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A B S T R A C T

The association between maternal exposure to PM2.5 and birthweight varies geographically, which may be
caused by susceptibility. Whether this population-level association is a function of mixtures of individuals with
different susceptibilities is unclear. We investigated the probability distribution of individuals with different
susceptibilities to PM2.5-related birthweight change, and evaluated spatial variation of the effect across the
United States (US). We estimated the individual-level susceptibility using the effect of PM2.5 among a homo-
genous subpopulation, which was defined by a specific combination of modifiers. According to frequencies for
all combinations, we derived the probability distribution of differential susceptibilities across the US and by
states. From birth certificates across the US (1999–2004), we analyzed a total of 18,317,707 samples of sin-
gletons. Of the samples, 54–55% were assigned valid exposures, and linked to PM2.5. The subpopulation-specific
associations of PM2.5 on birthweight change (i.e., susceptibilities) ranged from negative to positive. For the first-
trimester exposure, 61.4% of the associations were negative, and the mean was −1.01 g (95% confidence in-
terval, CI: −1.63, −0.38) of birthweight change per 5 μg/m3 increase of PM2.5. The state-level associations
varied (from−2.04 g [−2.76,−1.31] in New Hampshire to−0.30 g [−1.01, 0.41] in Texas) with demographic
compositions in the US. The between-state variations of maternal race and education level were the greatest
contributors to the spatial heterogeneity. Our findings may be useful to the policymaker in planning interven-
tions for subpopulations susceptible to ambient pollution.

1. Introduction

Maternal exposure to ambient pollutants, including fine particulate
matter with an aerodynamic diameter of< 2.5 μm (PM2.5), is asso-
ciated with decreased birthweight and the incidence of low birthweight
(LBW) (Dadvand et al., 2013; Ebisu and Bell, 2012; Ebisu et al., 2016;
Hao et al., 2016; Parker and Woodruff, 2008; Pedersen et al., 2013;
Stieb et al., 2016), a risk factor for infant morbidity and mortality and
development of diseases during adulthood (McCormick, 1985). How-
ever, these associations differ between studies (Dadvand et al., 2013;
Sun et al., 2016) and vary geographically (Ebisu et al., 2016; Hao et al.,
2016; Parker and Woodruff, 2008). Few studies have assessed the
reasons underlying this heterogeneity. The effect on birthweight of a
given ambient PM2.5 level varies among subpopulations; e.g., different
ethnicities (Ebisu and Bell, 2012); this is termed differential suscept-
ibility to PM2.5 (Bell et al., 2013; Sacks et al., 2011). The fraction of
susceptible individuals in the surveyed population varies among studies
and geographically. Thus, a comprehensive evaluation of individual

variations in susceptibility to PM2.5 is warranted.
The terms susceptibility, vulnerability, and sensitivity are used inter-

changeably to denote inter-individual variation in the risk of adverse
health outcomes per unit increment in ambient exposure to pollutants
(Bell et al., 2013). Regardless of the subtle distinctions among these
terms, in this study we use susceptibility to represent the magnitude of
toxicity of air pollution to an individual. Susceptibility is dependent on
internal factors (e.g., genetics and underlying disease[s]), external fac-
tors (e.g., socioeconomic status), and exposure patterns (e.g., travel).
Epidemiological studies use the term ‘effect-modifier’ to denote these
factors or their surrogates, and subject them to interaction analyses.
However, previous studies explored single effect-modifiers separately.
For example, the PM2.5-LBW association is reportedly stronger among
white mothers (Ebisu and Bell, 2012). The simplicity of such studies
may preclude evaluation of the different levels of susceptibility among
the general population. Previous studies have reported three-way
(Dubowsky et al., 2006) or higher-order interactions (Rosa et al., 2017)
between the health effects of PM2.5 and individual characteristics,
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which indicates that multiple effect-modifiers might contribute to sus-
ceptibility both cumulatively and dependently. Additionally, few pre-
vious studies quantified the fraction of susceptible individuals among
the general population, which is determined by not only the modifying
effects of individual characteristics but also their joint probability dis-
tribution among the target population.

