using a state-of-the-art method which models daily exposure estimates
incorporating satellite data. Notably, Hyder et al. recently compared the effect estimates of
birth outcomes from prenatal PM, 5 estimated using different exposure assessment
approaches (including monitoring data and modeling methods based on satellite data) in
834,322 births in Connecticut and Massachusetts during 2000-2006, and found that analyses
based on satellite data provided additional useful information in this context (Hyder et al.
2014). Finally, results from our analyses were similar when using two different widely-used
indicators of traffic-related and ambient air pollution, as well as different statistical
approaches.

We also acknowledge some limitations. We used BMI as our measurement of maternal pre-
pregnancy body size and did not have data on body shape or fat mass, which may
differentially affect efficiency of the placenta and birth weight (Brown et al. 1996; Winder et
al. 2011). We did not have data on gestational weight gain, which may act jointly with pre-
pregnancy weight on birth weight effects (Al-Hinai et al. 2013). Information on pregnancy
complications, which may be mediating or modifying the complex interactions examined in
our study (Lee et al. 2013; Malmqvist et al. 2013; Rich et al. 2009), was not available. In
addition, overlapping research suggests interactions among diet, genetic variants, and
biochemical markers. For example, genetic background may interact with habitual total
dietary fat and fatty acid composition, which have been linked to pulmonary and placental
inflammation, affecting predisposition to a woman’s responsiveness to PM exposures given
that both may contribute to transplacental oxygen and nutrient transport (Kannan et al. 2006;
Ordovas and Corella 2004). Other environmental factors such as temperature and noise that
may co-vary with air pollution might also affect birth outcomes. Further studies with larger
sample sizes may therefore consider joint or interactive associations among these additional
factors as well as potential mediating or modifying effects of pregnancy complications.
While we found statistically significant 3-way interactions in our analyses, we also cannot
rule out the possibility that this might be due to chance, thus future studies are needed to
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replicate these findings. Nonetheless, we found similar interaction patterns across two air
pollution indicators (BC and PM> 5) as well as in sensitivity analyses using raw birth weight
as outcome with or without adjusting for gestational age (all p-values for 3-way interactions
<0.03), which further suggest the robustness of our findings. Finally, our results may be
more applicable to lower SES racial/ethnic minority populations which may not represent
the overall population of the U.S.

In summary, this is the first study to concurrently examine the role of sex and maternal
obesity in the association between air pollution and birth outcomes. Our findings suggest
complex interactive roles of maternal obesity and sex on susceptibility to prenatal traffic-
related air pollution exposure in relation to fetal growth. Future studies in different SES and
racial/ethnic groups with larger sample sizes are needed to both replicate these findings and
to more fully elucidate the underlying mechanisms that may explain these complex
interactions. Given that low birth weight has been associated with increased infant mortality
as well as a number of adverse health impacts over the life course among survivors (Barker
2003; Fisher et al. 2006; Johnson and Schoeni 2011; Mclntire et al. 1999), these findings
have even broader public health implications.
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Figure 1. Associations between prenatal maternal air pollution exposure and birth weight for

gestation age z-score, stratified by sex and maternal pre-pregnancy obesity

This figure demonstrates effect estimates and 95% Cls for BWGA z-score change per IQR
increase in (A) BC level (IQR=0.21 ug/m3) and (B) PM, s level (IQR=1.64 ug/m3),
stratified by sex and maternal pre-pregnancy obesity. Pinteraction denotes p-value for air
pollution x sex interaction term in maternal obesity-stratified models. Models were adjusted
for season of birth, maternal race, education, age at enrollment, prenatal smoking, prenatal
NLEs, and neighborhood disadvantage index.
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Figure 2. Exposure-response relationships between prenatal BC level and BWGA z-score
Penalized spline curves demonstrating the relationship of prenatal maternal exposure to BC

with BWGA z-score, stratified by sex and maternal pre-pregnancy obesity. Solid line depicts
the penalized spline curve while dotted lines indicate the 95% confidence bounds. Models
were each adjusted for season of birth, maternal race, education, age at enrollment, prenatal
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Figure 3. Exposure-response relationships between prenatal PMy 5 level and BWGA z-score
Penalized spline curves demonstrating the relationship of prenatal maternal exposure to

PM, 5 with BWGA z-score, stratified by sex and maternal pre-pregnancy obesity. Solid line
depicts the penalized spline curve while dotted lines indicate the 95% confidence bounds.
Models were each adjusted for season of birth, maternal race, education, age at enroliment,
prenatal smoking, prenatal NLEs, and neighborhood disadvantage index.

