
UCSF
UC San Francisco Previously Published Works

Title

Understanding the Pathways from Prenatal and Post-Birth PM2.5 Exposure to Infant 
Death: An Observational Analysis Using US Vital Records (2011-2013).

Permalink

https://escholarship.org/uc/item/4zv500gz

Journal

International Journal of Environmental Research and Public Health, 19(1)

Authors

Khadka, Aayush
Canning, David

Publication Date

2021-12-27

DOI

10.3390/ijerph19010258
 
Peer reviewed

eScholarship.org Powered by the California Digital Library
University of California

https://escholarship.org/uc/item/4zv500gz
https://escholarship.org
http://www.cdlib.org/


����������
�������

Citation: Khadka, A.; Canning, D.

Understanding the Pathways from

Prenatal and Post-Birth PM2.5 Exposure

to Infant Death: An Observational

Analysis Using US Vital Records

(2011–2013). Int. J. Environ. Res.

Public Health 2022, 19, 258. https://

doi.org/10.3390/ijerph19010258

Academic Editor: Paul B. Tchounwou

Received: 29 October 2021

Accepted: 23 December 2021

Published: 27 December 2021

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2021 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

International  Journal  of

Environmental Research

and Public Health

Article

Understanding the Pathways from Prenatal and Post-Birth
PM2.5 Exposure to Infant Death: An Observational Analysis
Using US Vital Records (2011–2013)

Aayush Khadka 1,2,* and David Canning 2

1 Department of Family and Community Medicine, University of California San Francisco,
San Francisco, CA 94110, USA

2 Department of Global Health and Population, Harvard T. H. Chan School of Public Health,
Boston, MA 02115, USA; dcanning@hsph.harvard.edu

* Correspondence: aayush.khadka@ucsf.edu

Abstract: We studied the relationship of prenatal and post-birth exposure to particulate matter < 2.5 µm
in diameter (PM2.5) with infant mortality for all births between 2011 and 2013 in the conterminous
United States. Prenatal exposure was defined separately for each trimester, post-birth exposure was
defined in the 12 months following the prenatal period, and infant mortality was defined as death in
the first year of life. For the analysis, we merged over 10 million cohort-linked live birth–infant death
records with daily, county-level PM2.5 concentration data and then fit a Structural Equation Model
controlling for several individual- and county-level confounders. We estimated direct paths from the
two exposures to infant death as well as indirect paths from the prenatal exposure to the outcome
through preterm birth and low birth weight. Prenatal PM2.5 exposure was positively associated with
infant death across all trimesters, although the relationship was strongest in the third trimester. The
direct pathway from the prenatal exposure to the outcome accounted for most of this association.
Estimates for the post-birth PM2.5–infant death relationship were less precise. The results from our
study add to a growing literature that provides evidence in favor of the potential harmful effects on
human health of low levels of air pollution.

Keywords: early life exposures; fine particulate matter; PM2.5 exposure; prenatal air pollution;
post-birth air pollution; infant mortality; Structural Equation Model

1. Introduction

Although several studies have investigated the relationship between early life ambient
air pollution exposure and infant mortality, the evidence about the importance of prenatal
versus post-birth exposure is mixed [1,2]. Some studies have found that exposure to higher
levels of post-birth air pollution increases the risk of infant death but increased prenatal air
pollution exposure does not [3,4]. In contrast, other studies have found that higher levels of
prenatal air pollution exposure increases the risk of infant death, but post-birth air pollution
exposure does not [5,6]. Furthermore, some studies have also suggested that both prenatal
and post-birth air pollution exposure may increase the risk of infant mortality [7,8].

There are plausible biological mechanisms to link both prenatal and post-birth air
pollution exposure to infant death. For instance, there is very strong evidence linking
prenatal air pollution exposure with increased risk of adverse birth outcomes such as
preterm birth and low birth weight [9]. Such a relationship would suggest that prenatal air
pollution may be linked to infant death because prematurity and low birth weight are two
of the most important drivers of infant mortality in the US [10]. At the same time, there
are biologically plausible direct pathways from prenatal air pollution exposure to infant
mortality as well: for example, exposure to fine particulate matter can cause imbalances
in an individual’s autonomic nervous system and result in oxidative stress, both of which
when experienced by pregnant people can affect maternal and fetal health, which in turn
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can have implications for infant health [11,12]. Fine particulate matter can also traverse
the placental barrier, thus directly affecting the health of the developing fetus, which in
turn could lead to worse infant health outcomes and, subsequently, infant death [13]. In
terms of post-birth exposure, infants who are exposed to high levels of air pollution may
demonstrate similar pathophysiological responses as adults which, in combination with
their more immature immune and lung systems, could increase their risk of morbidity and
death as well [14,15].

Given the biological plausibility, the mixed nature of the evidence on the relationship
of prenatal and post-birth air pollution exposure with infant death may be due to several
reasons. First, studies are often conducted in different geographic settings and over dif-
ferent time periods, which have important implications for the type and level of pollution
exposure. Second, the exposure may be measured differently across different studies, with
some using modeled estimates, while others use distance-weighted estimates of pollution
directly from monitors. Finally, analytic strategies may be different across different studies,
which could potentially affect the results. For example, variables on the causal pathway,
such as gestational length and birth weight, may be adjusted for without accounting for
potential collider stratification bias [1,9,16–18].

In this study, we revisit the relationship between early life ambient air pollution
exposure and infant mortality in the US with regard to particulate matter less than 2.5 µm
in diameter (PM2.5). Specifically, we aim to estimate direct pathways from prenatal and
post-birth PM2.5 to infant death as well as indirect pathways from the prenatal exposure to
the outcome through preterm birth and low birth weight. Investigating the pathways in
such a manner not only allows us to compare the relative associations of prenatal versus
post-birth exposure but also helps us understand the relative importance of the indirect
versus direct pathway in terms of the prenatal PM2.5–infant death relationship. PM2.5
is an important pollutant to study in this context because of its known association with
various indicators of fetal health such as fetal growth and organ development as well as its
relationship with infant morbidity, especially respiratory diseases [19–21].

2. Materials and Methods
2.1. Data Sources

To define our exposure variables, we used modeled estimates of daily, population-
weighted mean PM2.5 concentration at the county level within the conterminous US be-
tween 2009 and 2014. These publicly available estimates are provided by the Centers for
Disease Control and Prevention and are based on the Environmental Protection Agency’s
(EPA) Downscaler model [22,23]. The Downscalar model fuses together modeled estimates
of air pollution concentration from the EPA’s Community Multi-Scale Air Quality model
with data drawn directly from air pollution monitors [23,24].

To define our outcome and mediators, we used restricted access, cohort-linked birth–
infant death data between 2011 and 2013. These data were provided by the National Center
for Health Statistics and represent the universe of live births and infant deaths for children
born between 2011 and 2013. These data also contain information on the pregnant person’s
county of residence at delivery as well as characteristics related to parental demographics,
pregnancy, delivery, and infant death.

We collected information on county-level confounders from several publicly available
data sources. We extracted information on monthly average temperature and rainfall from
the National Oceanic and Atmospheric Administration [25]. From the US Census Bureau,
we extracted information on annual county-level demographic and economic variables
including racial composition, total population, poverty rate, and median household in-
come [26,27]. Similarly, from the Bureau of Labor Statistics, we extracted information on
monthly unstandardized unemployment rate at the county level [28]. Finally, from the
Centers for Medicare & Medicaid Services, we extracted information on the annual number
of physicians in a county [29].
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2.2. Outcome Definition

Our primary outcome was infant death, which we defined as an indicator variable that
takes the value one if a baby dies in the first year of life for any reason and zero otherwise.

2.3. Exposure Definition

We defined prenatal air pollution exposure as the average PM2.5 concentration in
each trimester in the pregnant person’s county of residence at delivery. Disaggregating
the prenatal exposure by trimester reflected results from the literature which suggest
that the prenatal air pollution–adverse birth outcome relationship varies by pregnancy
trimester [30]. The first trimester was defined as the first three months following the date
of conception. The second and third trimesters were defined as the three months following
the first and second trimesters, respectively. As such, the prenatal exposure period spanned
a total of nine months from the date of conception. We defined the prenatal exposure over
a nine-month period as opposed to the actual length of gestation because the latter is a
function of prenatal air pollution [9].

We similarly defined post-birth exposure as the average PM2.5 concentration in the
pregnant person’s county of residence in the 12-month period following the end of the
nine-month prenatal period. We defined post-birth exposure over a 12-month period since
the number of days alive in the first year of life may be a function of air pollution exposure
as well. We also defined the post-birth exposure from the end of the nine-month prenatal
period as opposed to the date of birth to ensure that the prenatal and post-birth periods
did not overlap temporally.

2.4. Mediator Definition

We used preterm birth and low birth weight as the two mediators in our analysis.
Preterm birth was coded as an indicator variable that equaled one if the obstetric/clinical
estimate of gestational length was less than 37 weeks and zero otherwise. Low birth weight
was coded as an indicator variable that equaled one if birth weight was reported to be less
than 2500 g and zero otherwise.

2.5. Constructing the Analytic Dataset

To construct our analytic sample, we applied the following inclusion criteria to the
cohort-linked birth–infant death records: (1) birth records were collected using the latest
revision of the birth certificate (i.e., the 2003 birth certificate revision, which had revised a
number of instruments for collecting data, including maternal and paternal race as well as
cigarette smoking during pregnancy); and (2) pregnant person’s county of residence had
daily PM2.5 concentration information available.

To merge the birth–infant death records with the exposure data, we began by estimat-
ing the date of conception using information on the year, month, day of week of birth, and
the obstetric/clinical estimate of gestational length. Specifically, using the day of the week,
month, and year of birth information, we randomly assigned each birth to a date of birth
by assuming a uniform probability distribution over the day of week within any given
month–year. Then, we subtracted the length of gestation from the estimated date of birth
to get our estimate of the date of last menstrual period (LMP). Finally, we assigned the date
of conception for each live birth observation by adding two weeks to the LMP date under
the assumption that conception occurs, on average, two weeks after the LMP.

Then, we merged the birth–infant death records with the PM2.5 data based on each
pregnant person’s reported county of residence and the date of conception. Similarly, we
merged the monthly temperature, rainfall, and unemployment data with the live birth–
infant death records based on the county of residence and month and year of conception.
Finally, we merged data on annual population, poverty rate, housing value, and healthcare
access based on the county of residence and year of conception.
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2.6. Structural Equation Model

We applied a Structural Equation Modeling (SEM) framework to estimate the direct
and indirect pathways from prenatal air pollution exposure to infant death as well as the
direct path from post-birth air pollution exposure to the outcome. We also modeled a direct
path from prematurity to low birth weight, since birth weight is a function of gestational
length [31]. An SEM framework is appropriate for this analysis because it allows us to
estimate all pathways simultaneously, which improves statistical power and allows us to
estimate total direct and indirect associations easily [32]. A graphical representation of our
SEM is presented in Figure 1.
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Figure 1. Graphical representation of the Structural Equation Model.

To identify the direct path from prenatal PM2.5 exposure to adverse birth outcomes,
we controlled for a variety of individual, pregnancy, and county-level covariates. At
the individual level, we controlled for the pregnant person’s age, race, highest level of
education, marital status, parity, pre-pregnancy smoking behavior, and average PM2.5
exposure in the nine months prior to conception. We also controlled for father’s age, race,
and highest level of education. In terms of pregnancy characteristics, we controlled for
the method of payment for delivery, multiple birth, and child’s sex. Finally, at the county
level, we controlled for average temperature, precipitation, and unemployment rate over
the prenatal period. We also controlled for annual county racial composition, poverty
rate, median housing value, and number of physicians per 1000 individuals. To identify
the direct path from post-birth PM2.5 exposure to infant mortality, we controlled for these
same variables.

