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Abstract
Road traffic is a significant source of particulate matter pollution, whose exposure is a significant
risk factor in pregnancy-related health outcomes. The exact mechanisms behind the relationship
between traffic-related air pollution (TRAP) exposure and adverse pregnancy outcomes remain
unclear. We aim to assess the relationship between exposure to brake and tire wear-associated
metals and oxidative potential and ischemic placental disease (IPD). Data were assembled from a
final population of 178 women who sought specialized prenatal care at UCLA between 2016 and
2019 in Los Angeles, CA. Modeled first trimester exposures to chemical constituents and oxidative
stress potential of PM2.5, black carbon, and PM2.5 mass concentration. Speciated measurements
included tracers of brake wear (barium), tire wear (zinc), and oxidative potential markers based on
metal concentrations (KM-SUB-ELF ROS) or laboratory assays (DTT loss, OH radical formation).
Exposures were modeled by integrating data from filter samples, a low-cost PM2.5 sensor network,
and land-use data. We used logistic regression to estimate the associations between air pollution
exposures and IPD, adjusting for covariates assessed through medical records and interviews.
Scaled to the interquartile range, odds ratios (95% CI) were as follows: barium OR: 1.7 (1.1, 2.7),
zinc OR: 1.4 (.86, 2.4), and oxidative potential markers, both modeled as well as measured through
DTT loss and OH formation assays (ORs ranging from 1.1-2.0). Point estimates of effect sizes for
PM2.5 and black carbon were lower than most measurements (ORs: 1.3-1.4). mass and black
carbon. Our findings suggest two key points: (i) metals associated with brake and tire wear,
currently unregulated, may play a role in the relationship between TRAP and adverse pregnancy
outcomes, and (ii) reducing tailpipe emissions may not be sufficient to protect pregnant women
from TRAP.
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1. Introduction

Exposure to high levels of traffic-related air pollution (TRAP) is a major risk factor for various adverse health
outcomes, contributing substantially to premature mortality alongside a host of other diseases [1, 2]. TRAP
itself is a multisource mixture whose PM emissions stem from both tailpipe emissions as well as non-tailpipe
sources, including brake and tire wear and road dust resuspension. Southern California studies have found
that TRAP contributes to 32% of all ambient PM2.5 [3]. In recent decades, government regulation and
advancements in technology have substantially reduced tailpipe emissions in California, altering the profile
of particulates in TRAP [4]. Current clean air regulation in the US does not regulate non-exhaust emissions,
which due to increased fleet efficiency and electrification is expected to contribute a greater share of
particulates to TRAP and overall PM emissions [5]. As TRAP composition evolves with changes in vehicle
trends, health studies assessing effects of air pollution will require up-to-date, informative exposure
assessment [6], such as the use of metals as tracers of brake and tire wear [6–8].

A recent review found a number of adverse pregnancy and birth outcomes associated with exposure to
TRAP, including term low birth weight and small for gestational age [2]. One potential pathway through
which PM affects pregnancy and birth outcomes is through oxidative stress. Oxidative stress plays an
important role in the pathophysiology of the human placenta, where a balance of antioxidants and reactive
oxygen species (ROS) helps regulate placental development [9]. The disruption to the balance of antioxidants
and ROS has been shown to induce inflammation and subsequent morphological changes [10]. These
degenerative changes in the placenta have been found associated with several pregnancy complications,
including preeclampsia, fetal growth restriction, placental abruption, and gestational hypertension [9]. These
disorders, while symptomatically different, have a common underlying etiology in placental ischemia, and
are commonly grouped under a single term, ischemic placental disease (IPD) [11].

Prior studies have implicated oxidative stress as a primary mechanism through which PM exposure
impacts human health [12]. Heightened PM exposure increases levels of oxidative stress, which have been
found to correspond to inflammation leading to morphological changes in the placenta [10]. This is reflected
in prior cohort studies, which have found associations between ambient PM2.5 and outcomes including
intrauterine inflammation [13], preeclampsia [14], altered lipid metabolic gene expression [15], placental
DNA methylation [16], and IPD [17].

Most studies have focused on ambient PM2.5 or other proxy variables to assess exposure to air pollution.
PM is a non-specific, multisource mixture whose components vary widely based on time of year and
geography [18]. One study showed that within a single city and time period, PM2.5 samples showed
measurable differences in oxidative potential [19]. A review found that chemical species may modify the
association between PM2.5 exposure and adverse health effects, and that the use of unspeciated PM2.5 may
run the risk of exposure classification [20]. This is especially salient when assessing TRAP, as brake and tire
wear are rich in metals and organic compounds that are notably capable of generating oxidative stress [5].
Consequently, there have been increasing concerns that despite reductions in tailpipe emissions, increased
exposure to TRAP may continue to disrupt placental function leading to downstream adverse birth
outcomes [21–24].

Here, we attempt to bridge the above mentioned knowledge gap concerning possible adverse effects of
brake and tire wear-related TRAP exposures and pregnancy. We employ conventional exposure metrics,
namely PM2.5, black carbon, and novel set of exposure measures, including tracers of brake and tire wear and
markers of oxidative potential. We relied on a well-documented birth cohort [25] with detailed clinical
follow-up throughout pregnancy to assess associations of IPD with different measures of ambient TRAP.

2. Methods

2.1. Study population
The study cohort was established as part of the Placental Assessment in Response to Environmental Pollution
(PARENTs) study. The PARENTs study enrolled a birth cohort of pregnant women who sought prenatal care
and planned to deliver at UCLA hospitals between 2016 and 2019. Details regarding the cohort are
summarized elsewhere [25]. Briefly, subjects were screened for eligibility early in the first trimester and
subsequently followed prospectively until birth. Patient information was ascertained with both medical
records and standardized questionnaires. Interviews were conducted during pregnancy, i.e. during the first
trimester, early to mid-second trimester, third trimester, as well as delivery and post-partum to collect
information on demographics, medical history, tobacco use, and various maternal behaviors including diet
and residential and occupational exposures.

The cohort was approved by the UCLA IRB. Participants provided informed consent after the trained
study personnel explained the study. Details are listed by ClinicalTrials.gov (NCT02786420) [26].
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2.2. Outcome assessment
We defined the main outcome, IPD, as the noted presence of one or more of the following complications:
placental abruption, hypertensive disease of pregnancy (preeclampsia or gestational hypertension), a
newborn considered small-for-gestational age, or fetal growth restriction. Fetal growth restriction was
defined as fetuses with an estimated fetal weight or abdominal circumference that was less than the 10th
percentile for gestational age [25]. These four diseases, while symptomatically different, are all related to a
placental ischemia induced by excessive oxidative stress and are grouped under the composite outcome IPD
[11].