Environ Res. Author manuscript; available in PMC 2016 February 01.



Page 21

90T 82°0- 60'T 20'0- T 600 60T 61°0- 86°0 LE0- 80'T ST0-  eaw) a1095-Z 9Be feuoneIsab 1oy Em_mgsmmw
6T 76 T2 0'6€ 12 6'8€ z (A 6T 6 [/ T'6€ (@s ‘uesw ‘syaam) YuIq 1e abe [euopelseD
z6v9 9'TveE L'7e9 v'zeee 1447 7'S6EE 6'G8S T'LLeE TS 8'6LT€E 6'.€9 £'882¢ (as ‘uesw :6) ybremyrg
6TT-T0T  ¢TT  LTT-TO0T 80T  LTT-TOT 60T  LTT-00T 60T 02T-¢0T ¢TT  8TI-T0T 1 (401 ‘uerpaw ew/Bri) [aAs] SeN [ereudld
760-620 860  /¥0-l¢0  S€0  2G50-620  8€0  /p0-920 GEO  8¥0-820 9€0  6v0-820  9€0 (401 ‘ueipaw cw/Bri) [9A8] OF [eveuaid
So|gelfeA snonunuo)

6'9T G5 T'GT s 0T o 9'GT L€ 61T 14 91 L0T SOA

T'€8 0L 678 €62 08 8T Gv8 102 188 8.1 8 €95 ON
(% ‘u) Burjows [eyeuaid feularey

879 0T 029 144 L85 GeT [A4) 14 899 GET 7’29 8TY sk gTs

zle 1143 08¢ TET €Ty 6 8'/€ 06 zee 19 9'/€ FAsTA sk gi<
(9% ‘u) uoneINPa JeulBIRN

7’1 20T L9z 6 0 69 '6C 0L L G5 6C 76T Ire4

16T 29 8'€C 8 6°0C 8y L'ee S 80¢ a4 ST 44" Jawwing

88T 19 91 8 e 15 612 [as €Te 154 8¢ 9vT Bunds

8'0¢€ 00T 6'7C 98 L2 29 192 29 L'0g 29 8L 981 I
5 (% ‘U) Yuig Jo uosess

L'ST 15 LT 19 8.1 154 91 8¢ €917 €€ L9t 44 1BYIO/BUUM

80¢ 00T €€ GTT zse 18 L'0g €L z0e 19 12 104 Yoelg

G'€S vIT 0’6 691 Ly 80T €S 12T G'€S 80T z18 Ve ojuedsiH
(9% ‘u) aoey

- - 0°00T are T'67 ETT G GetT €5 L0T ST Gve 3B

0'00T Gee - - 605 LTT Gy €Tt A4 66 g8y Gze 8[ewa4
(% 'u) xas 5,pIIYD
% u % u % u % u % u % u so|qelieA [edliobareD

(Z=DEND) Gre=u)shog (08z=0) 5300 e e N (019=4)
sy9lgns IV
XS S, plIyYD e SN1BIS [ING Adueubaid-aid [eulsle|N

Lakshmanan et al.

XoS S,PIIYa pue snyels |G [eusarew Aq sonsiiaoeleyd juedionied SS300V
Talqel

Author Manuscript Author Manuscript Author Manuscript Author Manuscript

Environ Res. Author manuscript; available in PMC 2016 February 01.



Page 22

(JaquIBnoN-1aquiR1das :|jey snBny-awip :Jawwins ‘Ae-yore Bunids ‘Arenige4-1aquisosq R,

"(866T ‘[ 10 ZUMOJRYS ‘T00Z ‘I8 18 Aulag) Aanins (Y-S ASIYD) Pasiney-swalsAs Ajiwed ui sisu) Agq cE:wmwS_Q

.NE\mv_ 0€< :Alsago ”NE\mV_ 6'62-GZ :uBlam Jano ”NEBV_ 6'72-8T :ybBlam _mctozm

Lakshmanan et al.