To identify the direct path from adverse birth outcomes to infant mortality as well as
the path from preterm birth to low birth weight, we additionally controlled for cigarette
smoking during pregnancy. We did not control for variables such as number of prenatal
care visits because they may plausibly fall on the direct pathway from prenatal air pollution
exposure to infant death. As such, controlling for these variables would lead to potentially
biased estimates of the direct association between prenatal PM2.5 exposure and infant death.

Finally, to account for unobserved time-invariant county-specific sources of confound-
ing, we allowed for county fixed effects in all models by applying the fixed effects transfor-
mation (i.e., demeaning the data at the county level) [33]. In addition, we flexibly modeled
time trends in the outcome in all models by including month-of-year fixed effects and
a linear, county-specific time trend over the study period. Table A1 presents detailed
definitions of all covariates used in the SEM.
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2.7. Statistical Analysis

Before fitting the SEM, we estimated summary statistics of the exposures, mediators,
covariates, and outcome. For ease of illustrating summary statistics, we used average PM2.5
concentration over the entire nine-month prenatal period as opposed to each trimester.

To prepare our data for the SEM, we imputed missing values in the analytic sample
five times by assuming that the data were missing at random and that the observed and
unobserved data followed a multivariate normal distribution. We estimated the SEM in
each imputed dataset using the standard maximum likelihood method with an identity
link function in all equations. Using the identity link function allowed us to easily estimate
direct, indirect, and total associations. We corrected our standard errors by using Huber’s
cluster-robust variance estimator at the county-level, which allowed us to account for
correlated outcomes within a county [34]. We combined the estimates from the SEM across
all imputed datasets by using Rubin’s rules [35].

The literature on air pollution and infant mortality suggests that the exposure–outcome
relationship may be non-linear [36]. To account for such potential non-linearities, we cate-
gorized both the prenatal and post-birth exposure as <8 µg/m3; 8–10 µg/m3; 10–12 µg/m3;
and, ≥12 µg/m3. These cutoffs reflected the distribution of the exposure variables in our
dataset (Appendix A Figure A1) and captured the annual air quality guidance of the World
Health Organization (WHO; threshold = 10 µg/m3) and the EPA (threshold = 12 µg/m3) [37,38].

2.8. Robustness Checks

We conducted two robustness checks. For both robustness checks, we redefined the
post-birth exposure variable and re-fit the SEM. Specifically, we redefined the post-birth
exposure as average PM2.5 concentration in the one month and two months following the
end of the nine-month prenatal period. This reflected the fact that over three-quarters of all
infant deaths in the US occurred within the first two months of life (Table A2).

2.9. Software

We used Stata/IC 15 to clean the data, create the analytic sample, and estimate the
SEM model [39]. We used RStudio to estimate values of the exposure in the preconception,
prenatal, and post-birth periods, create all the figures, and impute the data (package:
Amelia II) [40,41].

2.10. Ethical Statement

This study was exempted from human subjects review by the Institutional Review
Board at the Harvard T. H. Chan School of Public Health as per regulations found at 45 CFR
46.104(d) (4).

3. Results

Our analytic sample consisted of 10,017,357 live births and 58,913 infant deaths in
3053 counties across 48 states in the conterminous US. In addition to Alaska and Hawaii,
Washington DC was also excluded from our analysis due to a lack of air pollution data.
Appendix A Figure A2 shows that the primary reason for excluding live birth and infant
death observations from our analytic sample was births not being recorded using the
2003 revision of the birth certificate. Missing observations were relatively rare (<10%)
except in the case of the father’s age, race, and education, where missingness was between
12% and 15% (Table A3).

Figure 2 shows the annual average PM2.5 concentration in counties where a conception
occurred between 2010 and 2013, which were the earliest and latest conception years in
our analytic sample. The average annual PM2.5 concentration decreased over the study
period from 9.20 µg/m3 in 2010 to 8.34 µg/m3 in 2013. PM2.5 concentration also varied
substantially by region: counties in the Interior Midwest, the South, and the Southwest ex-
perienced the highest levels of air pollution, while counties in the Great Plains experienced
the lowest levels of air pollution.
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Figure 2. Average annual PM2.5 concentration by conception year in counties in which at least one
conception occurred. Note: Each panel represents average PM2.5 concentration in counties in the
conterminous US in the indicated year. Gray-colored counties are counties where no birth occurred
in the respective year.

In Figure 3, panels (a) and (b) respectively show unadjusted averages of infant mor-
tality by the four categories of prenatal and post-birth PM2.5 exposure. Prenatal exposure
here is defined as the average PM2.5 concentration over the entire nine-month prenatal
period as opposed to the average concentration over each trimester. Infant mortality was
increasing with prenatal air pollution over the study period; however, in terms of the
post-birth exposure, infant mortality increased over the first three air pollution categories
and decreased in the final category. Panels (c,d), which present unadjusted proportions of
preterm birth and low birth weight by categories of the prenatal exposure variable, follow
a similar pattern with the proportion of these two adverse birth outcomes increasing over
the first three air pollution categories and then decreasing.
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Figure 3. Unadjusted averages of infant mortality, preterm birth, and low birth weight by categories
of the prenatal and post-birth PM2.5 exposure. Notes: Prenatal exposure is defined as average PM2.5

concentration in the pregnant person’s county of residence over the entire nine-month prenatal
period. We define prenatal exposure over the entire nine-month period for ease of presentation.
The categories of both prenatal and post-birth exposure are <8 µg/m3; 8–10 µg/m3; 10–12 µg/m3;
and, ≥12 µg/m3. Panel (a) shows unadjusted infant deaths per 1000 live births by categories of
the prenatal exposure variable. Panel (b) shows unadjusted infant deaths per 1000 live births by
categories of the post-birth exposure variable. Panels (c,d) show unadjusted averages of preterm
birth and low birth weight by categories of the prenatal exposure variable.

Approximately three-quarters of the pregnant people in our sample were between
20 and 34 years, a majority were non-Hispanic white, and more than 80% had a high school
degree or higher (Table 1). In addition, approximately 48% and 43% of mothers paid for their
deliveries using private insurance and Medicaid, respectively. When disaggregating these
covariates by categories of the prenatal and post-birth exposure, we find that relative to the
lowest air pollution category, the highest category had a lower proportion of individuals
with a high school degree or more, higher proportion of deliveries paid for using Medicaid,
and a higher average poverty rate (Tables A4 and A5). Additionally, in terms of the prenatal
exposure, the highest air pollution category had a higher proportion of Non-Hispanic
Blacks and Hispanics relative to the lowest category (Table A4).
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Table 1. Distribution of individual, delivery, and county-level covariates in the analytic sample.

Mean (SD)

Overall

Individual-level variables

Preconception PM2.5 concentration (µg/m3) 9.67 (1.76)

Mother’s age

≤19 years 7.83 (26.86)

20–24 years 23.23 (42.23)

25–29 years 28.65 (45.21)

30–34 years 25.59 (43.64)

35–39 years 11.81 (32.27)

40–44 years 2.7 (16.21)

≥45 years 0.19 (4.36)

Mother’s race

Non-Hispanic white 55.33 (49.72)

Non-Hispanic black 14.42 (35.13)

Non-Hispanic other 6.75 (25.09)

Hispanic 23.5 (42.4)

Mother’s education

No high school 16.8 (37.38)

High school/some college 46.47 (49.87)

College or more 36.74 (48.21)

Mother is married 59.54 (49.08)

Mother smoked cigarettes pre-pregnancy 11.71 (32.16)

Parity

First child 32.97 (47.01)

Second child 28.44 (45.11)

Third or more child 38.59 (48.68)

Payment source for delivery

Medicaid 43.16 (49.53)

Private insurance 47.59 (49.94)

Self-pay 4.25 (20.16)

Other 5 (21.8)

Child born female 48.82 (49.99)

Singleton delivery 96.56 (18.22)

Father’s age

≤19 years 3.05 (17.2)

20–24 years 15.3 (36)

25–29 years 25.55 (43.61)

30–34 years 28.41 (45.1)

35–39 years 17 (37.56)

40–44 years 7.29 (26)

≥45 years 3.41 (18.14)
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Table 1. Cont.

Mean (SD)

Overall

Father’s race

Non-Hispanic white 56.08 (49.63)

Non-Hispanic black 12.75 (33.36)

Non-Hispanic other 7.44 (26.24)

Hispanic 23.73 (42.54)

Father’s education

No high school 15.96 (36.62)

High school/some college 48.62 (49.98)

College or more 35.43 (47.83)

County-level variables

Average temperature during pregnancy 58.05 (9.54)

Average precipitation during pregnancy 3.06 (1.54)

Average unemployment during pregnancy 8.51 (2.48)

County racial composition

Non-Hispanic white 61.99 (22.11)

Non-Hispanic black 12.3 (12.62)

Non-Hispanic other 5.6 (6.14)

Hispanic 18.26 (18.22)

Average poverty rate 16.1 (5.47)

Median household income (USD) 52,311.3 (13,252.36)

Physicians per 1000 individuals 0.35 (0.85)
Notes: SD = standard deviation. USD = United States dollars.

Table 2 presents the primary results from our analysis. The average Standardized
Root Mean Square Residual (SRMR) of the overall model across all five imputed datasets
was less than 0.01, which suggests good fit with the data. Panel D presents associations of
trimester-wise prenatal PM2.5 exposure and post-birth PM2.5 exposure with infant death.
There are two key take-aways from the results presented in this panel: first, the association
between prenatal PM2.5 exposure and infant death is positive in all three trimesters but
appears to be strongest in the third trimester. For instance, in the third trimester, relative
to the reference exposure category of less than 8 µg/m3, being exposed to, on average,
8–10 µg/m3, 10–12 µg/m3, and ≥12 µg/m3 of PM2.5 concentration was associated with
a 0.03 percentage point (95 percent confidence interval: 0.02, 0.05), 0.07 percentage point
(0.05, 0.09), and 0.1 percentage point (0.06, 0.13) increase in the risk of infant death. These
point estimates are generally larger in magnitude than those estimated for the first and
second trimesters, although there is substantial overlap in the 95% confidence intervals. The
second take-away is that the risk differences associated with post-birth PM2.5 exposure are
less precisely estimated: for instance, relative to the reference category of less than 8 µg/m3,
risk difference estimates related to being exposed to 10–12 µg/m3 of PM2.5 concentration
over the study period were compatible with anything between a 0.03 percentage point
decrease and a 0.05 percentage point increase in the risk of infant death.
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Table 2. Estimates of the association between prenatal PM2.5 exposure, post-birth PM2.5 exposure,
preterm birth, low birth weight, and infant mortality from the Structural Equation Model.