To fully characterize susceptibility to PM2.5, we assume that the
individual-specific health effect is determined by multiple effect-
modifiers; thus, susceptibility may be quantified as a function of mul-
tiple variables at the level of the individual. Therefore, individuals with
identical effect-modifiers have identical susceptibilities. In other words,
the individual-specific effect (i.e., susceptibility) can be estimated from
a homogenous subpopulation. For the PM2.5-related birthweight
change, we collected 11 infant and maternal variables as effect-modi-
fiers or their surrogates to represent the gradient variation of in-
dividual-specific susceptibilities. These variables were selected ac-
cording to previous findings and data availability, and are described in
the following section. In this study, we quantify the individual-specific
magnitudes of susceptibility as the birthweight changes per unit in-
crement of PM2.5, which are estimated in homogenous subgroups ca-
tegorized by the 11 variables. By combining the different suscept-
ibilities with the probabilities of the corresponding subgroups, we
derived a new statistical measure, the ‘human susceptibility distribu-
tion’, which reflects both the magnitude and the prevalence of sus-
ceptibility in the general population.

Although several studies have linked nationwide data of birthweight
or LBW to ambient particles (e.g., PM2.5 [Hao et al., 2016; Parker and
Woodruff, 2008], PM2.5 [Ebisu and Bell, 2012], PM2.5–10 [Ebisu et al.,
2016], and PM10 [Parker and Woodruff, 2008]) in the United States
(US), none explored susceptibility to the effect of PM2.5. Using US birth
certificates and the PM2.5 concentrations monitored by national net-
works, we derived the human susceptibility distribution of the PM2.5-
related change in birthweight. Furthermore, by considering geographic
variation in the proportions of susceptible individuals in the US, we
assessed the spatial variation of PM2.5-related birthweight change as a
practical application of the human susceptibility distribution.

2. Methods

2.1. Study population

Birth certificate data of the contiguous US from 1999 to 2004 were
obtained from the National Center for Health Statistics, Centers for
Disease Control and Prevention. This database was in previous studies
on the adverse effects of air pollutants on infants (e.g., Hao et al., 2016).
Many individual-level variables on both newborns and their mothers,
such as county of residence, date of last menstrual period (LMP), and
birthweight, were available during 1999–2004. Because many popula-
tion characteristics could affect the susceptibility to PM2.5-related
birthweight change, we targeted the 11 individual characteristics
(Table 1) used as the modeling covariates in previous studies (Ebisu and
Bell, 2012; Ebisu et al., 2016).

We prepared the birth data as described previously (Ebisu and Bell,
2012; Ebisu et al., 2016). Briefly, we first excluded plural deliveries, as
the target population was singleton births. Second, we assumed that the
pregnancy period began 2weeks after the LMP and was equal to the
reported gestational duration. The reported month of birthdate was
used to validate the estimated gestational period. We excluded birth
records when the difference between the estimated delivery date and
the middle day of the birth month was> 30 days. Third, based on a
previous study (Alexander et al., 1996), we excluded records with im-
possible combinations of gestational age and birthweight. Fourth, we
excluded records with missing values for any of the 11 individual
characteristics. All births from California were removed because ma-
ternal status on smoking or tobacco usage was not recorded on Cali-
fornia birth certificates. After applying the above exclusion criteria,

18,317,707 records were analyzed (Web Fig. 1).

2.2. Exposure assessment

Daily values of PM2.5 from January 1998 to December 2004 were
obtained from the US Environmental Protection Agency Air Quality
System network (Web Fig. 1). We first assigned and averaged the
monitored PM2.5 levels by county, and prepared the exposure values
during the entire pregnancy and each of the three trimesters (first tri-
mester, 1–13 weeks; second trimester, 14–26weeks; and third trime-
ster, 27 weeks to delivery) as described previously (Ebisu and Bell,
2012). Briefly, we first calculated weekly averages and then derived the
exposure value during the entire pregnancy or each trimester based on
the estimated period of pregnancy for each birth, if > 75% of the
weekly values were available. We obtained temperature data from
January 1998 to December 2004 from the National Climatic Data
Center, and transformed the weekly averages of monitored temperature
into county-level averages during the entire pregnancy or each trime-
ster, analogously.

2.3. Statistical analysis

The statistical analysis procedure is shown in Fig. 1. Briefly, among
all valid birth records, those assigned with environmental exposures
(PM2.5 and temperature) were used as regression samples to link
birthweight to maternal exposure to PM2.5. We used a batch of separate
regressions to derive subpopulation-specific susceptibilities. We also
used all valid records to estimate the frequencies of the subpopulations
among the total study population. The two results were combined to
estimate the human susceptibility distribution.

First, we generated subpopulation indexes (i) based on 10,368
(27× 34) combinations of the population characteristics (Ωi), which
included 7 binary and 4 trinary variables. Among them, 8632 were
present in the population according to valid records of singleton births.
Only a portion of the valid birth certificates (those used as regression
samples) could be simultaneously assigned levels of exposure to both
PM2.5 and temperature, due to the incomplete spatiotemporal coverage
of the monitoring networks. The sample sizes are summarized in
Table 1.