We defined preeclampsia as blood pressure (BP) of 140/90 mmHg or higher on two occasions at least
four hours apart after 20 weeks of gestation with previously normal BP, and proteinuria of>300 mg/24 h
[27]. In the absence of proteinuria, preeclampsia was defined as new-onset hypertension with new onset of
thrombocytopenia, renal insufficiency, impaired liver function, pulmonary edema, cerebral or visual
symptoms [27].

Gestational hypertension refers to hypertension developing after 20weeks of gestation not associated
with systemic features of preeclampsia. Chronic hypertension, on the other hand, was defined as BP
140/90mmHg or higher that either pre-dated pregnancy or developed before 20weeks of gestation [27].

We assessed information such as birth weight (grams), gestational age (days), and BP from participants’
medical records. Small-for-gestational age was defined as a newborn birth weight less than the 10th
percentile per Fenton’s growth charts with a subclassification below the 3rd percentile. In this study, SGA was
defined as a newborn birth weight less than the 10th percentile per Fenton’s growth charts [28].

2.3. Exposure assessment
2.3.1. PM2.5 mass and elemental concentrations
We generated seven 30 by 30 meter exposure surfaces using three data sources: (i) air monitoring campaigns
measurements from two campaigns we conducted in 2019-20, (ii) land-use data from public and private
sources, and (iii) the PurpleAir low-cost sensor network. We previously described our data collection and
modeling processes in a prior publication [8, 29]. In brief, we obtained PM2.5 chemical species and oxidative
potential marker data from a fieldwork campaign detailed in Oroumiyeh et al [8]. Samplers measuring PM2.5

during September 2019 and February 2020 were placed at government monitoring locations and individual
residences, including at 17 PARENTs participants’ homes. Oroumiyeh et al describe chemical speciation
analyses in detail [8, 30, 31], and Shen et al discuss at length the assays used to measure black carbon and
oxidative potential in the filter samples [19].

After obtaining speciation and oxidative potential marker data, we modeled the following:

• Ba (representing brake wear) [5]
• Zn (representing tire wear) [5]
• DTT loss (biological reductant surrogate) [32–35]
• OH formation (reactive species formed in lung lining when exposed to aerosol particles) [36]
• KM-SUB-ELF ROS (an estimate of ROS generation based on Cu and Fe concentrations) [37]
• Black carbon (combustion byproduct and diesel tailpipe tracer) [38]
• PM2.5 mass concentration

We have detailed our exposure modeling in a prior article [29]. Briefly, for each exposure, we generated a
model across the Southern California area employing universal co-kriging with each exposure as the primary
variable; a land-use regression model as an external drift; and PurpleAir low-cost sensor network as an
auxiliary, more spatially resolved variable. and other adverse birth outcomes [39].

Monthly estimates of co-kriged PM2.5, Ba, Zn, and oxidative potential were scaled by modifying the
model from Liu et al [29]. measurements in the PurpleAir network. For each month, the cross-covariance
between the seven exposures and PurpleAir PM2.5 were modeled using the gstat package, which was used to
predict monthly exposure estimates. This process can be expressed as the following equation:

yi,m (s) = x⊤i (s)β+wi,m (s)+ ϵi (s) , i = 1,2, . . . ,q m= 1,2, . . . ,11,12 (1)

wherem refers to the months between January and December. In equation (1), yi,m(s) refers to the estimated
monthly concentrations of the chemical species discussed above at location s. The term wi,m(s) refers to the
spatial dependence (1) within the chemically speciated data collected across the study area and (2) between
the chemically speciated data and the unspeciated mean PurpleAir PM2.5 concentrations from a given
monthm.

This study focused on estimating first trimester exposures. Although other periods of pregnancy, such ast
he third trimester, are associated with some of our outcomes, such as term low birth weight, our outcomes
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are suspected to share a common etiology in placental dysfunction, which starts early in pregnancy. We thus
restricted our exposure assessment to the first trimester, the period most relevant to placental outcomes.

We generated each subject’s first trimester exposure measure by subtracting the gestational age at birth
from the birth date, and adding 92 days (13 weeks). Within this date range, exposure estimates were
calculated as a weighted average of the monthly exposures that were included in each woman’s first trimester.
For subjects who moved residences during their first trimester, the weighted average was calculated based on
residence time at each address. This process can be expressed as the following equation:

Es =

∑
ds,miEs,mi∑
(ds,mi)

(2)

where the estimated exposure E for subject s. Using equation (1), we can estimate monthly exposures of a for
subject s for any given monthm. Subtracting the gestational age from the birth date, we determined the
number of days d that are covered by subject s’s first trimester for a given monthmi. We then weighed
monthly exposure estimates Es,mi by the number of days in a given month covered by the first trimester to
calculate our final estimates. We estimate first trimester exposures occurring prior to the incidence of IPD,
making our study prospective in design.

Based on reported home addresses at enrollment and relocation dates (if applicable), we geocoded
subject home locations using the Esri ArcGIS Address Locator via the Countywide Address Management
System locator [40]. For addresses that failed to geocode properly, we used Google Maps via the ggmap R
package [41].

2.4. Covariates
Using questionnaires, we collected data on covariates and potential IPD risk factors, including maternal age
(years), maternal race (non-Hispanic White, Hispanic of any race, Black, Asian/Pacific Islander, or other),
parity (continuous), maternal body-mass index (BMI, categorical), maternal and partner income (nominal),
maternal education (categorical), and maternal smoking status prior to and during pregnancy (never/former
smoker). We assessed pregnancy complications and other medical information, such as gestational diabetes
(yes/no) and fetal sex (male/female) from medical records [42]. Subjects reported maternal and partner
income as belonging to one of five annual salary ranges (under $20 000, $20 000–$40 000, $40 000–$60 000,
$60 000–$100,000, and over $100 000). Based on reported incomes, we classified each household into low,
middle, upper-middle, and high-income when applicable. Due the small sample size, we dichotomized race
into non-Hispanic White and other.

We encountered missing data for some covariates. Six out of 178 subjects lacked maternal education data,
five out of 178 lacked household income data, and 19 out of 178 lacked maternal smoking data prior to
pregnancy. We addressed missing data using multivariate imputation using SAS [43]. Specifically, we created
an imputation model based on exposure variables and complete covariates. We used the Markov Chain
Monte Carlo method to assume a joint multivariate normal distributions for all variables included in the
imputation model. After imputing five datasets, we randomly selected one for use in our final dataset.

2.5. Statistical analysis
2.5.1. Summary statistics
After assigning exposure data, we calculated the mean and interquartile range (IQR) of each exposure,
stratified by IPD status. In an exploratory analysis, we calculated Pearson correlation coefficients between
each exposure and checked for statistical significance (p< 0.05).

Prior to model fitting, we normalized exposure values by the corresponding IQR of the entire population,
as has been done in previous studies that assessed air pollution and pregnancy outcomes [44–46].

