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Abstract

Background

Particulate matter <2.5 micrometer (PM2.5) is associated with adverse perinatal outcomes,

but the impact on disease burden mediated by this pathway has not previously been

included in the Global Burden of Disease (GBD), Mortality, Injuries, and Risk Factors stud-

ies. We estimated the global burden of low birth weight (LBW) and preterm birth (PTB) and

impacts on reduced birth weight and gestational age (GA), attributable to ambient and

household PM2.5 pollution in 2019.

Methods and findings

We searched PubMed, Embase, and Web of Science for peer-reviewed articles in English.

Study quality was assessed using 2 tools: (1) Agency for Healthcare Research and Quality

checklist; and (2) National Institute of Environmental Health Sciences (NIEHS) risk of bias

questions. We conducted a meta-regression (MR) to quantify the risk of PM2.5 on birth

weight and GA. The MR, based on a systematic review (SR) of articles published through

April 4, 2021, and resulting uncertainty intervals (UIs) accounted for unexplained between-

study heterogeneity. Separate nonlinear relationships relating exposure to risk were gener-

ated for each outcome and applied in the burden estimation.

The MR included 44, 40, and 40 birth weight, LBW, and PTB studies, respectively. Major-

ity of the studies were of retrospective cohort design and primarily from North America,

Europe, and Australia. A few recent studies were from China, India, sub-Saharan Africa,

and South America. Pooled estimates indicated 22 grams (95% UI: 12, 32) lower birth

weight, 11% greater risk of LBW (1.11, 95% UI: 1.07, 1.16), and 12% greater risk of PTB

(1.12, 95% UI: 1.06, 1.19), per 10 μg/m3 increment in ambient PM2.5. We estimated a global
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population–weighted mean lowering of 89 grams (95% UI: 88, 89) of birth weight and 3.4

weeks (95% UI: 3.4, 3.4) of GA in 2019, attributable to total PM2.5. Globally, an estimated

15.6% (95% UI: 15.6, 15.7) of all LBW and 35.7% (95% UI: 35.6, 35.9) of all PTB infants

were attributable to total PM2.5, equivalent to 2,761,720 (95% UI: 2,746,713 to 2,776,722)

and 5,870,103 (95% UI: 5,848,046 to 5,892,166) infants in 2019, respectively. About one-

third of the total PM2.5 burden for LBW and PTB could be attributable to ambient exposure,

with household air pollution (HAP) dominating in low-income countries. The findings should

be viewed in light of some limitations such as heterogeneity between studies including size,

exposure levels, exposure assessment method, and adjustment for confounding. Further-

more, studies did not separate the direct effect of PM2.5 on birth weight from that mediated

through GA. As a consequence, the pooled risk estimates in the MR and likewise the global

burden may have been underestimated.

Conclusions

Ambient and household PM2.5 were associated with reduced birth weight and GA, which

are, in turn, associated with neonatal and infant mortality, particularly in low- and middle-

income countries.

Author summary

Why was this study done?

• Air pollution is a leading risk factor for global disease burden, yet its impacts on perina-

tal outcomes have not previously been included, despite evidence from more than 150

original research articles showing evidence on the adverse effects of exposure to particu-

late matter <2.5 micrometer (PM2.5) during pregnancy.

• Burden assessments conducted to date have used pooled estimates from meta-analyses

restricted to ambient PM2.5 studies from countries with relatively low levels, with an

underlying assumption of a linear concentration–response relationship. However, suffi-

cient evidence from high-pollution settings was not available to support linear extrapo-

lation of risk, likely overestimating the attributable global burden.

• Further, excluding household air pollution (HAP), a major source of PM2.5 pollution in

many Asian and African countries, does not allow true estimation of the total global

burden attributable to PM2.5.

What did the researchers do and find?

• To our knowledge, this is the first assessment of global burden that includes 4 perinatal

health indicators (birth weight, gestational age [GA], low birth weight [LBW], and pre-

term birth [PTB]) and includes both ambient and household PM2.5 to estimate the com-

plete burden from total PM2.5 exposure.
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• We used a conservative nonlinear risk relationship generated using both ambient and

HAP studies and with uncertainty intervals (UIs) accounting for between-study hetero-

geneity in risk estimates. The novel inclusion of HAP provides a more complete repre-

sentation of the global burden attributable to PM2.5.

• This study provides separate burden estimates for ambient and household PM2.5 and

describes uncertainty in the estimated attributable burden. It also includes an updated

review of largest number of published studies to date, from all inhabited continents

including high-pollution countries.