We then attempted to link birthweight to maternal exposure to
PM2.5 during the entire pregnancy and each trimester, independently
within each subpopulation, with adjustments for three spline terms to
control for the nonlinear confounding effects of temperature, the cen-
troid coordinates of county of residence, and the temporal index (Fig. 1:
Eq. (1)). To model seasonality, 4 degrees of freedom per year were
utilized in the spline term of temporal index. For some subpopulations,
the regression sample size (ni) might be too small to generate a robust
estimate of the effect of PM2.5. The statistical power of the regression
model (Fig. 1: Eq. (1)) increased to>0.8 at a significance level of 0.05
when the sample size was>1800 (Web Fig. 2). Therefore, we com-
bined the subpopulations with sample sizes< 1800, and estimated the
subpopulation-specific effects using a mixed-effects model with a
random slope and a random intercept (Fig. 1: Eq. (2)). In this model, the
subpopulation-specific effects (β0+ β′i) were assumed to be normally
distributed with a mean value of β0 and a standard deviation of σβ2. By
combining the results of Eqs. (1) and (2), we derived the subpopulation-
specific effects (βi | Ωi), which were used to quantify the variation in
susceptibility according to the population characteristics (Ωi).

Next, we approximated the probability that an individual belonged
to a specific subpopulation (pi | Ωi) using the frequency of the sub-
population among all valid records of births. By considering the prob-
ability distribution of subpopulations (pi | Ωi) and the susceptibilities of
these subpopulations to the PM2.5-related birthweight change (βi | Ωi),
we assessed the human susceptibility distribution for maternal exposure
during the entire pregnancy and each trimester according to Eq. (3)
(Fig. 1).
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Finally, we calculated the average susceptibility and its variance at
the population level (Fig. 1: Eq. (4)). We applied the approach to
quantify population susceptibility to PM2.5-related birthweight change
at the state level, and evaluated its spatial variation due to geographic
differences in population composition.

In sensitivity analyses, we derived the susceptibility distribution
based on two different samples. First, through excluding variables of
alcohol and tobacco usage from the set of 11 effect-modifiers, we in-
cluded California births into our valid sample and regression samples,
and re-estimated the susceptibility distribution based on 9 variables.
Second, assuming the individual-level susceptibility also varies geo-
graphically, we incorporated an indicator for the four US regions (Web
Fig. 1) as the additional effect-modifier, and re-estimated the suscept-
ibility distribution based on 12 variables.

All statistical analyses were performed in R version 3.4.1 (R Core
Team, 2017). The mixed-effect models was conducted using the lme4
package (Bates et al., 2014). The power curve was calculated using the
pwr package (Champely, 2017). The statistical significance level was set
at 0.05.

3. Results

3.1. Descriptive statistics

During the study period, there were 24,135,665 births in the con-
tiguous US, and 23,354,466 of them were singletons. After exclusions,
the study dataset comprised 18,317,707 valid records of singleton

births. Among them, 54–55% (about 10 million, Table 1) that were
assigned valid environmental exposures (both PM2.5 and temperature)
during the whole pregnancy or one trimester were subjected to re-
gression analysis of birthweight. The spatial distribution of the infants
is shown in Web Fig. 1, together with the PM2.5-monitoring locations.
California was excluded from the main analysis, because maternal use
of alcohol or tobacco was not reported there during the study period.
The regression samples covered most other populous areas.

The infant and maternal characteristics for (1) all singleton births,
(2) valid records after application of the exclusion criteria, and (3) re-
gression samples are summarized in Table 1. The three types of samples
were similar in most of the characteristics, which suggested that the
exclusions did not considerably change the demographic composition
of the study population. The regression samples had a slightly higher
fraction of births with a maternal education level of> 12 years (51.5%
vs. 47.7%), because these tended to be from urban or suburban areas.
The summary statistics for the continuous variables (i.e., birthweight,
PM2.5, and temperature) are presented in Table 2. The mean birth-
weight was 3.34 kg, and the mean PM2.5 level was 13.1 μg/m3. The
continuous variables were similarly distributed in all the regression
datasets.

3.2. Individual-specific susceptibility

The characteristics and regression results of the largest 10 sub-
populations (Tables 3–4; ID: 1–10) are shown in Tables 3–4. None of
these groups had a sample size of< 140,000 for regression analyses.