Percentage Point Change 95% Confidence Interval

Panel A: Direct association between prenatal PM2.5 exposure and preterm birth
First trimester
Ref: <8 µg/m3

[8.00–10.00 µg/m3) 0.15 [0.03, 0.26]
[10.00–12.00 µg/m3) 0.08 [−0.11, 0.27]
[12.00–19.16 µg/m3] −0.08 [−0.33, 0.18]

Second trimester
Ref: <8 µg/m3

[8.00–10.00 µg/m3) 0.37 [0.25, 0.49]
[10.00–12.00 µg/m3) 0.62 [0.48, 0.77]
[12.00–19.16 µg/m3] 0.74 [0.56, 0.92]

Third trimester
Ref: <8 µg/m3

[8.00–10.00 µg/m3) 0.38 [0.26, 0.49]
[10.00–12.00 µg/m3) 0.71 [0.55, 0.87]
[12.00–19.16 µg/m3] 1.02 [0.82, 1.21]

Panel B: Direct association between prenatal PM2.5 exposure and low birth weight
First trimester
Ref: <8 µg/m3

[8.00–10.00 µg/m3) 0.07 [0.01, 0.12]
[10.00–12.00 µg/m3) 0.08 [0, 0.15]
[12.00–19.16 µg/m3] 0 [−0.09, 0.08]

Second trimester
Ref: <8 µg/m3

[8.00–10.00 µg/m3) 0.11 [0.06, 0.17]
[10.00–12.00 µg/m3) 0.15 [0.08, 0.23]
[12.00–19.16 µg/m3] 0.23 [0.14, 0.31]

Third trimester
Ref: <8 µg/m3

[8.00–10.00 µg/m3) 0.13 [0.07, 0.18]
[10.00–12.00 µg/m3) 0.22 [0.15, 0.29]
[12.00–19.16 µg/m3] 0.35 [0.26, 0.43]

Panel C: Direct association between preterm birth and low birth weight
Preterm birth 49.67 [49.29, 50.05]

Panel D: Direct association of prenatal and post-birth PM2.5 exposure with infant death
Prenatal exposure

First trimester
Ref: <8 µg/m3

[8.00–10.00 µg/m3) 0.03 [0.01, 0.05]
[10.00–12.00 µg/m3) 0.04 [0.01, 0.06]
[12.00–19.16 µg/m3] 0.03 [0, 0.06]

Second trimester
Ref: <8 µg/m3

[8.00–10.00 µg/m3) 0.04 [0.02, 0.05]
[10.00–12.00 µg/m3) 0.04 [0.01, 0.06]
[12.00–19.16 µg/m3] 0.07 [0.04, 0.09]

Third trimester
Ref: <8 µg/m3

[8.00–10.00 µg/m3) 0.03 [0.02, 0.05]
[10.00–12.00 µg/m3) 0.07 [0.05, 0.09]
[12.00–19.16 µg/m3] 0.1 [0.06, 0.13]
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Table 2. Cont.

Percentage Point Change 95% Confidence Interval

Post-birth exposure
Ref: <8 µg/m3

[8.00–10.00 µg/m3) 0.04 [0.01, 0.07]
[10.00–12.00 µg/m3) 0 [−0.03, 0.04]
[12.00–17.19 µg/m3] −0.01 [−0.07, 0.05]

Panel E: Direct association of preterm birth and low birth weight with infant death
Preterm birth 2 [1.93, 2.07]

Low birth weight 3.64 [3.55, 3.73]

Number of observations 10,017,357
Average SRMR 0

Notes: All coefficients are expressed as percentage point changes in the respective outcomes. 95% confi-
dence intervals were estimated using standard errors that were clustered at the county-level. The post-birth
PM2.5 exposure is estimated over a 12-month period following the end of the nine-month prenatal period.
SRMR = Standardized Root Mean Square Residual. The average SRMR was calculated as the average of the
SRMR of the Structural Equation Model fit in each of the five imputed datasets.

Panels A and B of Table 2 show the association of prenatal PM2.5 exposure by trimester
with preterm birth and low birth weight, respectively. The results presented in these panels
suggest that increased PM2.5 exposure in the second and third trimesters was especially
strongly associated with increased risk of experiencing the two adverse birth outcomes. For
example, the second trimester results in Panel A suggest that being exposed to, on average,
8–10 µg/m3, 10–12 µg/m3, and ≥12 µg/m3 of PM2.5 concentration was associated with a
0.37 percentage point (0.25, 0.49), 0.62 percentage point (0.48, 0.77), and 0.74 percentage
point (0.56, 0.92) increase in the risk of prematurity relative to the reference exposure
category of less than 8 µg/m3. Panel C presents the association between preterm birth
and low birth weight, while Panel E presents the association of the two adverse birth
outcomes with infant death. Panel C suggests that preterm birth and low birth weight are
strongly, positively associated; similarly, Panel E shows that both adverse birth outcomes
are strongly associated with increased risk of infant mortality.

Table 3 shows the direct and indirect associations of prenatal PM2.5 exposure with
infant death (Panel A) as well as the direct association of post-birth PM2.5 exposure (Panel B)
with our primary outcome. The total association between prenatal air pollution and infant
death is positive across all three trimesters; however, as shown in Table 2, the magnitude
of the exposure–outcome relationship appears to be strongest in the third trimester. For
instance, relative to the lowest exposure category, being exposed to ≥12 µg/m3 of PM2.5
concentration in the third trimester was associated with a 0.15 percentage point (0.11, 0.18)
increase in the risk of infant death; in the first trimester, the estimated risk difference was
compatible with any value between −0.01 percentage points and 0.07 percentage points.
The proportion mediated across all three trimesters is less than 50%, which suggests that
the majority of the association between prenatal PM2.5 and infant death is being driven
through the direct pathway between the exposure and the outcome.

Tables A6 and A7 present results from our robustness checks in which we redefined
the post-birth exposure over a one- and two-month period, respectively. In contrast to
our primary results, when we defined the post-birth exposure over a one-month period
following the end of the nine-month prenatal period, we were able to estimate a positive
association more precisely between post-birth air pollution and infant death across all levels
of the exposure. However, as in our primary results, the post-birth air pollution–infant
death relationship was less precisely estimated when we defined the post-birth exposure
over a two-month period. Tables A8 and A9 agree with our primary results in that they
suggest that a majority of the association between the prenatal air pollution exposure and
infant death is driven by the direct path from the exposure to the outcome and not the path
through the two adverse birth outcome mediators.
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Table 3. Direct and indirect associations of prenatal and post-birth PM2.5 exposure (defined over
12 months) with infant mortality.

Direct Association Indirect Association Total Association
Proportion
Mediated

(%)
Percentage

Point Change

95%
Confidence

Interval

Percentage
Point Change

95%
Confidence

Interval

Percentage
Point Change

95%
Confidence

Interval

Panel A: Direct and indirect associations of the prenatal PM2.5 exposure
First trimester
Ref: <8 µg/m3

[8.00–10.00 µg/m3) 0.03 [0.01, 0.05] 0.01 [0, 0.02] 0.04 [0.01, 0.06] 25%
[10.00–12.00 µg/m3) 0.04 [0.01, 0.06] 0.01 [0, 0.01] 0.04 [0.01, 0.07] 25%
[12.00–19.16 µg/m3] 0.03 [0, 0.06] 0 [−0.02, 0.01] 0.03 [−0.01, 0.07] 0%

Second trimester
Ref: <8 µg/m3

[8.00–10.00 µg/m3) 0.04 [0.02, 0.05] 0.02 [−0.01, 0.05] 0.05 [0.03, 0.07] 40%
[10.00–12.00 µg/m3) 0.04 [0.01, 0.06] 0.03 [−0.02, 0.08] 0.07 [0.04, 0.09] 43%
[12.00–19.16 µg/m3] 0.07 [0.04, 0.09] 0.04 [−0.03, 0.1] 0.1 [0.07, 0.13] 40%

Third trimester
Ref: <8 µg/m3

[8.00–10.00 µg/m3) 0.03 [0.02, 0.05] 0.02 [−0.01, 0.05] 0.05 [0.03, 0.07] 40%
[10.00–12.00 µg/m3) 0.07 [0.05, 0.09] 0.04 [−0.03, 0.1] 0.1 [0.08, 0.13] 40%
[12.00–19.16 µg/m3] 0.1 [0.06, 0.13] 0.05 [−0.04, 0.14] 0.15 [0.11, 0.18] 33%

Panel B: Direct and indirect associations of the postnatal PM2.5 exposure
Ref: <8 µg/m3

[8.00–10.00 µg/m3) 0.04 [0.01, 0.07] - - 0.04 [0.01, 0.07] -
[10.00–12.00 µg/m3) 0 [−0.03, 0.04] - - 0 [−0.03, 0.04] -
[12.00–19.16 µg/m3] −0.01 [−0.07, 0.05] - - −0.01 [−0.07, 0.05] -

Notes: The indirect association from the prenatal PM2.5 exposure to infant mortality reflects two paths: prenatal
exposure→ preterm birth→ infant mortality; and, prenatal exposure→ preterm birth→ low birth weight→
infant mortality. The post-birth PM2.5 exposure is estimated over a 12-month period following the end of the
nine-month prenatal period. Since there is only a direct path from the post-birth exposure to infant mortality,
there are no results for the indirect association between the post-birth exposure and the outcome.

4. Discussion

We studied the associations of prenatal and post-birth exposure to PM2.5 with the risk
of infant death for all births that took place in the US between 2011 and 2013. We found
that increased prenatal exposure to PM2.5 across all three trimesters was associated with
an increased risk of infant death, although associations were strongest for air pollution
exposure in the third trimester. We also found that the majority of the association between
prenatal PM2.5 and infant death was driven by the direct path from the exposure to the
outcome rather than the indirect paths through preterm birth and low birth weight. We
were able to estimate the association less precisely between post-birth PM2.5 and infant
death in our primary analysis; however, results from our robustness checks suggest the
possibility of a positive association between the post-birth air pollution exposure and the
infant death outcome.

Overall, the results from our study provide evidence in favor of increased air pollution
exposure during gestation and possibly during the first year of life being harmful in terms
of infant health, even at levels below the threshold set by the WHO and the EPA. This
implication is consistent with recent findings from Di et al. (2018), which suggested that
increased PM2.5 exposure below the EPA standard was associated with an increased risk
of death among older Americans [42]. It is also nominally consistent with the results
from Chay and Greenstone (2003), who demonstrated a positive association between
total suspended particulates and infant death at levels below the EPA mandated threshold,
although their analysis used data from the early 1980s when the EPA threshold was different
from what it is currently [8].

Additionally, our result that over 50% of the association between prenatal PM2.5
exposure and infant death can be explained by the direct pathway suggests that there
are mechanisms other than preterm birth and low birth weight by which in utero PM2.5
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exposure may affect the risk of infant death. Previous studies have suggested that prenatal
air pollution exposure may be linked with intrauterine growth retardation or congenital
heart defects, all of which could affect the risk of infant mortality [43,44]. Future research
should consider explicitly characterizing these pathways.

Finally, the discrepancy between the results from our primary analysis and robustness
checks for the post-birth exposure highlights the complexities in defining the exposure in
studies investigating health outcomes in early life. A strength of our analysis relative to
the literature is that we define our exposure variables independent of the actual length of
gestation or time alive. While this allows us to avoid defining the exposure using metrics
that themselves may be a function of the exposure, it also introduces error into the exposure
variables, which could affect both the point estimate and its associated standard error.
Future research should consider determining the most appropriate methods of defining in
utero and post-birth exposures.

Our study improves on the existing literature in several ways: first, we used high
quality air pollution and infant death data with wide geographical coverage. Second,
following lessons from the causal mediation literature, we carefully controlled for exposure–
outcome, exposure–mediator, and mediator–outcome confounders [45]. We included
county fixed effects in all our models, which allowed us to control for any time-invariant
sources of confounding at the county level. We also modeled the time trend flexibly at
the month-of-year level and the county level, which allowed us to net out any trends in
the outcome. Third, we used an SEM framework to measure the different pathways from
prenatal and post-birth PM2.5 exposure to infant death. To the best of our knowledge, our
paper is one of the first to use SEM to understand this system of relationships.