2.5.2. Model fitting
To assess the impact of various exposures on the risk of developing IPD, we fitted unconditional logistic
regression models for each of our exposures. We generated results based on three different models: (i) a
crude model, (ii) a minimally adjusted model adjusting for age, fetal sex, and race, and (iii) a fully adjusted
model additionally adjusting for parity, maternal BMI, maternal smoking, gestational diabetes, maternal
education, and household income. We selected confounders in the minimally adjusted model based on
information that would be available in large, administrative cohorts. The fully adjusted model incorporates
confounders that were assessed using detailed medical records and subject interviews. We calculated log odds
ratios and corresponding 95% confidence intervals representing the change in odds of IPD per IQR increase
of each exposure.

4



Environ. Res.: Health 2 (2024) 031002

2.5.3. Sensitivity analysis
Prior studies have demonstrated a relationship between diet and oxidative stress levels [47], and place of
residence may affect both air quality as well as access to healthy food. In response we considered this
potential effect of diet among a subset of 143 women who filed out the Diet History Questionnaire II, a food
frequency questionnaire [48]. For the women who provided this information, we investigated whether
adjustment for a healthy diet based on the United States Department of Agriculture 2015 Healthy Eating
Index changed effect estimates. The Healthy Eating Index considers factors that may affect our study
outcome, including sodium intake.

Additional sensitivity analyses included assessing alternate methods of exposure assessment i.e. weighing
exposure estimates by each month of gestation. For a small subset of subjects who moved residences during
the first trimester, we investigated whether maintaining their original address, i.e. assuming they did not
move, affected effect estimates. Finally, during exploratory analyses we found that four subjects lived less
than two miles outside of the boundaries of the exposure surface. Instead of excluding them, we assigned
these four subjects exposure surface measures closest to their addresses.

3. Results

We screened 841 subjects for eligibility and willingness to participate in magnetic resonance imaging (MRI)
examinations during mid-pregnancy and 234 did not respond to further inquiry (figure 1). There were 233
subjects who declined to enroll for reasons including time and/or travel (n= 56), lack of interest (n= 50),
MRI safety concerns (n= 62) or doctor refusal (n= 7). An additional 58 women did not to provide a reason
for declining participation. There were 166 women who were deemed ineligible due to late gestational age at
enrollment (n= 132), twin pregnancy (n= 5), abortion or miscarriage (n= 16), discontinuation of care at
UCLA (n= 12), or being too ill to continue (n= 2).

Thus, we initially enrolled 208 participants into the PARENTs study. After enrollment, we additionally
excluded 30 subjects due to pregnancy complications or other illnesses resulting in MRI complications
post-enrollment (n= 7); miscarriage or abortion post-enrollment (n= 5); patient withdrawal (n= 4);
smoking during pregnancy (n= 1); exposure to Zika (n= 1); relocation outside the study area (n= 1);
missing medical records (n= 2); or residing outside of the exposure surface boundaries (n= 9).

Baseline subject characteristics of the 47 cases and 131 non-cases are presented in table 1. Figure 2
Compared to non-cases, cases had a slightly higher mean age, BMI, and prevalence of gestational diabetes
while non-cases were more often multiparous. There are also more former smokers and women missing
information on smoking prior to pregnancy among cases.

Correlations between first trimester exposures are summarized in figure 3. All exposures were positively
correlated with each other (Pearson ρ: 0.13-0.89). Overall, the estimated average first trimester PM2.5

exposure was 9.75 µgm−3 with an IQR of 1.19 µgm−3, with higher mean concentration among cases (9.85
µgm−3) compared to non-cases (9.71 µgm−3). We also observed higher mean exposures to Ba, Zn, and
oxidative potential markers among cases than non-cases, as shown in table 2.

The crude, minimal, and fully adjusted model display consistent effect direction. Odds ratios and 95%
confidence intervals from logistic regression models shown in figure 4 suggest that higher levels of every
exposure modeled were positively associated with IPD, with magnitudes of the ORs ranging in size from 1.1
(DTT loss) to 2.0 (KM-SUB-ELF ROS) for the fully adjusted model. Adjustment for covariates suggested
some bias of crude estimated effects towards the null for the brake wear and tire wear marker Ba and Zn and
also for KM-SUB-ELF ROS. The adjusted estimates for Ba and KM-SUB-ELF ROS the 95% confidence
intervals exclude the null value of 1. While not necessarily statistically significant, all other exposure-IPD
associations were positive and exhibited the same patterns.

Sensitivity analyses did not alter our main findings. Specifically, adjustment for diet-related variables,
including sodium intake, did not significantly affect our effect direction or magnitude. Alcohol intake in the
cohort was reported at very low levels in the cohort. While we did not adjust for alcohol in diet-related
sensitivity analyses, less than 10% of women reported an average alcohol daily intake of greater than 0.5
grams per day. We would, as a result, not expect to observe differences when adjusting for alcohol intake.

Assigning alternate locations to subjects just outside the exposure surface not change effect estimates but
increased standard errors. Alternate methods of exposure assessment resulted in increases in standard error,
but no qualitative changes in effect estimate.
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Figure 1. Recruitment flowchart in study population.

4. Discussion

We believe that this is the first study to examine the contributions from brake and tire wear-related PM2.5

components and oxidative potential of the pollutant mixtures to IPD. Effect estimate directions were
consistently positive whether adjusting for a minimal or full set of risk factors and potential confounders.
While we cannot rule out the possibility of residual confounding, our results suggest that common risk
factors known to adversely affect pregnancy did not confound the observed exposure-outcome associations
except for strengthening the associations (figure 4) [11].

The positive relationships between oxidative potential markers and tracers of brake and tire wear and
IPD are consistent with physiological mechanisms that are thought to drive placental disorders. The placenta
plays a key role in fetal development and is essential for the transport and provision of nutrients, water, and
oxygen to the fetus [49]. An imbalance of ROS induced by metals and organic species may lead to
disruptions in placental trophoblast cell function, which has been hypothesized to play a key role in the
physiologic mechanisms behind IPD [50].

We present results that further corroborate prior work investigating the relationship between TRAP and
birth outcomes. Positive associations between increased maternal PM2.5 exposure and negative health
outcomes in children have been discussed widely in the literature [51]. Many studies employed black carbon
as a tailpipe exhaust marker and evidence is mixed regarding associations with adverse birth outcomes
[52–55]. Studies assessing exposures specifically associated with brake and tire wear are very limited, with
most studies restricted to animal experiments [56–58]. Studies in larger administrative data using the same
exposures as this study have found links between exposure to TRAP and adverse birth outcomes [39].