Fig. 1. Statistical analysis procedure. Numbers (1–4) denote the equation indices. Black boxes show the derivation of subpopulation-specific susceptibilities; the blue
box shows calculation of the frequency of each subpopulation; red boxes show the development and application of the susceptibility distribution. (For interpretation
of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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Within each subpopulation, all births were identical in terms of the 11
individual-level characteristics, suggesting that they represented a
specific type of individual. Among the 10 groups, birthweight reduction
was significantly associated with maternal exposure to PM2.5 during the
entire pregnancy or one trimester for IDs 2, 3, 7, 8 and 10, and no
significantly positive association was found. For the largest sub-
population (ID 1), each 5 μg/m3 increment of PM2.5 was weakly asso-
ciated with a decrease in birthweight of 0.61 g (−1.86, 3.08) or 1.76 g

(−0.63, 4.15) during the first or second trimester, respectively. For the
second-largest subpopulation (ID 2), which differed from the ID 1 group
only in sex (female vs. male), the PM2.5 level was significantly asso-
ciated with decreased birthweight during the entire pregnancy and the
first two trimesters. The association was significantly stronger in the ID
2 subpopulation than the ID1 subpopulation.

The estimated effects from the subpopulation-specific regressions,
together with their frequencies, are shown in Fig. 2 (first trimester) and

Table 2
Statistical summary of the continuous variables in the regression analysis datasets.

Period Variable Mean Standard deviation Quantiles

2.5% 25% 50% 75% 97.5%

Entire pregnancy Birthweight (g) 3342 542 2155 3033 3360 3686 4350
PM2.5 μg/m3 13.1 2.9 7.4 11.1 13.1 15.1 18.6
Temperature (°C) 14.1 5.3 5.0 10.1 13.6 17.9 24.5

First trimester Birthweight (g) 3341 542 2155 3033 3358 3686 4345
PM2.5 μg/m3 13.1 3.5 6.8 10.7 13 15.4 20.4
Temperature (°C) 13.6 8.8 −2.7 6.6 14.3 20.9 27.9

Second trimester Birthweight (g) 3342 542 2155 3033 3360 3686 4350
PM2.5 μg/m3 13.1 3.5 6.7 10.7 12.9 15.4 20.3
Temperature (°C) 14.1 8.8 −2.6 7.1 15.0 21.3 28.0

Third trimester Birthweight (g) 3343 541 2155 3033 3365 3686 4355
PM2.5 μg/m3 13.1 3.5 6.7 10.7 12.9 15.3 20.2
Temperature (°C) 14.4 8.6 −2.2 7.8 15.5 21.3 28.0

Table 3
Characteristics for the largest 10 subpopulations.

ID Infant sex Maternal age Maternal
education

Parity Delivery
method

Other variables

1 Male 20–34 years > 12 years Parous Vaginal Maternal race: white; Maternal marital status: married; Gestational length: term; Prenatal
care: from first trimester; Maternal tobacco use during pregnancy: no; Maternal alcohol use
during pregnancy: no.

2 Female 20–34 years > 12 years Parous Vaginal
3 Female 20–34 years > 12 years Nulliparous Vaginal
4 Male 20–34 years > 12 years Nulliparous Vaginal
5 Male 20–34 years 12 years Parous Vaginal
6 Female 20–34 years 12 years Parous Vaginal
7 Male > 35 years > 12 years Parous Vaginal
8 Female > 35 years > 12 years Parous Vaginal
9 Male 20–34 years > 12 years Parous C-section
10 Female 20–34 years > 12 years Parous C-section

Table 4
Birthweight-PM2.5 associations for the largest 10 subpopulations. Significant effects are shown in bold in the bottom table (P < 0.05).

ID Counts of valid
records
(percentage)

Birthweight change (g) per 5 μg/m3 increment of PM2.5 (95% CI)

Entire pregnancy First trimester Second trimester Third trimester

1 996,906 (5.4%) 1.38
(−2.40, 5.15)

−0.61
(−3.08, 1.86)

−1.76
(−4.15, 0.63)

1.51
(−0.93, 3.96)

2 971,410 (5.3%) −4.24
(−7.95, −0.54)

−4.34
(−6.76, −1.92)

−3.63
(−5.98, −1.28)

0.38
(−2.02, 2.77)

3 540,797 (3.0%) −1.97
(−6.76, 2.81)

−4.57
(−7.72, −1.42)

−1.66
(−4.73, 1.40)

1.89
(−1.24, 5.02)

4 539,895 (2.9%) 0.95
(−4.04, 5.94)

−3.19
(−6.48, 0.10)

−1.61
(−4.81, 1.59)

3.45
(−0.19, 6.72)

5 433,877 (2.4%) 0.54
(−5.39, 6.46)

−0.88
(−4.81, 3.04)

−1.58
(−5.44, 2.27)

2.93
(−0.97, 6.83)

6 424,114 (2.3%) 2.59
(−3.16, 8.34)