Nevertheless, our analysis is still subject to several limitations. First, we were unable
to disaggregate the pollution measure by type of PM2.5 pollutant. Previous studies have
shown that there is a high degree of heterogeneity in terms of particulate matter composition
in the US by region and season [46]. Furthermore, studies have also suggested that early
life exposure to carbonaceous PM2.5 changes the risk of infant death, but sea salt or mineral
dust does not [47]. Our use of county fixed effects somewhat addresses this issue by
ensuring that we only use within-county variation in the exposure for our analysis.

Second, we did not include other pollutants in our model due to a lack of high-quality,
daily data on them. Pollutants such as ozone, carbon monoxide, and nitrogen dioxide
have been shown to be associated with infant death, while other studies have indicated
that these pollutants may be correlated with PM2.5 levels as well [48–56]. Our inability to
control for these pollutants means that we cannot rule out that the associations we present
reflect the relationship between general pollution levels and infant death.

Third, the fact that air pollution data were only available at the county level may have
introduced measurement error into our exposure variable. However, this issue is somewhat
mitigated by the fact that the air pollution exposure is weighted based on the county’s
population.

Fourth, in defining the exposure variables, we only have the pregnant individual’s
county of residence at the time of delivery. Therefore, we are not able to account for changes
in county of residence during pregnancy or in the first year of the child’s life. In addition,
we are also not able to account for movement across counties for work or visits that might
affect an individual’s exposure levels. Although there are relatively few studies examining
the movement of pregnant individual’s during pregnancy, the existing literature suggests
that when pregnant people do move, the median distance travelled is under 10 km [57,58].
This suggests that any issues due to the movement of individuals during pregnancy may
be quite small.

Fifth, we were unable to account for indoor air pollution in our analysis. Despite being
implicated in increasing the risk of several morbidities such as respiratory ailments and
heart disease, we have relatively low understanding of the level of indoor air pollution in
the US [59,60]. Future studies should consider studying the interaction between the level
and type of indoor and outdoor air pollutants on infant morbidity and mortality.
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Finally, a small but growing literature suggests that increased in utero air pollution
exposure may increase the risk of pregnancy loss [61,62]. Since we use vital statistics
data, our study effectively conditions on live births to analyze the relationship between
prenatal air pollution exposure and infant death. As such, our estimates may be subject
to a form of selection bias known as live birth bias [63–65]. Future studies should further
investigate the degree to which differential fetal loss by levels of prenatal air pollution
exposure impacts investigations of the relationship between early life air pollution exposure
and infant health outcomes.

5. Conclusions

We showed that prenatal PM2.5 exposure was positively associated with infant mor-
tality, with much of the association being driven by the direct path from the exposure to
the outcome. Estimates for the relationship between post-birth PM2.5 exposure and infant
mortality were positive but less precisely estimated. Our study motivates the need to
understand if specific PM2.5 pollutants are responsible for these observed relationships or
whether the associations we present represent general air pollution effects. Importantly,
our study also adds to the literature that provides evidence in favor of low levels of air
pollution being potentially harmful for human health. As more high-quality evidence
on this topic accumulates, it may motivate the need to rethink the existing air pollution
standards set by the WHO and the EPA.
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Appendix A

Table A1. Covariate definition and data source.

Covariate Definition and Categories Source of Data

Individual-level variables
Mother’s age

(19 years or under; 20–24 years; 25–29 years; 30–34 years; 35–39 years; 40–44 years; 45 years and older)
NCHS linked birth-infant

death records
Mother’s race

(non-Hispanic white; non-Hispanic black; non-Hispanic other; Hispanic)
Mother’s marital status
(Married; Unmarried)
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Table A1. Cont.

Covariate Definition and Categories Source of Data

Mother’s education
(Without a high school degree, With a high school degree only, Any tertiary degree)

Mother smoked before pregnancy
(Yes; No)

Mother smoked during pregnancy
(Yes; No)

Parity
(First birth, Second birth, Three of more births)

Multiple birth
(Singleton; Multiple)

Child’s sex
(Female; Male)

Delivery payment source
(Medicaid; Private insurance; Self-pay; Other)

Father’s age
(19 years or under; 20–24 years; 25–29 years; 30–34 years; 35–39 years; 40–44 years; 45 years and older)

Father’s education
(Without a high school degree; With a high school degree only; Any tertiary degree)

Father’s race
(non-Hispanic white; non-Hispanic black; non-Hispanic other; Hispanic)

Conception month and year
County-of-residence-level variables

Average temperature during pregnancy (◦F)
NOAAAverage precipitation during pregnancy (in)

Annual racial composition of county
(Proportion non-Hispanic white; proportion non-Hispanic black; proportion non-Hispanic other;

proportion Hispanic)
US Census BureauAnnual population

Annual poverty rate
Annual median household income

Monthly unemployment rate Bureau of Labor Statistics
Number of physicians CMS

Notes: NCHS = National Center for Health Statistics; NOAA = National Oceanic and Atmospheric Administration;
◦F = degrees Fahrenheit; in = inches; CMS = Centers for Medicare & Medicaid Services.

Table A2. Frequency table of number of months alive conditional on dying in the first year of life
over the study periods.

Months Alive Frequency Proportion

1 40,304 68.4%
2 4833 8.2%
3 3509 6.0%
4 2586 4.4%
5 1966 3.3%
6 1525 2.6%
7 1158 2.0%
8 850 1.4%
9 691 1.2%
10 555 0.9%
11 483 0.8%
12 453 0.8%

Total 58,913
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is at 12 µg/m3.
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Table A3. Frequency and proportion of missing data among variables in the analytic sample.

Number of Missing
Observations

Total Number of
Observations Proportion Missing

Father’s education 1,533,908 10,017,357 15.31
Father’s race 1,404,016 10,017,357 14.02
Father’s age 1,287,549 10,017,357 12.85

Mother smoked cigarettes during pregnancy 608,210 10,017,357 6.07
Mother smoked cigarettes pre-pregnancy 606,380 10,017,357 6.05

Payment source for delivery 144,634 10,017,357 1.44
Post-birth PM2.5 exposure 130,515 10,017,357 1.3

Mother’s education 120,953 10,017,357 1.21
Parity 113,745 10,017,357 1.14

Mother’s race 71,191 10,017,357 0.71
Birth weight 30 10,017,357 ~0

Prenatal PM2.5 exposure 0 10,017,357 0
Preconception PM2.5 concentration 0 10,017,357 0

Gestational length 0 10,017,357 0
Infant death 0 10,017,357 0

Mother is married 0 10,017,357 0
Mother’s age 0 10,017,357 0

Singleton delivery 0 10,017,357 0
Child born female 0 10,017,357 0

Average temperature during pregnancy 0 10,017,357 0
Average precipitation during pregnancy 0 10,017,357 0

Average unemployment during pregnancy 0 10,017,357 0
Proportion of Non-Hispanic whites in county 0 10,017,357 0
Proportion of Non-Hispanic blacks in county 0 10,017,357 0

Proportion of Hispanics 0 10,017,357 0
Proportion of Non-Hispanic other races 0 10,017,357 0

Average poverty rate 0 10,017,357 0
Median household income 0 10,017,357 0

Physicians per 1000 individuals 0 10,017,357 0

Notes: The variables are ordered in descending order of missingness. They represent the variables that were used
in the Structural Equation Model, either as the exposure, outcome, mediators, or confounders.

Table A4. Distribution of individual, delivery, and county-level covariates in the analytic sample by
categories of prenatal PM2.5 exposure.

Mean (SD)

Prenatal PM2.5 concentration
Category 1 Category 2 Category 3 Category 4

[3.63 µg/m3,
8.00 µg/m3)

[8.00 µg/m3,
10.00 µg/m3)

[10.00 µg/m3,
12.00 µg/m3)

[12.00 µg/m3,
19.16 µg/m3)

Individual-level variables
Preconception PM2.5

concentration (µg/m3) 7.46 (1.19) 9.43 (1.15) 10.84 (1.15) 11.75 (1.39)

Mother’s age
≤19 years 7.54 (26.4) 7.72 (26.69) 8.01 (27.14) 8.47 (27.84)

20–24 years 23.95 (42.68) 23.36 (42.31) 22.79 (41.95) 22.47 (41.74)
25–29 years 29.29 (45.51) 28.78 (45.28) 28.33 (45.06) 27.61 (44.7)
30–34 years 24.82 (43.2) 25.62 (43.65) 25.95 (43.83) 25.89 (43.8)
35–39 years 11.54 (31.95) 11.7 (32.14) 11.98 (32.48) 12.42 (32.98)
40–44 years 2.68 (16.14) 2.64 (16.04) 2.74 (16.32) 2.93 (16.87)
≥45 years 0.18 (4.27) 0.19 (4.31) 0.2 (4.42) 0.21 (4.6)

Mother’s race
Non-Hispanic white 57.33 (49.46) 58.74 (49.23) 52.16 (49.95) 44.66 (49.71)
Non-Hispanic black 9.8 (29.73) 13.95 (34.65) 16.86 (37.44) 18.43 (38.77)
Non-Hispanic other 6.4 (24.48) 6.67 (24.94) 6.93 (25.4) 7.42 (26.21)

Hispanic 26.47 (44.12) 20.64 (40.47) 24.04 (42.73) 29.49 (45.6)
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Table A4. Cont.

Mean (SD)

Prenatal PM2.5 concentration
Category 1 Category 2 Category 3 Category 4

[3.63 µg/m3,
8.00 µg/m3)

[8.00 µg/m3,
10.00 µg/m3)

[10.00 µg/m3,
12.00 µg/m3)

[12.00 µg/m3,
19.16 µg/m3)

Mother’s education
No high school 15.94 (36.6) 16.07 (36.73) 17.68 (38.15) 19.31 (39.47)

High school/some college 49.08 (49.99) 46.22 (49.86) 45.53 (49.8) 44.96 (49.75)
College or more 34.98 (47.69) 37.71 (48.47) 36.79 (48.22) 35.73 (47.92)

Mother is married 59.98 (48.99) 60.95 (48.79) 58.37 (49.3) 55.66 (49.68)
Mother smoked cigarettes

pre-pregnancy 11.22 (31.56) 12.44 (33) 11.52 (31.92) 9.62 (29.49)

Parity
First child 32.25 (46.75) 33.01 (47.02) 33.17 (47.08) 34.01 (47.37)

Second child 28.28 (45.03) 28.64 (45.21) 28.38 (45.08) 27.89 (44.85)
Third or more child 39.47 (48.88) 38.35 (48.62) 38.45 (48.65) 38.1 (48.56)

Payment source for delivery
Medicaid 44.39 (49.68) 41.88 (49.34) 43.13 (49.53) 47.92 (49.96)

Private insurance 44.7 (49.72) 49.02 (49.99) 48.12 (49.96) 44.39 (49.68)
Self-pay 5.17 (22.14) 4.01 (19.63) 4.16 (19.97) 3.28 (17.81)

Other 5.74 (23.25) 5.09 (21.98) 4.59 (20.93) 4.41 (20.54)
Child born female 48.74 (49.98) 48.85 (49.99) 48.83 (49.99) 48.88 (49.99)
Singleton delivery 96.78 (17.66) 96.5 (18.38) 96.5 (18.38) 96.64 (18.02)