As shown in figure 3, Ba and Zn were highly correlated with Cu and Fe concentrations used to calculate
the KM-SUB-ELF ROS measurement. As tracers of brake and tire wear, we interpret metals Ba and Zn as
proxies for the mixture of brake and tire wear particle exposures directly involved in the production of ROS
and not causal agents for IPD [36, 59]. In other words, we do not believe that reducing or replacing Ba and
Zn emissions from brake and tire wear would necessarily lead to improved health outcomes. We also report
the effects of various oxidative potential-related measures, which reflect the reactivity of water-soluble PM
samples, and whose effect directions and magnitudes are consistent with the brake and tire wear tracers.
Oxidative potential markers are positively correlated with source-specific measures in data and, thus, suggest
that metals and related measures of non-tailpipe source exposures may be more effective than PM2.5 or black
carbon alone in predicting PM-related oxidative stress and adverse birth outcomes.

We estimated the highest point estimates in fully adjusted models for Ba, KM-SUB-ELF ROS, and OH
formation. Although both DTT loss and OH formation assays measure oxidative potential, OH formation
was more strongly correlated with the metals. This could reflect the DTT assay’s relative insensitivity to Fe
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Table 1. Selected characteristics of study population, Los Angeles, California.

Cases (N= 47) Non-cases (N= 131) Overall (N= 178)

Maternal Age
Mean (SD) 34 (4.4) 33 (3.9) 33 (4.0)

Race
Asian 14 (29.8%) 34 (26.0%) 48 (27.0%)
Black or African American 3 (6.4%) 7 (5.3%) 10 (5.6%)
Hispanic 7 (14.9%) 27 (20.6%) 34 (19.1%)
White, non-Hispanic 23 (48.9%) 62 (47.3%) 85 (47.8%)
American Indian or Alaskan Native 0 (0%) 1 (0.8%) 1 (0.6%)

Maternal Education
High School Graduate or GED 0 (0%) 1 (0.8%) 1 (0.6%)
Vocational, Technical, Associates, or other 2 year degree 0 (0%) 8 (6.1%) 8 (4.5%)
Some College 2 (4.3%) 6 (4.6%) 8 (4.5%)
Bachelors Degree (4 Years) 14 (29.8%) 44 (33.6%) 58 (32.6%)
Masters Degree 19 (40.4%) 34 (26.0%) 53 (29.8%)
Professional Degree (MD, JD, etc) 5 (10.6%) 20 (15.3%) 25 (14.0%)
Doctoral Degree 7 (14.9%) 12 (9.2%) 19 (10.7%)
Missing 0 (0%) 6 (4.6%) 6 (3.4%)

Household Income
Low 1 (2.1%) 8 (6.1%) 9 (5.1%)
Middle 4 (8.5%) 10 (7.6%) 14 (7.9%)
Upper-middle 10 (21.3%) 20 (15.3%) 30 (16.9%)
High 30 (63.8%) 87 (66.4%) 117 (65.7%)
Don’t know 1 (2.1%) 1 (0.8%) 2 (1.1%)
Refused to answer 1 (2.1%) 0 (0%) 1 (0.6%)
Missing 0 (0%) 5 (3.8%) 5 (2.8%)

Fetal Sex
Female 22 (46.8%) 60 (45.8%) 82 (46.1%)
Male 25 (53.2%) 71 (54.2%) 96 (53.9%)

Parity
0 26 (55.3%) 60 (45.8%) 86 (48.3%)
1 19 (40.4%) 55 (42.0%) 74 (41.6%)
2 1 (2.1%) 13 (9.9%) 14 (7.9%)
3 0 (0%) 2 (1.5%) 2 (1.1%)
4 0 (0%) 1 (0.8%) 1 (0.6%)
6 1 (2.1%) 0 (0%) 1 (0.6%)

Maternal BMI
Mean (SD) 25 (5.6) 24 (4.4) 25 (4.7)

Gestational Diabetes
No 38 (80.9%) 117 (89.3%) 155 (87.1%)
Yes 9 (19.1%) 14 (10.7%) 23 (12.9%)

Smoking
I do not smoke and I never have 28 (59.6%) 96 (73.3%) 124 (69.7%)
I do not smoke anymore but I have in the past 12 (25.5%) 23 (17.6%) 35 (19.7%)
Missing 7 (14.9%) 12 (9.2%) 19 (10.7%)

[35, 60]. Fe and Cu play an important role in OH radical formation via Fenton reactions that occur in the
human body [36, 61, 62]. Fe is a major component of brake wear and catalyzes the production of ROS; it is a
component of the KM-SUB-ELF ROS model and highly correlates with Ba and Zn (figure 3) [5, 37]. Other
research came to similar conclusions; a prior study assessing the relationship between oxidative potential
markers and census tract-level health outcomes suggested that compared to PM2.5 mass, the OH formation
assays may be better at predicting PM-related adverse health consequences [19].

Prior studies have identified TRAP as a specific source of oxidative potential associated with adverse
health effects [38, 63]. In our study, we found that Ba and Zn both are strongly correlated with OH radical
formation and are more strongly associated with IPD compared to PM2.5 and black carbon. Increases in fuel
efficiency and automobile electrification will likely increase the total share of PM from brake and tire wear
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Figure 2. Breakdown of the 48 IPD cases by individual outcome in study population. The four individual outcomes are
represented as follows: blue for gestational hypertension (GHTN), yellow for preeclamsia (PREX), green for fetal growth
restriction (FGR), and red for small-for-gestational age (SGA). Overlapping sections represent the number of subjects with
multiple outcomes. Percentages are relatve to the entire study population of 178.

Figure 3. Pearson correlations between estimated exposures in the PARENTs cohort.

components [5, 64]. Consequently, health studies targeting TRAP with conventional metrics may
underestimate exposure-outcome associations. Similarly, our findings suggest that future changes in fleet
composition and reduction in tailpipe exhaust alone may not improve pregnancy outcomes.
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Table 2.Mean (IQR) values of first trimester exposure estimates among cases and non-cases.

Exposure Unit Cases (N= 47) Non-Cases (N= 131)> Overall (N= 178)

PM2.5 µg/m3 9.83 (1) 9.68 (1) 9.72 (1)
Black Carbon % % 4.85 (0) 4.74 (1) 4.77 (1)
Ba ng/m3 18.9 (6) 17.7 (4) 18.1 (4)
Zn ng/m3 9.91 (2) 9.76 (2) 9.8 (2)
KM-SUB-ELF ROS nmol/L 119 (13.5) 116 (15.5) 117 (16)
DTT Loss pmol/min/m3 635 (108) 627 (119) 629 (119)
OH Formation pmol/min/m3 5.79 (1.5) 5.55 (1) 5.61 (1)

Figure 4. Associations between exposure to PM2.5, speciated components, and oxidative potential during the first trimester and
ischemic placental disease, forest plot (top) and table (bottom).