0.32
(−3.53, 4.18)

−3.01
(−6.77, 0.76)

2.82
(−0.99, 6.63)

7 300,864 (1.6%) −9.51
(−16.44, −2.57)

−7.42
(−12.04, −2.80)

−6.73
(−11.21, −2.25)

−1.44
(−5.99, 3.12)

8 296,404 (1.6%) −9.47
(−16.22, −2.72)

−7.92
(−12.40, −3.44)

−7.51
(−11.86, −3.15)

−0.46
(−4.94, 4.02)

9 286,518 (1.6%) −5.19
(−13.02, 2.65)

−0.12
(−5.36, 5.12)

−5.07
(−10.23, 0.08)

−2.70
(−7.94, 2.54)

10 259,646 (1.4%) −9.72
(−17.61, −1.84)

0.53
(−4.79, 5.84)

−5.68
(−10.91, −0.46)

−8.49
(−13.78, −3.21)
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Web Figs. 3–5 (second trimester, third trimester, and entire pregnancy).
The associations between maternal exposure to PM2.5 and birthweight
change varied markedly according to the combinations of individual
characteristics, and the associations were negative for most of the

populous subgroups (frequency > 1%). Because the individuals within
a subpopulation are homogenous, the variable effects reflect the gra-
dient variation of individual susceptibilities to PM2.5 among the general
population.

Fig. 2. Estimated effects (middle panel) of maternal exposure to PM2.5 during the first trimester on birthweight in all subpopulations, classified according to
combinations of individual-level effect-modifiers (bottom panel), with the probability distribution (top panel) of those subpopulations in the contiguous US. The
order of combinations is determined using a clustering method, which tends to put individuals with similar characteristics and susceptibility together. (For inter-
pretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

Fig. 3. Probability distribution for sus-
ceptibility to birthweight change related
to maternal exposure to PM2.5 during the
first trimester for singleton births in the
contiguous US. The green and blue solid
lines present the estimated cumulative
probability functions in sensitive ana-
lyses. Sensitivity analysis I: inclusion of
California births and exclusion of alcohol/
tobacco use in the set of effect-modifiers;
sensitivity analysis II: inclusion of the re-
gional indicator in the set of effect-modi-
fiers. (For interpretation of the references
to colour in this figure legend, the reader
is referred to the web version of this ar-
ticle.)
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3.3. Susceptibility probability distribution

By combining the susceptibilities to PM2.5 with the probability
distribution of individuals, we derived the susceptibility distribution of
the PM2.5-related birthweight changes for singleton births in the con-
tiguous US (Fig. 3 [first trimester] and Web Figs. 6–8 [second trimester,
third trimester, and entire pregnancy]). The susceptibility distribution
was centered close to zero. The median effects were 0.54, −0.89,
−1.76, and 1.51 g changes in birthweight per 5 μg/m3 increment of
PM2.5 during the entire pregnancy and the first, second, and third tri-
mesters, respectively (Table 5). There were more statistically negative
effects than statistically positive ones (Table 5). Particularly, the effects
were negative for> 50% of the births for exposure during the first
(61.4%) and second (65.4%) trimesters. The distributional suscept-
ibilities suggested that each increment in maternal exposure to PM2.5,
especially during the first two trimesters, likely led to a reduced
birthweight, which is consistent with previous reports.

3.4. Population-level susceptibility: the weighted average

We quantified the average effect of PM2.5 on birthweight within a
target population (defined as population-level susceptibility) as the
probability-weighted mean of the individual susceptibilities. The target
populations were all singleton births in the contiguous US and subsets
thereof (e.g., all female births or births in a specific state). Web Table
shows the population-level susceptibilities for our study population and
of subsets defined by single individual-level factors. More description in
the Web Appendix.

3.5. Spatial variation of state-level susceptibility

The level of susceptibility to the PM2.5-related birthweight change
varied markedly across the contiguous US (Fig. 4 and Web Fig. 9). In
terms of first-trimester exposure, all state-level susceptibilities were
significantly negative, except for some southern states (Fig. 4). The
effect of each 5 μg/m3 increment in PM2.5 was associated with a 2.04 g
(1.31, 2.76) reduction in birthweight in New Hampshire, and a 0.30 g
(−0.41, 1.01) reduction in Texas. Births in New England (New
Hampshire, Connecticut, Maine, Vermont, Rhode Island and Massa-
chusetts), some Midwestern states (Iowa, North Dakota and Minnesota),
Utah, and Pennsylvania were more susceptible to PM2.5-related reduc-
tions in birthweight. The spatial patterns of susceptibilities to PM2.5

exposure during the entire pregnancy and other trimesters were similar
(Web Fig. 9). The spatial heterogeneity in the PM2.5–birthweight as-
sociation could be attributed to various combinations of effect-modi-
fiers. Some modifiers (e.g., infant sex) exerted considerable effects on

the PM2.5–birthweight association (Web Table), but contributed little to
the spatial heterogeneity because they were evenly distributed among
the states. Based on our findings, most of the variance in state-level
susceptibility was due to maternal ethnicity or education level (Fig. 5).
The method used to quantify the contributions of the modifiers to the
spatial variance of state-level susceptibility is detailed in the Web Ap-
pendix.