Father’s age
≤19 years 2.96 (16.95) 2.95 (16.92) 3.15 (17.48) 3.43 (18.19)

20–24 years 15.82 (36.49) 15.36 (36.06) 14.98 (35.69) 14.96 (35.67)
25–29 years 26.45 (44.11) 25.69 (43.69) 25.04 (43.32) 24.51 (43.02)
30–34 years 27.55 (44.68) 28.56 (45.17) 28.74 (45.26) 28.31 (45.05)
35–39 years 16.41 (37.04) 16.98 (37.55) 17.27 (37.8) 17.54 (38.03)
40–44 years 7.23 (25.9) 7.16 (25.79) 7.4 (26.18) 7.65 (26.59)
≥45 years 3.57 (18.56) 3.3 (17.86) 3.41 (18.14) 3.6 (18.62)

Father’s race
Non-Hispanic white 57.48 (49.44) 59.3 (49.13) 53.23 (49.9) 46.43 (49.87)
Non-Hispanic black 9.45 (29.26) 12.64 (33.23) 14.42 (35.13) 14.83 (35.54)
Non-Hispanic other 6.87 (25.29) 7.39 (26.17) 7.72 (26.69) 8.04 (27.2)

Hispanic 26.2 (43.97) 20.67 (40.49) 24.63 (43.08) 30.7 (46.13)
Father’s education

No high school 15.45 (36.14) 15.2 (35.91) 16.7 (37.3) 18.37 (38.73)
High school/some college 51.55 (49.98) 48.73 (49.98) 47.25 (49.92) 46.06 (49.84)

College or more 33.01 (47.02) 36.07 (48.02) 36.06 (48.02) 35.57 (47.87)

County-level variables
Average temperature during

pregnancy 58.25 (12.4) 58 (8.86) 58.37 (8.79) 55.82 (6.52)

Average precipitation during
pregnancy 3.12 (1.97) 3.24 (1.47) 2.89 (1.32) 2.67 (1.46)

Average unemployment
during pregnancy 8.41 (2.58) 8.01 (2.4) 8.8 (2.3) 10.37 (2.53)

County racial composition
Non-Hispanic white 64.46 (22.13) 64.9 (20.92) 59 (22.59) 52.06 (21.82)
Non-Hispanic black 7.33 (8.52) 12.07 (13.08) 14.69 (12.96) 16.21 (13.56)
Non-Hispanic other 5.07 (7.49) 5.46 (6.4) 5.89 (5.08) 6.51 (4.82)

Hispanic 21.21 (19.51) 15.66 (17.43) 18.65 (17.45) 23.52 (20.36)
Average poverty rate 15.97 (4.98) 15.76 (6.03) 16.26 (5.07) 17.86 (4.91)

Median household income 50,023.7 (11434.19) 53,576.41 (15402.29) 52,584.86 (11941.65) 49,845.36 (8493.12)
Physicians per 1000

individuals 0.36 (1.15) 0.35 (0.93) 0.33 (0.54) 0.39 (0.44)

Notes: SD = standard deviation. USD = United States dollars.
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Table A5. Distribution of individual, delivery, and county-level covariates in the analytic sample by
categories of post-birth PM2.5 exposure.

Mean (SD)

Post-birth PM2.5 concentration
Category 1 Category 2 Category 3 Category 4

[2.70 µg/m3,
8.00 µg/m3)

[8.00 µg/m3,
10.00 µg/m3)

[10.00 µg/m3,
12.00 µg/m3)

[12.00 µg/m3,
17.19 µg/m3)

Individual-level variables
Preconception PM2.5

concentration (µg/m3) 7.4 (1.14) 9.38 (1.1) 10.95 (1.16) 11.82 (1.3)

Mother’s age
≤19 years 7.78 (26.78) 7.89 (26.95) 7.83 (26.86) 7.8 (26.82)

20–24 years 24.39 (42.94) 23.55 (42.43) 22.49 (41.75) 21.43 (41.03)
25–29 years 29.38 (45.55) 28.88 (45.32) 28.33 (45.06) 26.49 (44.13)
30–34 years 24.46 (42.98) 25.39 (43.52) 26.3 (44.03) 26.48 (44.12)
35–39 years 11.23 (31.57) 11.52 (31.93) 12.11 (32.62) 14.02 (34.72)
40–44 years 2.59 (15.89) 2.6 (15.91) 2.75 (16.34) 3.5 (18.37)
≥45 years 0.18 (4.18) 0.18 (4.2) 0.2 (4.48) 0.27 (5.21)

Mother’s race
Non-Hispanic white 57.47 (49.44) 59.92 (49.01) 52.31 (49.95) 30.43 (46.01)
Non-Hispanic black 10.32 (30.43) 14.09 (34.79) 17.29 (37.82) 10.91 (31.18)
Non-Hispanic other 5.75 (23.28) 6.65 (24.92) 6.87 (25.3) 10.8 (31.04)

Hispanic 26.46 (44.11) 19.33 (39.49) 23.52 (42.41) 47.86 (49.95)
Mother’s education

No high school 16.06 (36.71) 16.2 (36.84) 17.26 (37.79) 21.85 (41.32)
High school/some college 49.39 (50) 46.15 (49.85) 45.28 (49.78) 45.52 (49.8)

College or more 34.55 (47.55) 37.65 (48.45) 37.46 (48.4) 32.63 (46.89)
Mother is married 59.21 (49.14) 61.2 (48.73) 58.52 (49.27) 55.08 (49.74)

Mother smoked cigarettes
pre-pregnancy 11.47 (31.86) 12.98 (33.61) 11.42 (31.8) 4.14 (19.91)

Mother smoked cigarettes
during pregnancy 9.06 (28.7) 9.99 (29.98) 8.64 (28.09) 3.07 (17.24)

Parity
First child 32.29 (46.76) 33.1 (47.06) 33.26 (47.11) 33.46 (47.19)

Second child 28.23 (45.01) 28.64 (45.21) 28.38 (45.08) 28.12 (44.96)
Third or more child 39.48 (48.88) 38.26 (48.6) 38.37 (48.63) 38.41 (48.64)

Payment source for delivery
Medicaid 44.82 (49.73) 42.06 (49.37) 42.27 (49.4) 52.07 (49.96)

Private insurance 43.72 (49.6) 49.04 (49.99) 48.91 (49.99) 41.23 (49.23)
Self-pay 5.5 (22.8) 3.84 (19.21) 4.14 (19.91) 3.57 (18.56)

Other 5.96 (23.67) 5.07 (21.93) 4.68 (21.12) 3.13 (17.41)
Child born female 48.79 (49.99) 48.84 (49.99) 48.87 (49.99) 48.76 (49.98)
Singleton delivery 96.88 (17.39) 96.59 (18.14) 96.55 (18.26) 96.86 (17.43)

Father’s age
≤19 years 3.05 (17.2) 2.98 (17) 3.08 (17.29) 3.51 (18.4)

20–24 years 16.12 (36.77) 15.5 (36.19) 14.69 (35.4) 14.85 (35.56)
25–29 years 26.68 (44.23) 25.88 (43.8) 24.88 (43.23) 23.38 (42.32)
30–34 years 27.37 (44.58) 28.48 (45.13) 29.03 (45.39) 27.37 (44.59)
35–39 years 16.15 (36.79) 16.82 (37.41) 17.47 (37.98) 18.28 (38.65)
40–44 years 7.09 (25.66) 7.1 (25.68) 7.44 (26.24) 8.43 (27.78)
≥45 years 3.55 (18.51) 3.23 (17.69) 3.4 (18.13) 4.18 (20)

Father’s race
Non-Hispanic white 57.75 (49.4) 60.47 (48.89) 53.57 (49.87) 31.59 (46.49)
Non-Hispanic black 9.86 (29.81) 12.67 (33.26) 14.75 (35.46) 9.39 (29.16)
Non-Hispanic other 6.27 (24.24) 7.44 (26.24) 7.6 (26.49) 10.97 (31.25)

Hispanic 26.12 (43.93) 19.42 (39.56) 24.08 (42.76) 48.05 (49.96)
Father’s education

No high school 15.36 (36.05) 15.24 (35.94) 16.22 (36.86) 22.69 (41.88)
High school/some college 52.04 (49.96) 48.64 (49.98) 46.98 (49.91) 46.25 (49.86)

College or more 32.61 (46.88) 36.13 (48.04) 36.8 (48.23) 31.06 (46.27)
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Table A5. Cont.

Mean (SD)

County-level variables
Average temperature during

pregnancy 58.67 (12.81) 57.64 (9.08) 58.09 (8.25) 57.56 (6.51)

Average precipitation during
pregnancy 3.1 (1.92) 3.26 (1.44) 2.97 (1.37) 1.81 (1.29)

Average unemployment
during pregnancy 8.45 (2.57) 8.06 (2.42) 8.76 (2.2) 11.13 (2.78)

County racial composition
Non-Hispanic white 64.64 (22.69) 65.9 (20.65) 59.16 (21.91) 38.94 (15.62)
Non-Hispanic black 7.57 (8.41) 12.32 (13.56) 15.03 (13.03) 10.21 (8.06)
Non-Hispanic other 4.49 (6.8) 5.37 (6.54) 5.87 (5.06) 10.04 (5.04)

Hispanic 21.46 (20.41) 14.47 (16.69) 18.16 (16.68) 39.04 (16.16)
Average poverty rate 16.08 (5.03) 15.72 (6.05) 16.14 (4.95) 19.23 (4.49)

Median household income 48923.01 (10438.92) 53399.45 (15823.55) 52909.86 (11474.82) 51726.89 (8044.06)
Physicians per 1000

individuals 0.37 (1.18) 0.35 (0.96) 0.33 (0.46) 0.32 (0.25)

Notes: SD = standard deviation. USD = United States dollars.

Table A6. Estimates of the association between prenatal PM2.5 exposure, post-birth PM2.5 exposure
(defined over 1 month), preterm birth, low birth weight, and infant mortality from the Structural
Equation Model.

Percentage Point Change 95% Confidence Interval

Panel A: Direct association between prenatal PM2.5 exposure and preterm birth
First trimester
Ref: <8 µg/m3

[8.00–10.00 µg/m3) 0.15 [0.03, 0.26]
[10.00–12.00 µg/m3) 0.08 [−0.11, 0.27]
[12.00–19.16 µg/m3] −0.08 [−0.33, 0.18]

Second trimester
Ref: <8 µg/m3

[8.00–10.00 µg/m3) 0.37 [0.25, 0.49]
[10.00–12.00 µg/m3) 0.62 [0.48, 0.77]
[12.00–19.16 µg/m3] 0.74 [0.56, 0.92]

Third trimester
Ref: <8 µg/m3

[8.00–10.00 µg/m3) 0.38 [0.26, 0.49]
[10.00–12.00 µg/m3) 0.71 [0.55, 0.87]
[12.00–19.16 µg/m3] 1.02 [0.82, 1.21]

Panel B: Direct association between prenatal PM2.5 exposure and low birth weight
First trimester
Ref: <8 µg/m3

[8.00–10.00 µg/m3) 0.07 [0.01, 0.12]
[10.00–12.00 µg/m3) 0.08 [0, 0.15]
[12.00–19.16 µg/m3] 0 [−0.09, 0.08]

Second trimester
Ref: <8 µg/m3

[8.00–10.00 µg/m3) 0.11 [0.06, 0.17]
[10.00–12.00 µg/m3) 0.15 [0.08, 0.23]
[12.00–19.16 µg/m3] 0.23 [0.14, 0.31]
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Table A6. Cont.