5. Strengths and limitations

Strengths include novel and robust exposure and outcome assessments. The relationship between air
pollution and IPD is understudied, with only one previous study assessing IPD and distance to roads, which
may have resulted in misclassification [17]. Our exposures include measurements which are more
source-specific than conventional metrics compared to solely using PM2.5 mass concentration. Furthermore,
around one-third of filter samples used in our exposure model were sampled at PARENTs subjects’ homes,
likely reducing exposure misclassification. Our close clinical follow-up enabled a detailed IPD outcome
assessment, including criteria previously used by Wesselink et al [17] plus gestational hypertension, and fetal
growth restriction. Comprehensive interviews also allowed us to conduct sensitivity analyses on factors such
as diet. Consequently, we believe that the risk of outcome misclassification is very low.

This study has limitations regarding sample size and temporal alignment. With a small sample size of
178, our effect estimates exhibit consistent directions but have high uncertainty. As a result, comparisons
between effect sizes among individual pollutants are not conclusive and should instead serve as starting point
for further research. Likewise, low sample size may hamper inference using all the covariates used in the fully
adjusted models. This study therefore presents the results of minimally adjusted models, which adjusts for
confounders commonly found in large, administrative cohorts. Despite increased uncertainties associated
with the fully adjusted models, changes in effect magnitude are mostly consistent. While the study’s small
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sample size limits the ability to draw specific comparisons between the minimal and adjusted model, the
results nonetheless suggest that the effect sizes and direction observed in the crude and minimally adjusted
models are not due to confounding due to variables including parity, maternal BMI, maternal smoking,
gestational diabetes, maternal education, or household income. As stated elsewhere [25], we designed the
PARENTs cohort to study placenta-related adverse outcomes in pregnancy, i.e. a high-risk population of
pregnant women with a high prevalence of IPD. This likely allowed us to detect strong exposure-outcome
associations despite limitations. Notably, our cohort does not represent the general population of pregnant
women: they were older, more educated and of higher socio-economic status and sought specialized care at
UCLA hospitals. Thus, on one hand, our subjects were at higher risk of pregnancy complications, on the
other, higher SES, education, and levels of medical care may have protected them from some pregnancy
complications [65]. Our exposure models were based on data collected 2–3 years after pregnancy. The main
sources of our exposures, traffic and heavy industry, remained consistent during the time between
recruitment and the air monitoring and sampling campaigns. Another limitation regarding time-varying
exposure is that chemically speciated PM2.5 data were only collected at two time points. This study used
temporally-varying PurpleAir data to estimate month-to-month variation. That said, exposures across
months were highly correlated with one another, and in the study area, activities such as automobile and
train traffic remain relatively consistent throughout the year. We would expect spatial contrasts, which are
well-captured by our exposure assessment, to play a more significant role.

Lastly, our sampling campaigns were not affected by the COVID-19 pandemic or wildfires in Southern
California, such that spatial trends in pollution likely remained similar to those during time of the
pregnancies, minimizing the impact of temporal misalignment.

6. Conclusion

For this Los Angeles birth cohort, we found consistent associations between IPD and oxidative potential
markers for PM2.5 and metals associated with brake and tire wear emissions. Our results suggest that
compared to black carbon and PM2.5, markers of brake and tire wear, namely Ba, KM-SUB-ELF ROS, and
OH formation may have generated stronger size effect estimates even though 95% CIs overlapped. Although
uncertainty remains regarding the true difference in effect between different pollutants, we believe that
differences point estimates match toxicological concerns, and invite further study among larger cohorts. , Ba,
KM-SUB-ELF ROS, and OH formation generated stronger effect estimates sizes that were stable or even
increased after adjusting for important variables widely considered to be risk factors for IPD.

Our results indicate that the association between TRAP and these adverse pregnancy outcomes is at least
partially attributable to brake and tire wear-related particulate matter and the toxicity of fine particulate
matter. Clean air policy has successfully reduced tailpipe emissions but currently does not target brake and
tire wear. Our results suggest that protecting public health may necessitate an expansion of vehicle emissions
regulations that also address brake and tire wear PM exposures.

Data availability statement

The data cannot be made publicly available upon publication because they contain sensitive personal
information. The data that support the findings of this study are available upon reasonable request from the
authors.

6. Ethical statement

This research was approved by the UCLA IRB, and details are listed by ClinicalTrials.gov (NCT02786420).
The research was conducted in accordance with the principles embodied in the Declaration of Helsinki

and in accordance with local statutory requirements. All participants gave written informed consent to
participate in the study.

ORCID iDs

Jonathan Liu https://orcid.org/0000-0001-8164-0699
Qi Meng https://orcid.org/0000-0003-4459-8668
Suzanne E Paulson https://orcid.org/0000-0003-0855-7615
Beate Ritz https://orcid.org/0000-0001-6976-7339

10

https://orcid.org/0000-0001-8164-0699
https://orcid.org/0000-0001-8164-0699
https://orcid.org/0000-0003-4459-8668
https://orcid.org/0000-0003-4459-8668
https://orcid.org/0000-0003-0855-7615
https://orcid.org/0000-0003-0855-7615
https://orcid.org/0000-0001-6976-7339
https://orcid.org/0000-0001-6976-7339


Environ. Res.: Health 2 (2024) 031002

References

[1] Cohen A J et al 2017 Estimates and 25-year trends of the global burden of disease attributable to ambient air pollution: an analysis
of data from the Global Burden of Diseases Study 2015 Lancet 389 1907–18

[2] HEI 2022 Systematic review and meta-analysis of selected health effects of long-term exposure to traffic-related air pollution
(available at: www.healtheffects.org/publication/systematic-review-and-meta-analysis-selected-health-effects-long-term-exposure-
traffic)

[3] Habre R et al 2020 Contribution of tailpipe and non-tailpipe traffic sources to quasi-ultrafine, fine and coarse particulate matter in
Southern California J. Air Waste Manage. Assoc. vol 0

[4] California Air Resources Board 2019 California greenhouse gas emissions for 2000 to 2017 (available at: https://ww2.arb.ca.gov/
sites/default/files/classic/cc/inventory/pubs/reports/2000_2017/ghg_inventory_trends_00-17.pdf)

[5] Fussell J C et al 2022 A review of road traffic-derived non-exhaust particles: emissions, physicochemical characteristics, health risks
and mitigation measures Environ. Sci. Technol. 56 6813–35

[6] Jeong C-H, Traub A, Huang A, Hilker N, Wang J M, Herod D, Dabek-Zlotorzynska E, Celo V and Evans G J 2020 Long-term
analysis of PM2.5 from 2004 to 2017 in Toronto: Composition, sources and oxidative potential Environ. Pollut. 263 114652

[7] Sternbeck J, Sjödin Å and Andréasson K 2002 Metal emissions from road traffic and the influence of resuspension-results from two
tunnel studies Atmos. Environ. 36 4735–44

[8] Oroumiyeh F et al 2022 Elemental composition of fine and coarse particles across the greater Los Angeles area: Spatial variation
and contributing sources Environ. Pollut. 292 118356

[9] Hui Joo E, Ran Kim Y, Kim N, Eun Jung J, Ha Han S and Young Cho H 2021 Effect of endogenic and exogenic oxidative stress
triggers on adverse pregnancy outcomes: preeclampsia, fetal growth restriction, gestational diabetes mellitus and preterm birth Int.
J. Mol. Sci. 22 10122

[10] Roberts J M and Escudero C 2012 The placenta in preeclampsia Pregnancy Hypertens. 2 72–83
[11] Ananth C V and Vintzileos A M 2011 Ischemic placental disease: Epidemiology and risk factors Eur. J. Obstet. Gynecol. Reprod. Biol.