3.6. Sensitivity analysis

In above analyses, we assumed that individual-level susceptibilities
could be represented by the 11 individual-level effect-modifiers, which
might be violated. In sensitivity analyses, we explored how the sus-
ceptibility distribution changed with different sets of effect-modifiers
(Fig. 3). Regardless of removing the variables of alcohol and tobacco
usage from, or adding the regional indicator into the set of suscept-
ibility-depended factors, there is no statistical difference between the
estimated distributions (i.e., for a given level of susceptibility, Fig. 3
shows no significant difference between the cumulative probabilities
estimated from the three methods). However, the variance of the dis-
tributions tends to increase with the number of susceptibility-depended
variables. For instance, in the second sensitivity analysis, after in-
corporating the geographic indicator, the susceptibility distribution
becomes dispersed, which suggests that some spatially-varying factors
unmeasured in this study may also contribute to the variation of sus-
ceptibility. Such factors can belong to population characteristics like
the 11 effect-modifiers or to other aspects, such as chemical compo-
nents of PM2.5. Because this study is focused on the explainable sus-
ceptibility that depends on individual-level variables rather than other
aspects, the results are interpreted based on the model without the
geographic indicator.

4. Discussion

Unlike traditional studies, which associated maternal ambient ex-
posure to birthweight after adjusting for several covariates, we re-
gressed birthweight with PM2.5 independently within different sub-
populations. Using birth certificates, we estimated individual
susceptibility to PM2.5-related birthweight change according to type of
birth in the contiguous US, and determined for the first time the sus-
ceptibility distribution in the general population.

The effect of maternal exposure to PM2.5 on birthweight varied
among individuals from negative to positive, and was not statistically
significant for most of the study population (i.e.,
82.20%, 83.00%, 85.20% and 89.60% for exposure during the entire
pregnancy and the first, second, and third trimesters, respectively).

Table 5
Summary statistics for the distributions of the estimated effects of PM2.5 on birthweight by subpopulation in the contiguous US.

Statistics Effect: birthweight change (g) per 5 μg/m3 increment of PM2.5

Entire
pregnancy

First trimester Second trimester Third trimester

2.5% quantile −28.98
(−75.14, 17.17)

−26.26
(−99.97, 47.45)

−24.29
(−53.12, 4.54)

−20.65
(−66.34, 25.05)

25% quantile −7.00
(−16.70, 2.71)

−4.58
(−26.35, 17.18)

−5.68
(−10.91, −0.46)

−2.71
(−78.37, 72.96)

50% quantile 0.54
(−5.39, 6.46)

−0.89
(−91.51, 89.73)

−1.76
(−4.15, 0.63)

1.51
(−56.34, 59.37)

75% quantile 10.75
(1.49, 20.01)

3.53
(−23.71, 30.76)

3.36
(−39.04, 45.76)

6.30
(−79.17, 91.76)

97.5% quantile 45.08
(−2.56, 92.73)

23.05
(−6.72, 52.82)

26.36
(−18.23, 70.95)

26.90
(−27.38, 81.17)

Negative effect (%) 47.0% 61.4% 65.4% 38.3%
Significantly negative effect (%) 12.5% 14.8% 12.5% 3.6%
Significantly positive effect (%) 5.3% 2.2% 2.3% 6.8%
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However, the effect had a higher probability of being significantly ne-
gative (Table 5). Such variation of the effect is consistent with previous
reports. Parker and Woodruff (2008) linked birthweight to 9-month
exposure to PM2.5 among singleton births delivered at 40 weeks of ge-
station in the US, and reported that a 5 μg/m3 increment in PM2.5 was
associated with a change in birthweight of 7.10 g (2.25, 12.00). Ebisu
et al. (2016) observed a birthweight change of −4.15 g (−4.91,
−3.40) for each 5 μg/m3 increment in PM2.5 exposure during the entire
pregnancy among term-birth singleton infants in the US. Pedersen et al.
(2013) reported a change in birthweight of −7 g (−17, 2) for term
births, based on cohorts from 12 European countries. In a meta-ana-
lysis, the effect was estimated to be −7.9 g (−13.4, 2.5), and there was
statistically significant heterogeneity among studies (Sun et al., 2016).
These reports indicate a weak and unstable negative association be-
tween maternal exposure to PM2.5 and birthweight change, which is
consistent with our findings.