Percentage Point Change 95% Confidence Interval

Third trimester
Ref: <8 µg/m3

[8.00–10.00 µg/m3) 0.13 [0.07, 0.18]
[10.00–12.00 µg/m3) 0.22 [0.15, 0.29]
[12.00–19.16 µg/m3] 0.35 [0.26, 0.43]

Panel C: Direct association between preterm birth and low birth weight
Preterm birth 49.67 [49.29, 50.05]

Panel D: Direct association of prenatal and post-birth PM2.5 exposure with infant death
Prenatal exposure

First trimester
Ref: <8 µg/m3

[8.00–10.00 µg/m3) 0.03 [0.01, 0.05]
[10.00–12.00 µg/m3) 0.04 [0.02, 0.07]
[12.00–19.16 µg/m3] 0.04 [0.01, 0.07]

Second trimester
Ref: <8 µg/m3

[8.00–10.00 µg/m3) 0.04 [0.02, 0.06]
[10.00–12.00 µg/m3) 0.04 [0.02, 0.07]
[12.00–19.16 µg/m3] 0.08 [0.05, 0.11]

Third trimester
Ref: <8 µg/m3

[8.00–10.00 µg/m3) 0.03 [0.01, 0.05]
[10.00–12.00 µg/m3) 0.07 [0.05, 0.09]
[12.00–19.16 µg/m3] 0.1 [0.07, 0.13]

Post-birth exposure
Ref: <8 µg/m3

[8.00–10.00 µg/m3) 0.03 [0.02, 0.05]
[10.00–12.00 µg/m3) 0.05 [0.03, 0.07]
[12.00–17.19 µg/m3] 0.05 [0.02, 0.08]

Panel E: Direct association of preterm birth and low birth weight with infant death
Preterm birth 2 [1.93, 2.07]

Low birth weight 3.64 [3.55, 3.73]

Number of observations 10,017,357
Average SRMR 0

Notes: All coefficients are expressed as percentage point changes in the respective outcomes. 95% confidence inter-
vals were estimated using standard errors that were clustered at the county level. The post-birth PM2.5 exposure is
estimated over a one-month period following the end of the nine-month prenatal period. SRMR = Standardized
Root Mean Square Residual. The average SRMR was calculated as the average of the SRMR of the Structural
Equation Model fit in each of the five imputed datasets.

Table A7. Estimates of the association between prenatal PM2.5 exposure, post-birth PM2.5 exposure
(defined over 2 months), preterm birth, low birth weight, and infant mortality from the Structural
Equation Model.

Percentage Point Change 95% Confidence Interval

Panel A: Direct association between prenatal PM2.5 exposure and preterm birth
First trimester
Ref: <8 µg/m3

[8.00–10.00 µg/m3) 0.15 [0.03, 0.26]
[10.00–12.00 µg/m3) 0.08 [−0.11, 0.27]
[12.00–19.16 µg/m3] −0.08 [−0.33, 0.18]
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Table A7. Cont.

Percentage Point Change 95% Confidence Interval

Second trimester
Ref: <8 µg/m3

[8.00–10.00 µg/m3) 0.37 [0.25, 0.49]
[10.00–12.00 µg/m3) 0.62 [0.48, 0.77]
[12.00–19.16 µg/m3] 0.74 [0.56, 0.92]

Third trimester
Ref: <8 µg/m3

[8.00–10.00 µg/m3) 0.38 [0.26, 0.49]
[10.00–12.00 µg/m3) 0.71 [0.55, 0.87]
[12.00–19.16 µg/m3] 1.02 [0.82, 1.21]

Panel B: Direct association between prenatal PM2.5 exposure and low birth weight
First trimester
Ref: <8 µg/m3

[8.00–10.00 µg/m3) 0.07 [0.01, 0.12]
[10.00–12.00 µg/m3) 0.08 [0, 0.15]
[12.00–19.16 µg/m3] 0 [−0.09, 0.08]

Second trimester
Ref: <8 µg/m3

[8.00–10.00 µg/m3) 0.11 [0.06, 0.17]
[10.00–12.00 µg/m3) 0.15 [0.08, 0.23]
[12.00–19.16 µg/m3] 0.23 [0.14, 0.31]

Third trimester
Ref: <8 µg/m3

[8.00–10.00 µg/m3) 0.13 [0.07, 0.18]
[10.00–12.00 µg/m3) 0.22 [0.15, 0.29]
[12.00–19.16 µg/m3] 0.35 [0.26, 0.43]

Panel C: Direct association between preterm birth and low birth weight
Preterm birth 49.67 [49.29, 50.05]

Panel D: Direct association of prenatal and post-birth PM2.5 exposure with infant death
Prenatal exposure

First trimester
Ref: <8 µg/m3

[8.00–10.00 µg/m3) 0.01 [−0.01, 0.03]
[10.00–12.00 µg/m3) 0.02 [−0.01, 0.05]
[12.00–19.16 µg/m3] 0.03 [0, 0.07]

Second trimester
Ref: <8 µg/m3

[8.00–10.00 µg/m3) 0.04 [0.02, 0.05]
[10.00–12.00 µg/m3) 0.04 [0.01, 0.06]
[12.00–19.16 µg/m3] 0.07 [0.04, 0.09]

Third trimester
Ref: <8 µg/m3

[8.00–10.00 µg/m3) 0.03 [0.01, 0.05]
[10.00–12.00 µg/m3) 0.07 [0.05, 0.09]
[12.00–19.16 µg/m3] 0.1 [0.07, 0.13]

Post-birth exposure
Ref: <8 µg/m3

[8.00–10.00 µg/m3) 0.03 [0.01, 0.05]
[10.00–12.00 µg/m3) 0.02 [0, 0.05]
[12.00–17.19 µg/m3] 0 [−0.03, 0.03]

Panel E: Direct association of preterm birth and low birth weight with infant death
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Table A7. Cont.

Percentage Point Change 95% Confidence Interval

Preterm birth 2 [1.93, 2.07]

Low birth weight 3.64 [3.55, 3.73]

Number of observations 10,017,357
Average SRMR 0

Notes: All coefficients are expressed as percentage point changes in the respective outcomes. 95% confidence inter-
vals were estimated using standard errors that were clustered at the county level. The post-birth PM2.5 exposure is
estimated over a two-month period following the end of the nine-month prenatal period. SRMR = Standardized
Root Mean Square Residual. The average SRMR was calculated as the average of the SRMR of the Structural
Equation Model fit in each of the five imputed datasets.

Table A8. Direct and indirect associations of prenatal and post-birth PM2.5 exposure (defined over
1 month) with infant mortality.

Direct Association Indirect Association Total Association
Proportion
Mediated

(%)

Percentage
Point

Change

95%
Confidence

Interval

Percentage
Point

Change

95%
Confidence

Interval

Percentage
Point

Change

95%
Confidence

Interval

Panel A: Direct and indirect associations of the prenatal PM2.5 exposure
First trimester
Ref: <8 µg/m3

[8.00–10.00 µg/m3) 0.03 [0.01, 0.05] 0.01 [0, 0.02] 0.04 [0.02, 0.07] 25%
[10.00–12.00 µg/m3) 0.04 [0.02, 0.07] 0.01 [0, 0.01] 0.05 [0.02, 0.08] 20%
[12.00–19.16 µg/m3] 0.04 [0.01, 0.07] 0 [−0.02, 0.01] 0.04 [0, 0.07] 0%

Second trimester
Ref: <8 µg/m3

[8.00–10.00 µg/m3) 0.04 [0.02, 0.06] 0.02 [−0.01, 0.05] 0.06 [0.04, 0.08] 33%
[10.00–12.00 µg/m3) 0.04 [0.02, 0.07] 0.03 [−0.02, 0.08] 0.07 [0.05, 0.1] 43%
[12.00–19.16 µg/m3] 0.08 [0.05, 0.11] 0.04 [−0.03, 0.1] 0.11 [0.08, 0.15] 36%

Third trimester
Ref: <8 µg/m3

[8.00–10.00 µg/m3) 0.03 [0.01, 0.05] 0.02 [−0.01, 0.05] 0.05 [0.03, 0.07] 40%
[10.00–12.00 µg/m3) 0.07 [0.05, 0.09] 0.04 [−0.03, 0.1] 0.1 [0.08, 0.13] 40%
[12.00–19.16 µg/m3] 0.1 [0.07, 0.13] 0.05 [−0.04, 0.14] 0.15 [0.11, 0.18] 33%

Panel B: Direct and indirect associations of the postnatal PM2.5 exposure
Ref: <8 µg/m3

[8.00–10.00 µg/m3) 0.03 [0.02, 0.05] - - 0.03 [0.02, 0.05] -
[10.00–12.00 µg/m3) 0.05 [0.03, 0.07] - - 0.05 [0.03, 0.07] -
[12.00–19.16 µg/m3] 0.05 [0.02, 0.08] - - 0.05 [0.02, 0.08] -

Notes: Direct and indirect association estimates were estimated using the Structural Equation Model presented in
Table A6. The indirect association from the prenatal PM2.5 exposure to infant mortality reflects two paths: prenatal
exposure→ preterm birth→ infant mortality; and, prenatal exposure→ preterm birth→ low birth weight→
infant mortality. The post-birth PM2.5 exposure is estimated over a one-month period following the end of the
nine-month prenatal period. Since there is only a direct path from the post-birth exposure to infant mortality,
there are no results for the indirect association between the post-birth exposure and the outcome.
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Table A9. Direct and indirect associations of prenatal and post-birth PM2.5 exposure (defined over
2 months) with infant mortality.

Direct Association Indirect Association Total Association
Proportion
Mediated

(%)

Percentage
Point

Change

95%
Confidence

Interval

Percentage
Point

Change

95%
Confidence

Interval

Percentage
Point

Change

95%
Confidence

Interval

Panel A: Direct and indirect associations of the prenatal PM2.5 exposure
First trimester
Ref: <8 µg/m3

[8.00–10.00 µg/m3) 0.01 [−0.01, 0.03] 0.01 [0, 0.02] 0.02 [0, 0.04] 50%
[10.00–12.00 µg/m3) 0.02 [−0.01, 0.05] 0.01 [0, 0.01] 0.03 [−0.01, 0.06] 33%
[12.00–19.16 µg/m3] 0.03 [0, 0.07] 0 [−0.02, 0.01] 0.03 [−0.01, 0.07] 0%

Second trimester
Ref: <8 µg/m3

[8.00–10.00 µg/m3) 0.04 [0.02, 0.05] 0.02 [−0.01, 0.05] 0.05 [0.03, 0.07] 40%
[10.00–12.00 µg/m3) 0.04 [0.01, 0.06] 0.03 [−0.02, 0.08] 0.07 [0.04, 0.09] 43%
[12.00–19.16 µg/m3] 0.07 [0.04, 0.09] 0.04 [−0.03, 0.1] 0.1 [0.07, 0.13] 40%

Third trimester
Ref: <8 µg/m3

[8.00–10.00 µg/m3) 0.03 [0.01, 0.05] 0.02 [−0.01, 0.05] 0.05 [0.03, 0.07] 40%
[10.00–12.00 µg/m3) 0.07 [0.05, 0.09] 0.04 [−0.03, 0.1] 0.1 [0.08, 0.13] 40%
[12.00–19.16 µg/m3] 0.1 [0.07, 0.13] 0.05 [−0.04, 0.14] 0.15 [0.11, 0.18] 33%

Panel B: Direct and indirect associations of the postnatal PM2.5 exposure
Ref: <8 µg/m3

[8.00–10.00 µg/m3) 0.03 [0.01, 0.05] - - 0.03 [0.01, 0.05] -
[10.00–12.00 µg/m3) 0.02 [0, 0.05] - - 0.02 [0, 0.05] -
[12.00–19.16 µg/m3] 0 [−0.03, 0.03] - - 0 [−0.03, 0.03] -

Notes: Direct and indirect association estimates were estimated using the Structural Equation Model presented in
Table A7. The indirect association from the prenatal PM2.5 exposure to infant mortality reflects two paths: prenatal
exposure→ preterm birth→ infant mortality; and, prenatal exposure→ preterm birth→ low birth weight→
infant mortality. The post-birth PM2.5 exposure is estimated over a two-month period following the end of the
nine-month prenatal period. Since there is only a direct path from the post-birth exposure to infant mortality,
there are no results for the indirect association between the post-birth exposure and the outcome.