159 77–82
[12] Saenen N D, Martens D S, Neven K Y, Alfano R, Bové H, Janssen B G, Roels H A, Plusquin M, Vrijens K and Nawrot T S 2019 Air

pollution-induced placental alterations: An interplay of oxidative stress, epigenetics and the aging phenotype? Clin. Epigenet. 11 124
[13] Nachman R M et al 2016 Intrauterine inflammation and maternal exposure to ambient PM2.5 during preconception and specific

periods of pregnancy: The boston birth cohort Environ. Health Perspect. 124 1608–15
[14] Yu H, Yin Y, Zhang J and Zhou R 2020 The impact of particulate matter 2.5 on the risk of preeclampsia: an updated systematic

review and meta-analysis Environ. Sci. Pollut. Res. Int. 27 37527–39
[15] Kaur K , Lesseur C, Deyssenroth M A, Kloog I, Schwartz J D, Marsit C J and Chen J 2022 PM2.5 exposure during pregnancy is

associated with altered placental expression of lipid metabolic genes in a US birth cohort Environ. Res. 211 113066
[16] Ghazi T, Naidoo P, Naidoo R N and Chuturgoon A A 2021 Prenatal air pollution exposure and placental DNA methylation

changes: implications on fetal development and future disease susceptibility Cells 10 3025
[17] Wesselink A K, Carwile J L, Patricia Fabian M, Winter M R, Butler L J, Mahalingaiah S and Aschengrau A 2017 Residential

proximity to roadways and ischemic placental disease in a cape cod family health study Int. J. Environ. Res. Public Health 14 682
[18] Pan S, Qiu Y, Li M, Yang Z and Liang D 2022 Recent developments in the determination of PM2.5 chemical composition Bull.

Environ. Contamin. Toxicol. 108 819–23
[19] Shen J et al 2022 Aerosol oxidative potential in the Greater Los Angeles area: source apportionment and associations with

socioeconomic position Environ. Sci. Technol. 56 17795–804
[20] Franklin M, Koutrakis P and Schwartz J 2008 The role of particle composition on the association between PM2.5 and Mortality

Epidemiology 19 680–9
[21] Schauer J J, Lough G C, Shafer M M, Christensen W F, Arndt M F, DeMinter J T and Park J-S 2006 Characterization of metals

emitted from motor vehicles Research Report (Health Effects Institute) vol 133 pp 1–76
[22] Sun Q, Li Y, Shi L, Hussain R, Mehmood K, Tang Z and Zhang H 2022 Heavy metals induced mitochondrial dysfunction in

animals: molecular mechanism of toxicity Toxicology 469 153136
[23] Xu Z et al 2011 Ambient particulate air pollution induces oxidative stress and alterations of mitochondria and gene expression in

brown and white adipose tissues Particle Fibre Toxicol. 8 20
[24] Punshon T, Li Z, Marsit C J, Jackson B P, Baker E R and Karagas M R 2016 Placental metal concentrations in relation to maternal

and infant toenails in a US Cohort Environ. Sci. Technol. 50 1587–94
[25] Janzen C et al 2022 A description of the imaging innovations for placental assessment in response to environmental pollution study

(PARENTs) Am. J. Perinatol. 41 e853–62
[26] Devaskar S 2021 Imaging innovations for placental assessment in response to environmental pollution (NCT02786420) (available

at: https://clinicaltrials.gov/ct2/show/NCT02786420)
[27] ACOG 2019 ACOG practice bulletin no. 202: Gestational hypertension and preeclampsia Obstet. Gynecol. 133 1
[28] Osuchukwu O O and Reed D J 2022 Small for gestational age Statpearls (StatPearls Publishing)
[29] Liu J et al 2022 Cokriging with a low-cost sensor network to estimate spatial variation of brake and tire-wear metals and oxidative

stress potential in Southern California Environ. Int. 168 107481
[30] Dillner A M, Shafer M M and Schauer J J 2007 A novel method using polyurethane foam (PUF) substrates to determine trace

element concentrations in size-segregated atmospheric particulate matter on short time scales Aerosol Sci. Technol. 41 75–85
[31] Herner J D, Green P G and Kleeman M J 2006 Measuring the trace elemental composition of size-resolved airborne particles

Environ. Sci. Technol. 40 1925–33
[32] Cho A K, Sioutas C, Miguel A H, Kumagai Y, Schmitz D A, Singh M, Eiguren-Fernandez A and Froines J R 2005 Redox activity of

airborne particulate matter at different sites in the Los Angeles Basin Environ. Res. 99 40–47
[33] Verma V, Pakbin P, Cheung K L, Cho A K, Schauer J J, Shafer M M, Kleinman M T and Sioutas C 2011 Physicochemical and

oxidative characteristics of semi-volatile components of quasi-ultrafine particles in an urban atmosphere Atmos. Environ.
45 1025–33

[34] Biswas S, Verma V, Schauer J J, Cassee F R, Cho A K and Sioutas C 2009 Oxidative potential of semi-volatile and non volatile
particulate matter (PM) from heavy-duty vehicles retrofitted with emission control technologies Environ. Sci. Technol. 43 3905–12

[35] Charrier J G and Anastasio C 2012 On dithiothreitol (DTT) as a measure of oxidative potential for ambient particles: Evidence for
the importance of soluble transition metals Atmos. Chem. Phys. 12 11317–50

[36] Valko M, Morris H and Cronin M T D 2005 Metals, toxicity and oxidative stress Curr. Med. Chem. 12 1161–208