The associations between maternal exposure to PM2.5 and birth-
weight (or LBW) in the US reportedly exhibit spatial variation. Parker
and Woodruff (2008) examined the interaction effects between regional
indicators and PM2.5, and reported that the PM2.5-related reduction in
birthweight was greater in the Northeast (birthweight change per 5 μg/
m3 increment in PM2.5: −4.9 g; 95% CI: −13.3, 5.9 g) and industrial
Midwest (−7.65 g; −21.7, 6.4 g). Hao et al. (2016) assessed the link
between maternal exposure to PM2.5 and the risk of a LBW in the
contiguous US in 2002 using birth certificates and found higher odds
ratios (OR) in the Mid-Atlantic, East North Central, and West North

Central census divisions. The authors suggested that the spatial varia-
tions were due to (1) geographic variation in the sources of, and che-
mical species, in PM2.5; (2) other environmental exposures that co-vary
with PM2.5 (e.g., temperature); and (3) spatial differences in human
behavior patterns (Hao et al., 2016). Our study confirms the spatial
variation in the effects of PM2.5 on birthweight, the pattern of which
(higher effects in the Midwest and Northeast) was similar to those in the
previous studies. However, we found an explainable pattern of effects
that vary spatially. Because the state-level effect depends on suscept-
ibilities of local populations, our spatial pattern can be explained by the
geographical differences in demographic composition. Therefore, we
can identify which individual-level characteristic plays a key role to
explain the spatial variation through quantifying its contribution to the
variance of state-level effects (Fig. 5). Benefiting from the approach of
human susceptibility distribution, this study quantifies part of the
driving forces for the spatial heterogeneity in the PM2.5-birthweight
association for the first time, according to our best knowledge.

Additionally, it is worth to note that the spatial heterogeneity
should not be over-interpreted, because of following weaknesses. First,
the state-specific PM2.5–birthweight associations depended on estimates
of (1) individually-varied susceptibilities from the nation-scale data and
(2) demographic composition of each state. The former estimate and its
uncertainty were presumed to be unvaried between states, while ac-
curacy of the latter was determined by how representative the valid
samples are for the target population in each state. Although majority
(> 70%) of the target individuals were involved into the valid records

Fig. 4. Spatial variation of susceptibility to birthweight change related to maternal exposure to PM2.5 during the first trimester. The gray bar presents a ratio of the
number of valid records against the number of singleton births (i.e., target population) in each county.

T. Xue et al. Environment International 119 (2018) 388–397

395



for all states (Fig. 4), different fractions were excluded due to missing
variables in birth certificates. Therefore, representativeness and un-
certainty of the state-specific PM2.5–birthweight associations might be
different. Second, different magnitudes of state-specific associations
should not be interpreted as PM2.5-attributed risks, which depends on
not only the susceptibilities but also the polluted levels and health
baselines. Without further exploration, we cannot determine to what
extent the spatial heterogeneity in susceptibility contributes to the
geographic variation in health impacts from PM2.5 exposure.

The individually-varied susceptibilities not only partially explained
the spatial heterogeneity in the associations between PM2.5 and birth-
weight, but can also implicate assessments of health impacts from PM2.5

(Schwartz et al., 2011). For the risk assessment of PM2.5, most of ex-
isting studies (e.g., Zheng et al., 2017) were based on a uniform ex-
posure-response function or functions by strata of a single effect-
modifier (e.g., age). Therefore, the variability of health impacts of PM2.5

might be dominated by different levels of pollution. However, in this
study, we show that the variability of susceptibility is non-negligible
and can be comparable with the variability of PM2.5 concentration.
Take our study as an example. The mean concentration of PM2.5 in
Texas was 17% higher than that in New Hampshire (11.8 μg/m3 vs.
10.1 μg/m3). In contrast, the mean susceptibility (i.e., birthweight re-
duction associated to per 5-μg/m3 increment of PM2.5) in the former
was 85% (46%, 122%) lower than that in the latter (0.30 g [−0.41,
1.01] vs. 2.04 g [1.31, 2.76]). Because ignoring the differential sus-
ceptibilities can result in underestimating the variability in health im-
pacts from PM2.5, incorporating the approach of susceptibility dis-
tribution into the framework of risk assessment can not only improve
understandings about health impacts from PM2.5, but also support the
risk-based health managements and interventions. For instance, given
the considerable variability of susceptibility, a small fraction of vul-
nerable individuals may contribute to a large fraction of disease burden
attributable to PM2.5 (Schwartz et al., 2011). To protect them, the
customized intervention such as tightened standards of ambient air
quality or behavior shift toward low susceptibility is required.