What do these findings mean?

• LBW and PTB are key risk factors for early life mortality and lifetime morbidity. The

impact of PM2.5 air pollution on these perinatal health outcomes contributes substan-

tially to the overall global disease burden attributable to air pollution.

• This attributable burden assessment extends the impact of air pollution from diseases

primarily impacting older adults.

• Implementation of air quality management and other approaches to reduce PM2.5 expo-

sure may lead to large reductions in the global incidence of LBW and PTB infants and

the associated disease burden. Mitigation measures even in low-exposure regions will

likely manifest in significant improvement in these outcomes because the increase in

risk is steeper at lower than in higher exposures, as shown by our risk curves.

Introduction

The World Health Organization (WHO) estimated that 20 million infants were born low birth

weight (LBW: birth weight less than 2,500 grams) and 15 million were preterm births (PTBs:

gestation less than 37 completed weeks) in 2014 to 2015 [1]. The Global Burden of Disease

(GBD) 2019 Study attributed 29% of the global under-5 mortality to short gestation and 34%

to LBW [2]. Additionally, 13.2 million years lived with disability were attributed to PTB [3].

Several modifiable risk factors such as smoking, nutrition, and prepregnancy weight have

been identified as risk factors for LBW, PTB, and reduction in birth weight and gestational age

(GA) at birth [4,5]. Evidence for exposure to particulate matter<2.5 micrometer (PM2.5) in

ambient air was classified as “suggestive of, but not sufficient to infer, a causal relationship” by

the United States Environmental Protection Agency (USEPA) [6], with accumulating data

from observational studies [7–13]. Exposure to PM2.5 from ambient and household air pollu-

tion (HAP) sources (such as use of solid fuels for cooking) is widespread and a major risk fac-

tor for global disease burden. For example, in 2019, 92% of the world’s population lived in

areas that exceeded WHO guideline (annual average, 10 μg/m3) for PM2.5, and 3.8 billion peo-

ple (49% of the global population) were exposed to HAP from the use of solid fuels for cooking

[14]. Given this high exposure prevalence and growing epidemiologic literature on perinatal

outcomes, there is a need to critically examine the evidence and assess the burden. Addition-

ally, given that the majority of epidemiologic studies have been conducted in locations with

lower pollution levels, disease burden and health impact assessments require an understanding
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of the shape of the risk relationship at levels encountered in high-pollution settings. With high

PM2.5 exposure prevalence and a high incidence of LBW and PTB in many populations, such

as in South Asia and sub-Saharan Africa, a small relative risk can yield a large attributable bur-

den. An assessment of the global burden of these outcomes attributable to PM2.5 is therefore

timely and necessary to provide evidence for policy action.

We conducted a systematic review (SR) and meta-regression (MR) following the Preferred

Reporting Items for Systematic Reviews and Meta-Analyses (PRISMA) guidelines to quantify

the relationships between average PM2.5 exposure during entire pregnancy and four adverse

perinatal outcomes (reduction in birth weight and GA at birth, LBW, and PTB). Using the

studies included in the SR–MR and a Bayesian regularized trimming method, an exposure–

response curve was generated for each outcome, covering the global range of exposures,

including those from HAP [15], with uncertainty intervals (UIs) accounting for between-study

heterogeneity in risk estimates. Finally, we estimated the reduction in birth weight and GA at

birth as well as the global proportion of LBW and PTB attributable to exposure to PM2.5 in

ambient and household air. The article provides (1) methodologic description about the pro-

cess of the novel inclusion of perinatal outcomes in GBD 2019 [2]; and (2) the first ever estima-

tion, to our knowledge, of global burden of perinatal outcomes attributable to ambient,

household, and total PM2.5 exposure during pregnancy for 204 countries and territories

including all WHO member states.

Methods

Systematic review and meta-regression

We searched major databases for peer-reviewed articles in English that quantified the relation-

ship of exposure to ambient and household PM2.5 pollution with four perinatal health indica-

tors—birth weight (continuous), GA at birth (continuous), LBW (categorical), or PTB

(categorical), published anytime until April 4, 2021 (Table A in S1 Text). Search strategy is pre-

sented in Figs A and B in S1 Text. We only found one estimate for continuous GA related to

HAP [16]. Our study did not have a prespecified analysis plan. However, we used the standard

methods for MR and for burden estimation as described below. For reporting, we used the

PRISMA guidelines and the 2020 Checklist, which is presented in S1 PRISMA Checklist.