11

https://doi.org/10.1016/S0140-6736(17)30505-6
https://doi.org/10.1016/S0140-6736(17)30505-6
https://www.healtheffects.org/publication/systematic-review-and-meta-analysis-selected-health-effects-long-term-exposure-traffic
https://www.healtheffects.org/publication/systematic-review-and-meta-analysis-selected-health-effects-long-term-exposure-traffic
https://ww2.arb.ca.gov/sites/default/files/classic/cc/inventory/pubs/reports/2000_2017/ghg_inventory_trends_00-17.pdf
https://ww2.arb.ca.gov/sites/default/files/classic/cc/inventory/pubs/reports/2000_2017/ghg_inventory_trends_00-17.pdf
https://doi.org/10.1021/acs.est.2c01072
https://doi.org/10.1021/acs.est.2c01072
https://doi.org/10.1016/j.envpol.2020.114652
https://doi.org/10.1016/j.envpol.2020.114652
https://doi.org/10.1016/S1352-2310(02)00561-7
https://doi.org/10.1016/S1352-2310(02)00561-7
https://doi.org/10.1016/j.envpol.2021.118356
https://doi.org/10.1016/j.envpol.2021.118356
https://doi.org/10.3390/ijms221810122
https://doi.org/10.3390/ijms221810122
https://doi.org/10.1016/j.preghy.2012.01.001
https://doi.org/10.1016/j.preghy.2012.01.001
https://doi.org/10.1016/j.ejogrb.2011.07.025
https://doi.org/10.1016/j.ejogrb.2011.07.025
https://doi.org/10.1186/s13148-019-0688-z
https://doi.org/10.1186/s13148-019-0688-z
https://doi.org/10.1289/EHP243
https://doi.org/10.1289/EHP243
https://doi.org/10.1007/s11356-020-10112-8
https://doi.org/10.1007/s11356-020-10112-8
https://doi.org/10.1016/j.envres.2022.113066
https://doi.org/10.1016/j.envres.2022.113066
https://doi.org/10.3390/cells10113025
https://doi.org/10.3390/cells10113025
https://doi.org/10.3390/ijerph14070682
https://doi.org/10.3390/ijerph14070682
https://doi.org/10.1007/s00128-022-03510-w
https://doi.org/10.1007/s00128-022-03510-w
https://doi.org/10.1021/acs.est.2c02788
https://doi.org/10.1021/acs.est.2c02788
https://doi.org/10.1097/EDE.0b013e3181812bb7
https://doi.org/10.1097/EDE.0b013e3181812bb7
https://doi.org/10.1016/j.tox.2022.153136
https://doi.org/10.1016/j.tox.2022.153136
https://doi.org/10.1186/1743-8977-8-20
https://doi.org/10.1186/1743-8977-8-20
https://doi.org/10.1021/acs.est.5b05316
https://doi.org/10.1021/acs.est.5b05316
https://doi.org/10.1055/a-1961-2059
https://doi.org/10.1055/a-1961-2059
https://clinicaltrials.gov/ct2/show/NCT02786420
https://doi.org/10.1097/AOG.0000000000003018
https://doi.org/10.1097/AOG.0000000000003018
https://doi.org/10.1016/j.envint.2022.107481
https://doi.org/10.1016/j.envint.2022.107481
https://doi.org/10.1080/02786820601113282
https://doi.org/10.1080/02786820601113282
https://doi.org/10.1021/es052315q
https://doi.org/10.1021/es052315q
https://doi.org/10.1016/j.envres.2005.01.003
https://doi.org/10.1016/j.envres.2005.01.003
https://doi.org/10.1016/j.atmosenv.2010.10.044
https://doi.org/10.1016/j.atmosenv.2010.10.044
https://doi.org/10.1021/es9000592
https://doi.org/10.1021/es9000592
https://doi.org/10.5194/acpd-12-11317-2012
https://doi.org/10.5194/acpd-12-11317-2012
https://doi.org/10.2174/0929867053764635
https://doi.org/10.2174/0929867053764635


Environ. Res.: Health 2 (2024) 031002

[37] Lakey P S J, Berkemeier T, Tong H, Arangio A M, Lucas K, Pöschl U and Shiraiwa M 2016 Chemical exposure-response relationship
between air pollutants and reactive oxygen species in the human respiratory tract Sci. Rep. 6 32916

[38] Cassee F R, Héroux M-E, Gerlofs-Nijland M E and Kelly F J 2013 Particulate matter beyond mass: Recent health evidence on the
role of fractions, chemical constituents and sources of emission Inhalat. Toxicol. 25 802–12

[39] Meng Q et al 2023 Fine particulate matter metal composition, oxidative potential and adverse birth outcomes in Los Angeles
Environ. Health Perspec. 131 107012

[40] LA County CAMS geocoder 2020 (available at: https://cams-lacounty.hub.arcgis.com/pages/cams-geocoder)
[41] Kahle D and Wickham H 2013 Ggmap: spatial visualization with ggplot2 R Journal 5 144
[42] Parker S E and Werler M M 2014 Epidemiology of ischemic placental disease: a focus on preterm gestations Seminars Perinatol.

38 133–8
[43] Allison P D 2000 Multiple imputation for missing data: a cautionary tale Sociol. Methods Res. 28 301–9
[44] Li X et al 2017 Association between ambient fine particulate matter and preterm birth or term low birth weight: an updated

systematic review and meta-analysis Environ. Pollut. 227 596–605
[45] Dadvand P et al 2013 Maternal exposure to particulate air pollution and term birth weight: a multi-country evaluation of effect

and heterogeneity Environ. Health Perspec. 121 267–373
[46] Lavigne Eric, Burnett R T, Stieb D M, Evans G J, Godri Pollitt K J, Chen H, van Rijswijk D and Weichenthal S 2018 Fine particulate

air pollution and adverse birth outcomes: effect modification by regional nonvolatile oxidative potential Environ. Health Perspec.
126 077012

[47] Jiang S, Liu H and Li C 2021 Dietary regulation of oxidative stress in chronic metabolic diseases Foods 10 1854
[48] NCI 2022 Diet history questionnaire II (DHQ II) for U.S. and Canada | EGRP/DCCPS/NCI/NIH (available at: https://epi.grants.

cancer.gov/dhq2/)
[49] Jauniaux E, Bhide A and Burton G J 2020 The placenta Oxford Textbook of Obstetrics and Gynaecology 1st edn (Oxford University