250-620- G20 9¥0-¥90- LTO0 6/0-G€0- S0 9¥0-GS0- G20 ¢S0-6v0- G20  870-050- G20 ‘UeIpaLL) 21095-2 aBejUBADESID POOY ag;w_w_/“
-1 4 v-T 2z -1 4 -1 Z €-1 z r-T 2z (O ‘ueipaw) s)uana a1 aAeBaU [eeudld
6'G 692 09 0le 9 G2 T9 L2 9'G v'Ge 9 le (@s ‘uesw ‘sieak) wawijoius 1e abe [eussieN
. . . _ _ ) . . . . . ) (as
79 062 €9 182 €'g 8'5e T €2 8T L2z €9 8'82 “Ueaw ,w/Bx) ING KoueuBaid-aid eussrepy
% u % u % u % u % u % u sa|qelse/ [edliobere)
— — - (8ez=u) (zoz=u)
(Geg=u) suID (Gre=u)shog (0gz=0) 85800 WBIBM 190 ABI JeULLION (019=4)
spalgns |1
X85 S, pIyd p SNI€1S [ING Adueubald-aid [eutareiN

Author Manuscript Author Manuscript Author Manuscript Author Manuscript

Environ Res. Author manuscript; available in PMC 2016 February 01.



Page 23

Lakshmanan et al.

gW/Br! T2'0=19191 08 40 ¥OI,

‘|opowW U0ISSaIBa1 Yoea Ul WIS} UONJRISIUI U} JO SSIBIISA 10843 SB ||aM Se 1SaJa1ul O 2Insodxa urew ayp Jo
SOYRLLINSS 108448 B} 810Usp S, ¢ 8y “Xapul abejueApesip pooytoqybiau pue ‘s3N [ereusid ‘Buniows [ereusid Juswi)joius e abe ‘UoNLINPS ‘8oR. [RUISIRW ‘YLI] JO UOSEsS 10} palsnipe os[e alam sjapow v,

2000 €¢0 ¢L'0- 95900 x 9B\ x D9
100 L0 €T 953q0 x 9N
100 91’0 6€°0 650 TT0 900 85800 x 09
170 10 [440] /¥0 TT0 800- 3N x 09
50 SE'0 T¢0- ¥10 ¥20 9€0 8s8g0
900 170 0z0 800 TT0 6T0 WB1aMIaAO
- - 13y - - 33 |ew.IoN
ING [eulslelN
€L0 120 60°0- ¥000 600 S¢0 800 €0 660 TO0 600 ¥CO Gl
¥0°0 170 €2¢°0- 810 800 O0TO0- 080 600 <¢00- TEO0 LOO LOO- nﬁmmmmbc_ 401 1ad) 0g
d @S d d es g d w@s 4 d s 4

|9POIA 8S3qQO x 3|\ x Od

IBPOIN 3S300 x Od

I3POIN 3[BIN x Od ISPON UIeIN

Author Manuscript

e 81095-Z \YOANG 0] uone|al ul Og [ereussd Buluiwexs sjppow uoissalibal sjgerLieAnR NI

¢ ?olgel

Author Manuscript

Author Manuscript Author Manuscript

Environ Res. Author manuscript; available in PMC 2016 February 01.



Page 24

Lakshmanan et al.

Author Manuscript

gW/Brt 9 T=1303] SN 40 DI,

‘|apouw uolssaifial Yoes Ul Swia) UONJeISIUI 8U) JO S3IBWIISS 199))9 SE [|aM Se 1SaJajul JO ainsodxa urew ay) Jo
S91eWI1IS8 109)J3 8Uj} d10usp S, Ayl "xapul abejueApesip pooyloqybiau pue ‘s3N [ereusid ‘Burjows fereuaid ‘Juswijjolus Je abe ‘uolyeonps ‘aoed [eulalew ‘Yuiqg JO Uoseas o) paisnipe osje alem sjppowl __<m

200 820 19°0- 95900 x 3leIN x SCNd
200 S8'T YXA 9s3q0 x 9N
vT0 610 82°0 760 ¥T0 200- 35900 x SN
¥60  9T0  T00- G00 €T0 920- alBIN x SZNd
0€0 62T  2€T- ¥S0 €60 180 95900
010  0T0 LT0 TT0 0T0 9T0 IEIICEIYe)
- - JE)] - - JE)] [ewION
INg [eussle
0.0 80T Zr0  TO00 800 820 €00 680 L6T 2000 800 920 I
680  2T'0  200- 1.0 600 €00- €O OT0 800 S0 800 GOO- qeseasour Ol Jad) SeNd
d 'S g d 'S g d 9 q d 'S d
I3POIAl 9590Ox3[BINXS N [9POIA 85300 x SN [BPOIA BIBIAl x SCINd [9POIN Ure

e 8100S-Z YOG 01 uone|al ul SN [ereusid Buluiwexs siapowl uoissalbial ajqelieAllnin

€9l|qel

Author Manuscript

Author Manuscript

Author Manuscript

Environ Res. Author manuscript; available in PMC 2016 February 01.