Our study is limited in the following aspects. First, limited by data

availability and the statistical approach, adjustment of confounders
might be insufficient in our analyses. For instance, we ignored maternal
body mass index, which is a key driver of birthweight but not reported
by the database. Additionally, to avoid a large fraction of small-size
subpopulations, we didn't categorize the effect-modifiers (e.g., maternal
age, race and gestational length) into very specific strata, which might
also lead to insufficient adjustment of confounders and thus bias the
results (particularly the state-level results). Second, only 11 individual-
level factors were used to explain inter-individual differences in the
effects of PM2.5 on birthweight change. This may be insufficient to as-
sess human susceptibility, which is complex. If significant modifiers
were ignored, the variance of susceptibility distribution may have been
underestimated (Fig. 3). Third, susceptibility to ambient particles de-
pends not only on the population characteristics but also the chemical
species in the particles. Some components of particulate matters (e.g.,
elemental carbon, polycyclic aromatic hydrocarbons, aluminum, nickel,
and titanium in PM2.5 and PM2.5–10) are more strongly associated with a
LBW (Dejmek et al., 2000; Ebisu and Bell, 2012; Ebisu et al., 2016).
Because the sources of, and chemical species in, PM2.5 varied geo-
graphically, the assumption that all particles are equally toxic could
have introduced bias. For instance, the spatial difference in metals-re-
lated or biomass-burning-related sources (Thurston et al., 2011) may
result in the variation of per-unit toxicity of PM2.5 from north to south
or from east to west. We plan to explore the joint effect of population
characteristics and chemical species in a future study. Fourth, in this
study, we interpret susceptibility as the absolute risk of per-unit in-
crement in exposure, which might ignore the complexities underlying
the concept of susceptibility. For instance, when quantifying suscept-
ibility as the relative risk, it depends on both per-unit toxicity of PM2.5

and baseline birthweight. Given that, it is complicated to understand
the contribution to susceptibility from an effect-modifier that affects
not only the PM2.5-birthweight association but also baseline birth-
weight (e.g., gestational length, Web Fig. 10). Fifth, we might ignore the
complexities underlying the pairwise associations between gestational
length, birthweight and PM2.5. Because preterm birth has been linked to
both LBW and PM2.5 (Sun et al., 2015), gestational length can act as

Fig. 5. Contributions of the 11 population characteristics to the spatial variance of state-level susceptibility.
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either a confounder or a mediator for the PM2.5-birthweight association.
To model susceptibility, this study incorporated the gestational length
as a categorical variable, which is less accurate to characterize varia-
bility of fetal growth than the continuous format and thus impedes
exploration of the pairwise associations. Sixth, we did not adjust for co-
pollutants of PM2.5, such as gaseous pollutants and noise, both of which
are associated with birthweight and PM2.5. Inclusion of the co-pollu-
tants (e.g., ozone) would have reduced the sample size; the large
number of regression samples is the cornerstone of our analyses of
susceptibility. Seventh, exposure misclassifications might arise from the
usage of county-level averages of PM2.5, as well as estimation of the
pregnancy period. For instance, because the exposure time-window was
estimated using LMP and reported gestational length, it might be less
accurate for assessment of exposure during the entire pregnancy or the
third trimester (which is determined by both LMP and gestational
length), compared with the first or second trimester (which is de-
termined by LMP only). Therefore, the positive associations between
PM2.5 and birthweight change (Web Table) were inconclusive and
should not be over-interpreted. Finally, of the two previous studies of
the association between PM2.5 and birthweight, one adjusted (Hao
et al., 2016) for area-level socioeconomic status (e.g., county-level
poverty), while the other did not (Ebisu and Bell, 2012). Because area-
level socioeconomic statuses may also affect susceptibility to air pol-
lution, inclusion of such variables would increase the complexity of the
statistical models. Therefore, we ignored the area-level variables, which
may also limit accuracy of our findings.

5. Conclusions

We present a state-of-the-art approach to identifying individual
susceptibility to PM2.5-related birthweight change in the contiguous US.
Our results provide insight into not only the link between the risk of a
reduced birthweight and maternal exposure to PM2.5 but also the gra-
dient variation in susceptibilities. These findings may be useful to the
policymaker in planning interventions for subpopulations susceptible to
ambient pollution.
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