Press) pp 120–33
[50] Myllynen P, Pasanen M and Pelkonen O 2005 Human placenta: a human organ for developmental toxicology research and

biomonitoring Placenta 26 361–71
[51] Johnson N M et al 2021 Air pollution and children’s health-a review of adverse effects associated with prenatal exposure from fine

to ultrafine particulate matter Environ. Health Prevent. Med. 26 72
[52] Riddell C A, Goin D E, Morello-Frosch R, Apte J S, Maria Glymour M, Torres J M and Casey J A 2022 Hyper-localized measures of

air pollution and risk of preterm birth in Oakland and San Jose, California Int. J. Epidemiol. 50 1875–85
[53] Brauer M, Lencar C, Tamburic L, Koehoorn M, Demers P and Karr C 2008 A cohort study of traffic-related air pollution impacts

on birth outcomes Environ. Health Perspec. 116 680–6
[54] Kingsley S L, Eliot M N, Glazer K, Abu Awad Y, Schwartz J D, Savitz D A, Kelsey K T, Marsit C J and Wellenius G A 2017 Maternal

ambient air pollution, preterm birth and markers of fetal growth in Rhode Island: results of a hospital-based linkage study J.
Epidemiol. Commun. Health 71 1131–6

[55] Gehring U, Wijga A H, Fischer P, de Jongste J C, Kerkhof M, Koppelman G H, Smit H A and Brunekreef B 2011 Traffic-related air
pollution, preterm birth and term birth weight in the PIAMA birth cohort study Environ. Res. 111 125–35

[56] Chen B, Hong W, Yang P, Tang Y, Zhao Y, Aguilar Z P and Xu H 2020 Nano zinc oxide induced fetal mice growth restriction, based
on oxide stress and endoplasmic reticulum stress Nanomaterials 10 E259

[57] Zhai Q-Y et al 2018 Exposure to Zinc oxide nanoparticles during pregnancy induces oocyte DNA damage and affects ovarian
reserve of mouse offspring Aging 10 2170

[58] Kravchenko J, Darrah T H, Miller R K, Lyerly H K and Vengosh A 2014 A review of the health impacts of barium from natural and
anthropogenic exposure Environ. Geochem. Health 36 797–814

[59] Elwej A, Ghorbel I, Chaabane M, Soudani N, Mnif H, Boudawara T, Zeghal N and Sefi M 2018 Zinc and selenium modulate
barium-induced oxidative stress, cellular injury and membrane-bound ATPase in the cerebellum of adult rats and their offspring
during late pregnancy and early postnatal periods Arch. Physiol. Biochem. 124 237–46

[60] Bates J T et al 2019 Review of acellular assays of ambient particulate matter oxidative potential: methods and relationships with
composition, sources and health effects Environ. Sci. Technol. 53 4003–19

[61] Gonzalez D H, Cala C K, Peng Q and Paulson S E 2017 HULIS Enhancement of Hydroxyl Radical Formation from Fe(II): Kinetics
of Fulvic Acid-Fe(II) Complexes in the Presence of Lung Antioxidants Environ. Sci. Technol. 51 7676–85

[62] Zhao Z 2019 Iron and oxidizing species in oxidative stress and Alzheimer’s disease Aging Med. 2 82–87
[63] Bové H et al 2019 Ambient black carbon particles reach the fetal side of human placenta Nat. Commun. 10 3866
[64] Beddows D C S and Harrison R M 2021 PM10 and PM2.5 emission factors for non-exhaust particles from road vehicles:

Dependence upon vehicle mass and implications for battery electric vehicles Atmos. Environ. 244 117886
[65] Keenan-Devlin L S, Smart B P, Grobman W, Adam E K, Freedman A, Buss C, Entringer S, Miller G E and Borders A E B 2022 The

intersection of race and socioeconomic status is associated with inflammation patterns during pregnancy and adverse pregnancy
outcomes Am. J. Reproduc. Immunol. 87 e13489

12

https://doi.org/10.1038/srep32916
https://doi.org/10.1038/srep32916
https://doi.org/10.3109/08958378.2013.850127
https://doi.org/10.3109/08958378.2013.850127
https://doi.org/10.1289/EHP12196
https://doi.org/10.1289/EHP12196
https://cams-lacounty.hub.arcgis.com/pages/cams-geocoder
https://doi.org/10.32614/RJ-2013-014
https://doi.org/10.32614/RJ-2013-014
https://doi.org/10.1053/j.semperi.2014.03.004
https://doi.org/10.1053/j.semperi.2014.03.004
https://doi.org/10.1177/0049124100028003003
https://doi.org/10.1177/0049124100028003003
https://doi.org/10.1016/j.envpol.2017.03.055
https://doi.org/10.1016/j.envpol.2017.03.055
https://doi.org/10.1289/ehp.1205575
https://doi.org/10.1289/ehp.1205575
https://doi.org/10.1289/EHP2535
https://doi.org/10.1289/EHP2535
https://doi.org/10.3390/foods10081854
https://doi.org/10.3390/foods10081854
https://epi.grants.cancer.gov/dhq2/
https://epi.grants.cancer.gov/dhq2/
https://doi.org/10.1016/j.placenta.2004.09.006
https://doi.org/10.1016/j.placenta.2004.09.006
https://doi.org/10.1186/s12199-021-00995-5
https://doi.org/10.1186/s12199-021-00995-5
https://doi.org/10.1093/ije/dyab097
https://doi.org/10.1093/ije/dyab097
https://doi.org/10.1289/ehp.10952
https://doi.org/10.1289/ehp.10952
https://doi.org/10.1136/jech-2017-208963
https://doi.org/10.1136/jech-2017-208963
https://doi.org/10.1016/j.envres.2010.10.004
https://doi.org/10.1016/j.envres.2010.10.004
https://doi.org/10.3390/nano10020259
https://doi.org/10.3390/nano10020259
https://doi.org/10.18632/aging.101539
https://doi.org/10.18632/aging.101539
https://doi.org/10.1007/s10653-014-9622-7
https://doi.org/10.1007/s10653-014-9622-7
https://doi.org/10.1080/13813455.2017.1392579
https://doi.org/10.1080/13813455.2017.1392579
https://doi.org/10.1021/acs.est.8b03430
https://doi.org/10.1021/acs.est.8b03430
https://doi.org/10.1021/acs.est.7b01299
https://doi.org/10.1021/acs.est.7b01299
https://doi.org/10.1002/agm2.12074
https://doi.org/10.1002/agm2.12074
https://doi.org/10.1038/s41467-019-11654-3
https://doi.org/10.1038/s41467-019-11654-3
https://doi.org/10.1016/j.atmosenv.2020.117886
https://doi.org/10.1016/j.atmosenv.2020.117886
https://doi.org/10.1111/aji.13489
https://doi.org/10.1111/aji.13489

	Association of ischemic placental disease in a Southern California Birth Cohort and PM2.5 chemical species and oxidative potential markers
	1. Introduction
	2. Methods
	2.1. Study population
	2.2. Outcome assessment
	2.3. Exposure assessment
	2.3.1. PM2.5 mass and elemental concentrations

	2.4. Covariates
	2.5. Statistical analysis
	2.5.1. Summary statistics
	2.5.2. Model fitting
	2.5.3. Sensitivity analysis


	3. Results
	4. Discussion
	5. Strengths and limitations
	6. Conclusion
	References