References
1. Adair-Rohani, H.; Brennan, L.J.; Marle-Noël, B.D.; Buka, I.; Forastiere, F.; Goldizen, F.; Gorman, J.; Gumy, S.; Ha, E.; Hong, Y.C.;

et al. Air Pollution and Child Health: Prescribing Clean Air; World Health Organization: Geneva, Switzerland, 2018.
2. Glinianaia, S.V.; Rankin, J.; Bell, R.; Pless-mulloli, T.; Howel, D. Children’ s Health Review Does Particulate Air Pollution

Contribute to Infant Death ? A Systematic Review. Environ. Health Perspect. 2004, 112, 1365–1370. [CrossRef] [PubMed]
3. Currie, J.; Neidell, M. Air pollution and infant health: What can we learn from california’s recent experience? Q. J. Econ. 2005, 120,

1003–1030.
4. Son, J.; Lee, H.J.; Koutrakis, P.; Bell, M.L. Pregnancy and Lifetime Exposure to Fine Particulate Matter and Infant Mortality in

Massachusetts, 2001–2007. Am. J. Epidemiol. 2017, 186, 1268–1276. [CrossRef]
5. Son, J.; Bell, M.L.; Lee, J. Survival Analysis of Long-Term Exposure to Different Sizes of Airborne Particulate Matter and Risk of

Infant Mortality Using a Birth Cohort in Seoul, Korea. Environ. Health Perspect. 2011, 119, 725–730. [CrossRef]
6. Jung, E.M.; Kim, K.N.; Park, H.; Shin, H.H.; Kim, H.S.; Cho, S.J.; Kim, S.T.; Ha, E.H. Association between prenatal exposure to

PM2.5 and the increased risk of specified infant mortality in South Korea|Elsevier Enhanced Reader. Environ. Int. 2020, 144,
105997. [CrossRef]

7. Ritz, B.; Wilhelm, M.; Zhao, Y. Air Pollution and Infant Death in Southern California, 1989–2000. Pediatrics 2006, 118, 493–502.
[CrossRef] [PubMed]

8. Chay, K.Y.; Greenstone, M. The impact of air pollution on infant mortality: Evidence from geographic variation in pollution
shocks induced by a recession. Q. J. Econ. 2003, 118, 1121–1167. [CrossRef]

9. Bekkar, B.; Pacheco, S.; Basu, R.; Denicola, N. Association of Air Pollution and Heat Exposure with Preterm Birth, Low Birth
Weight, and Stillbirth in the US A Systematic Review. JAMA Netw. Open 2020, 3, 1–13. [CrossRef]

10. Centers for Disease Control and Prevention. Infant Mortality|Maternal and Infant Health|Reproductive Health|CDC.
2020. Available online: https://www.cdc.gov/reproductivehealth/maternalinfanthealth/infantmortality.htm (accessed on
22 February 2021).

http://doi.org/10.1289/ehp.6857
http://www.ncbi.nlm.nih.gov/pubmed/15471726
http://doi.org/10.1093/aje/kwx015
http://doi.org/10.1289/ehp.1002364
http://doi.org/10.1016/j.envint.2020.105997
http://doi.org/10.1542/peds.2006-0027
http://www.ncbi.nlm.nih.gov/pubmed/16882800
http://doi.org/10.1162/00335530360698513
http://doi.org/10.1001/jamanetworkopen.2020.8243
https://www.cdc.gov/reproductivehealth/maternalinfanthealth/infantmortality.htm


Int. J. Environ. Res. Public Health 2022, 19, 258 25 of 26

11. Martinelli, N.; Olivieri, O.; Girelli, D. Air particulate matter and cardiovascular disease: A narrative review. Eur. J. Intern. Med.
2013, 24, 295–302. [CrossRef]

12. Brook, R.D.; Rajagopalan, S.; Pope, C.A., III; Brook, J.R.; Bhatnagar, A.; Diez-Roux, A.V.; Holguin, F.; Hong, Y.; Luepker, R.V.;
Mittleman, M.A.; et al. Particulate Matter Air Pollution and Cardiovascular Disease An Update to the Scientific Statement From
the American Heart Association. Circulation 2010, 121, 2331–2378. [CrossRef]

13. Kannan, S.; Misra, D.P.; Dvonch, J.T.; Krishnakumar, A. Exposures to Airborne Particulate Matter and Adverse Perinatal
Outcomes: A Biologically Plausible Mechanistic Framework for Exploring Potential Effect Modification by Nutrition Responses
to PM Exposures. Environ. Health Perspect. 2006, 1636, 1636–1642. [CrossRef] [PubMed]

14. Yorifuji, T.; Kashima, S.; Doi, H. Total Environment Acute exposure to fine and coarse particulate matter and infant mortality in
Tokyo, Japan (2002–2013). Sci. Total Environ. 2016, 551–552, 66–72. [CrossRef]

15. Bharadwaj, P.; Zivin, J.G.; Mullins, J.T.; Neidell, M. Early-Life Exposure to the Great Smog of 1952 and the Development of
Asthma. Am. J. Respir. Crit. Care Med. 2016, 194, 1475–1482. [CrossRef] [PubMed]

16. Currie, J.; Neidell, M.; Schmieder, J. Air Pollution And Infant Health: Lessons from New Jersey. J. Health Econ. 2009, 28, 688–703.
[CrossRef]

17. Stieb, D.M.; Chen, L.; Eshoul, M.; Judek, S. Ambient air pollution, birth weight and preterm birth: A systematic review and
meta-analysis. Environ. Res. 2012, 117, 100–111. [CrossRef] [PubMed]

18. Hernan, M.A.; Hernandez-Diaz, S.; Robins, J.M. A Structural Approach to Selection Bias. Epidemiology 2004, 15, 615–625.
[CrossRef]

19. Percy, Z.; DeFranco, E.; Xu, F.; Hall, E.S.; Haynes, E.N.; Jones, D.; Muglia, L.J.; Chen, A. Trimester specific PM2.5 exposure and
fetal growth in Ohio, 2007–2010. Environ. Res. 2019, 171, 111–118. [CrossRef]

20. Jung, C.-R.; Chen, W.-T.; Tang, Y.-H.; Hwang, B.-F. Fine particulate matter exposure during pregnancy and infancy and incident
asthma. J. Allergy Clin. Immunol. 2019, 143, 2254–2262.e5. [CrossRef]

21. Ram, P.K.; Dutt, D.; Silk, B.J.; Doshi, S.; Rudra, C.B.; Abedin, J.; Goswami, D.; Fry, A.M.; Brooks, W.A.; Luby, S.P.; et al. Household
Air Quality Risk Factors Associated with Childhood Pneumonia in Urban Dhaka, Bangladesh. Am. J. Trop. Med. Hyg. 2014, 90,
968–975. [CrossRef]

22. Centers for Disease Control and Prevention. Daily County-Level PM2.5 Concentation 2001–2014. Available online: https://data.
cdc.gov/Environmental-Health-Toxicology/Daily-County-Level-PM2-5-Concentrations-2001-2014/qjju-smys/data (accessed
on 11 February 2020).

23. Downscaler Model for Predicting Daily Air Pollution. Available online: https://www.epa.gov/air-research/downscaler-model-
predicting-daily-air-pollution (accessed on 17 February 2021).

24. CMAQ: The Community Multiscale Air Quality Modeling System. Available online: https://www.epa.gov/cmaq (accessed on
17 February 2021).

25. Administration NO and A. Climate at a Glance. Available online: https://www.ncdc.noaa.gov/cag/county/mapping%0A
(accessed on 25 June 2020).

26. Bureau UC. Population Estimates. Available online: https://www2.census.gov/programs-surveys/popest/datasets/ (accessed
on 30 June 2020).

27. Bureau UC. Poverty: Data 2019. Available online: https://www.census.gov/topics/income-poverty/poverty.html (accessed on
17 February 2021).

28. Statistics B of L. Local Area Unemployment Statistics 2019. Available online: https://www.bls.gov/lau/ (accessed on 17 February 2021).
29. Services C for M & M. CMS Provider of Services Files. Available online: https://www.cms.gov/Research-Statistics-Data-and-

Systems/Downloadable-Public-Use-Files/Provider-of-Services/POS2010 (accessed on 29 June 2020).
30. Rich, D.Q.; Liu, K.; Zhang, J.; Thurston, S.W.; Stevens, T.P.; Pan, Y.; Kane, C.; Weinberger, B.; Ohman-Strickland, P.; Woodruff, T.J.;

et al. Differences in Birth Weight Associated with the 2008 Beijing Olympics Air Pollution Reduction: Results from a Natural
Experiment. Environ. Health Perspect. 2015, 123, 880–887. [CrossRef]

31. Donahue, S.M.A.; Kleinman, K.P.; Gillman, M.W.; Oken, E. Trends in Birth Weight and Gestational Length Among Singleton Term
Births in the United States. Obstet. Gynecol. 2010, 115, 357–364. [CrossRef]

32. Kline, R. Principles and Practice of Structural Equation Modeling, 4th ed.; The Guilford Press: New York, NY, USA, 2016.
33. Jeffrey, M. Wooldridge. In Advanced Panel Data Methods. Introductory Econometrics: A Modern Approach, 6th ed.; Cengage Learning:

Boston, MA, USA, 2016; Chapter 14, pp. 434–460.
34. Huber, P.J. The behavior of maximum likelihood estimates under nonstandard conditions. In Proceedings of the Fifth Berkeley

Symposium on Mathematical Statistics and Probability, Berkeley, CA, USA, 18–21 June 1965; University of California Press:
Berkeley, CA, USA, 1967; pp. 221–233.

35. Rubin, D.B. Multiple Imputation for Non-Response in Surveys; John Wiley & Sons, Inc.: New York, NY, USA, 1987.
36. Heft-Neal, S.; Burney, J.; Bendavid, E.; Burke, M. Robust relationship between air quality and infant mortality in Africa. Nature

2018, 559, 254–258. [CrossRef]
37. World Health Organization. Ambient (Outdoor) Air Pollution. 2018. Available online: https://www.who.int/news-room/fact-

sheets/detail/ambient-(outdoor)-air-quality-and-health (accessed on 30 November 2020).
38. Agency USEP. National Ambient Air Quality Standards for Particulate Matter; Final Rule; United States Environmental Protection

Agency: Washington, DC, USA, 2013; Volume 78.

http://doi.org/10.1016/j.ejim.2013.04.001
http://doi.org/10.1161/CIR.0b013e3181dbece1
http://doi.org/10.1289/ehp.9081
http://www.ncbi.nlm.nih.gov/pubmed/17107846
http://doi.org/10.1016/j.scitotenv.2016.01.211
http://doi.org/10.1164/rccm.201603-0451OC
http://www.ncbi.nlm.nih.gov/pubmed/27392261
http://doi.org/10.1016/j.jhealeco.2009.02.001
http://doi.org/10.1016/j.envres.2012.05.007
http://www.ncbi.nlm.nih.gov/pubmed/22726801
http://doi.org/10.1097/01.ede.0000135174.63482.43
http://doi.org/10.1016/j.envres.2019.01.031
http://doi.org/10.1016/j.jaci.2019.03.024
http://doi.org/10.4269/ajtmh.13-0532
https://data.cdc.gov/Environmental-Health-Toxicology/Daily-County-Level-PM2-5-Concentrations-2001-2014/qjju-smys/data
https://data.cdc.gov/Environmental-Health-Toxicology/Daily-County-Level-PM2-5-Concentrations-2001-2014/qjju-smys/data
https://www.epa.gov/air-research/downscaler-model-predicting-daily-air-pollution
https://www.epa.gov/air-research/downscaler-model-predicting-daily-air-pollution
https://www.epa.gov/cmaq
https://www.ncdc.noaa.gov/cag/county/mapping%0A
https://www2.census.gov/programs-surveys/popest/datasets/
https://www.census.gov/topics/income-poverty/poverty.html
https://www.bls.gov/lau/
https://www.cms.gov/Research-Statistics-Data-and-Systems/Downloadable-Public-Use-Files/Provider-of-Services/POS2010
https://www.cms.gov/Research-Statistics-Data-and-Systems/Downloadable-Public-Use-Files/Provider-of-Services/POS2010
http://doi.org/10.1289/ehp.1408795
http://doi.org/10.1097/AOG.0b013e3181cbd5f5
http://doi.org/10.1038/s41586-018-0263-3
https://www.who.int/news-room/fact-sheets/detail/ambient-(outdoor)-air-quality-and-health
https://www.who.int/news-room/fact-sheets/detail/ambient-(outdoor)-air-quality-and-health


Int. J. Environ. Res. Public Health 2022, 19, 258 26 of 26

39. Stata Corp LP. Stata Statistical Software: Release 15 2017; Stata Press Publication: College Station, TX, USA, 2017.
40. RStudio Team. RStudio: Integrative Development for R. RStudio; PBC: Boston, MA, USA, 2020. Available online: http://www.

rstudio.com/ (accessed on 29 October 2021).
41. Honaker, J.; King, G.; Blackwell, M. Amelia II: A Program for Missing Data. J. Stat. Softw. 2011, 45, 1–47. [CrossRef]
42. Di, Q.; Wang, Y.; Zanobetti, A.; Wang, Y.; Koutrakis, P.; Choirat, C.; Dominici, F.; Schwartz, J.D. Air Pollution and Mortality in the

Medicare Population. N. Engl. J. Med. 2017, 376, 2513–2522. [CrossRef] [PubMed]
43. Xiong, L.; Xu, Z.; Wang, H.; Liu, Z.; Xie, D.; Wang, A.; Kong, F. The association between ambient air pollution and birth defects in

four cities in Hunan province, China, from 2014 to 2016. Medicine 2019, 98, e14253. [CrossRef] [PubMed]
44. Vrijheid, M.; Martinez, D.; Manzanares, S.; Dadvand, P.; Schembari, A.; Rankin, J.; Nieuwenhuijsen, M. Review Ambient Air

Pollution and Risk of Congenital Anomalies: A Systematic Review and Meta-analysis. Environ. Health Perspect. 2011, 598, 598–606.
[CrossRef] [PubMed]

45. VanderWeele, T.J. Mediation Analysis: A Practitioner’s Guide. Annu. Rev. Public Health 2016, 37, 17–32. [CrossRef] [PubMed]
46. Bell, M.L.; Dominici, F.; Ebisu, K.; Zeger, S.L.; Samet, J.M. Spatial and Temporal Variation in PM 2.5 Chemical Composition in the

United States for Health Effects Studies. Environ. Health Perspect. 2007, 115, 989–995. [CrossRef] [PubMed]
47. Goyal, N.; Karra, M.; Canning, D. Early-life exposure to ambient fine particulate air pollution and infant mortality: Pooled

evidence from 43 low- and middle-income countries. Int. J. Epidemiol. 2019, 48, 1125–1141. [CrossRef]
48. Woodruff, T.J.; Darrow, L.A.; Parker, J.D. Air Pollution and Postneonatal Infant Mortality in the United States, 1999–2002. Environ.

Health Perspect. 2008, 116, 110–115. [CrossRef]
49. Klonoff-Cohen, H.; Lam, P.K.; Lewis, A. Outdoor carbon monoxide, nitrogen dioxide, and sudden infant death syndrome. Arch.

Dis. Child. 2005, 90, 750–753. [CrossRef]
50. Bell, M.L.; Kim, J.Y.; Dominici, F. Potential confounding of particulate matter on the short-term association between ozone and

mortality in multisite time-series studies. Environ. Health Perspect. 2007, 115, 1591–1595. [CrossRef] [PubMed]
51. Anderson, G.B.; Krall, J.R.; Peng, R.D.; Bell, M.L. Is the Relation Between Ozone and Mortality Confounded by Chemical

Components of Particulate Matter? Analysis of 7 Components in 57 US Communities. Am. J. Epidemiol. 2012, 176, 726–732.
[CrossRef]

52. Ito, K.; De Leon, S.F.; Lippmann, M. Associations between ozone and daily mortality: Analysis and meta-analysis. Epidemiology
2005, 16, 446–457. [CrossRef] [PubMed]

53. Thurston, G.D.; Ito, K. Epidemiological studies of acute ozone exposures and mortality. J. Expo. Anal. Environ. Epidemiol. 2001, 11,
286–294. [CrossRef]

54. Faiz, A.S.; Rhoads, G.G.; Demissie, K.; Kruse, L.; Lin, Y.; Rich, D.Q. Ambient Air Pollution and the Risk of Stillbirth. Am. J.
Epidemiol. 2012, 176, 308–316. [CrossRef] [PubMed]

55. Bell, M.L.; Dominici, F.; Samet, J.M. A Meta-Analysis of Time-Series Studies of Ozone and Mortality With Comparison to the
National Morbidity, Mortality, and Air Pollution Study. Epidemiology 2005, 16, 436–445. [CrossRef]

56. Bell, M.L.; McDermott, A.; Zeger, S.L.; Samet, J.M.; Dominici, F. Ozone and Short-term Mortality in 95 US Urban Communities,
1987–2000. JAMA 2004, 292, 2372–2378. [CrossRef]

57. Bell, M.; Belanger, K. Review of research on residential mobility during pregnancy: Consequences for assessment of prenatal
environmental exposures. J. Expo. Sci. Environ. Epidemiol. 2012, 22, 429–438. [CrossRef]

58. Saadeh, F.B.; Clark, M.A.; Rogers, M.L.; Linkletter, C.D.; Phipps, M.G.; Padbury, J.F.; Vivier, P.M. Pregnant and Moving:
Understanding Residential Mobility during Pregnancy and in the First Year of Life using a Prospective Birth Cohort. Matern.
Child Health J. 2013, 17, 330–343. [CrossRef]

59. Pickett, A.R.; Bell, M.L. Assessment of Indoor Air Pollution in Homes with Infants. Int. J. Environ. Res. Public Health 2011, 8,
4502–4520. [CrossRef]

60. US EPA O. Indoor Air Quality 2017. Available online: https://www.epa.gov/report-environment/indoor-air-quality (accessed
on 23 November 2021).

61. Kioumourtzoglou, M.A.; Raz, R.; Wilson, A.; Fluss, R.; Nirel, R.; Broday, D.M. Traffic-Related Air Pollution and Pregnancy Loss.
Epidemiology 2019, 30, 4–10. [CrossRef] [PubMed]

62. Zhang, Y.; Wang, J.; Chen, L.; Yang, H.; Zhang, B.; Wang, Q.; Hu, L.; Zhang, N.; Vedal, S.; Xue, F.; et al. Ambient PM(2.5) and
clinically recognized early pregnancy loss: A case-control study with spatiotemporal exposure predictions. Environ. Int. 2019,
126, 422–429. [CrossRef] [PubMed]

63. Raz, R.; Kioumourtzoglou, M.-A.; Weisskopf, M.G. Live-Birth Bias and Observed Associations Between Air Pollution and Autism.
Am. J. Epidemiol. 2018, 187, 2292–2296. [CrossRef]

64. Nobles, J.; Hamoudi, A. Detecting the Effects of Early-Life Exposures: Why Fecundity Matters. Popul. Res. Policy Rev. 2019, 38,
783–809. [CrossRef]

65. Leung, M.; Kioumourtzoglou, M.A.; Raz, R.; Weisskopf, M.G. Bias due to Selection on Live Births in Studies of Environmental
Exposures during Pregnancy: A Simulation Study. Environ. Health Perspect. 2021, 129, 047001. [CrossRef]

http://www.rstudio.com/
http://www.rstudio.com/
http://doi.org/10.18637/jss.v045.i07
http://doi.org/10.1056/NEJMoa1702747
http://www.ncbi.nlm.nih.gov/pubmed/28657878
http://doi.org/10.1097/MD.0000000000014253
http://www.ncbi.nlm.nih.gov/pubmed/30681619
http://doi.org/10.1289/ehp.1002946
http://www.ncbi.nlm.nih.gov/pubmed/21131253
http://doi.org/10.1146/annurev-publhealth-032315-021402
http://www.ncbi.nlm.nih.gov/pubmed/26653405
http://doi.org/10.1289/ehp.9621
http://www.ncbi.nlm.nih.gov/pubmed/17637911
http://doi.org/10.1093/ije/dyz090
http://doi.org/10.1289/ehp.10370
http://doi.org/10.1136/adc.2004.057091
http://doi.org/10.1289/ehp.10108
http://www.ncbi.nlm.nih.gov/pubmed/18007990
http://doi.org/10.1093/aje/kws188
http://doi.org/10.1097/01.ede.0000165821.90114.7f
http://www.ncbi.nlm.nih.gov/pubmed/15951662
http://doi.org/10.1038/sj.jea.7500169
http://doi.org/10.1093/aje/kws029
http://www.ncbi.nlm.nih.gov/pubmed/22811493
http://doi.org/10.1097/01.ede.0000165817.40152.85
http://doi.org/10.1001/jama.292.19.2372
http://doi.org/10.1038/jes.2012.42
http://doi.org/10.1007/s10995-012-0978-y
http://doi.org/10.3390/ijerph8124502
https://www.epa.gov/report-environment/indoor-air-quality
http://doi.org/10.1097/EDE.0000000000000918
http://www.ncbi.nlm.nih.gov/pubmed/30199416
http://doi.org/10.1016/j.envint.2019.02.062
http://www.ncbi.nlm.nih.gov/pubmed/30836309
http://doi.org/10.1093/aje/kwy172
http://doi.org/10.1007/s11113-019-09562-x
http://doi.org/10.1289/EHP7961

	Introduction 
	Materials and Methods 
	Data Sources 
	Outcome Definition 
	Exposure Definition 
	Mediator Definition 
	Constructing the Analytic Dataset 
	Structural Equation Model 
	Statistical Analysis 
	Robustness Checks 
	Software 
	Ethical Statement 

	Results 
	Discussion 
	Conclusions 
	Appendix A
	References