PM2.5 was selected as it is the most extensively studied pollutant in terms of impacts on

perinatal outcomes in epidemiologic analyses. It has also been causally associated with several

chronic diseases [17]. Further, global exposure models needed for burden assessment are avail-

able for PM2.5, and it is the primary metric used for assessment of burden attributable to ambi-

ent and HAP within the GBD. A global model for ozone and nitrogen dioxide is available, but

few studies have examined these pollutants in relation to perinatal outcomes [18].

The inclusion criteria were cohort and case–control studies with medical subject headings

—birth weight, LBW, PTB, GA, particulate air pollution, and PM2.5 for any calendar year, con-

ducted on humans and investigated entire pregnancy exposure. Studies that reported any one

or more of the four outcomes with PM2.5 exposure were included. Birth weight and LBW stud-

ies with or without restriction to term births were included. Studies were excluded if they were

on animals, cigarette smoke, environmental tobacco smoke, secondhand smoke, or investi-

gated short-term exposures. As our objective was to assess the risk from household and ubiqui-

tous ambient exposure, occupational and accidental exposure studies were excluded.

Occupational exposures are often order of magnitude higher than ambient and not experi-

enced by the general population. We also excluded studies based on repeated pregnancies or

multiple gestations (as they measured qualitatively different relationship) and those that

pooled multiple cohorts if there was risk of double counting or overlap. If there were two
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articles on the same cohort, we included the study with the larger sample or that covered a lon-

ger period. The full list of articles was independently reviewed by RG and KC/SW. Differences

were resolved by consensus in discussions between RG, KC, KB, SW, MB, and AC. The full list

of studies including those that were excluded from the MR, with reasons for exclusion, are pre-

sented in S1 Table.

Two studies [19,20] reported nonlinear exposure–outcome relationship, which were

included in the MR after converting to linear estimates. We used the area under the receiver

operating characteristic (ROC) curve to reparametrize the nonlinear estimate to obtain the

risk for the fifth to the 95th percentiles change in exposure. Using the magnitude of the nonlin-

ear effect for the fifth to the 95th percentiles increment and assuming that the two points on

the curve were connected by a straight line, we rescaled the effect size per linear 10 μg/m3

increment. The approximation helped minimize exclusion of important studies such as the

one by Jedrychowski and colleagues, which was prospective, longitudinal, and used personal

monitoring to assess exposure [19]. We included studies that reported results for PM2.5 catego-

ries, where it was possible to retrieve necessary information, using the method proposed by

Hamling and colleagues [21], which assumes correlation between estimates for different expo-

sure categories, to produce unbiased estimates.

We conducted MRs for the three outcomes with available studies, birth weight, LBW, and

PTB. For birth weight and LBW, we estimated summary effects pooling all studies and sepa-

rately for those that were restricted to term births only. There were insufficient studies report-

ing continuous GA for MR, but impacts on categorical PTB were transformed into estimated

GA reductions for nonlinear risk curves, as described in more detail in the following section.

To evaluate residual confounding in individual studies, we examined several study charac-

teristics including confounder adjustment. The variables considered for confounder adjust-

ment were infant sex, socioeconomic status (SES), weight gain during pregnancy, exposure to

tobacco smoke, and GA for birth weight and LBW. If the final models were adjusted for all of

the above variables, we considered the study adjustment to be sufficient; otherwise, adjustment

was considered insufficient. Confounding due to co-pollutant exposure was also considered,

but the majority of the studies did not examine or report on co-pollutants. Likewise, residential

mobility during pregnancy was seldom reported by the studies.

Study quality and risk of bias in individual studies were assessed using the Agency for

Healthcare Research and Quality checklist [22] and the National Institute of Environmental

Health Sciences (NIEHS) risk of bias questions [23]. Potential for bias in each study was

assessed and identified as low, medium, high, or unclear. Specifically, we focused on four

aspects that constitute major risk for bias in air pollution and perinatal outcomes studies: (1)

exposure assessment [extrapolation from stationary monitors, spatiotemporal model, satellite

aerosol optical depth (AOD) calibrated using ground-based monitor measurements and per-

sonal monitoring]; (2) residual confounding [adjustment for four variables were considered—

GA (for birth weight or LBW), tobacco smoke, SES, and weight gain during pregnancy]; (3)

confounding from co-pollutants (un)adjustment (i.e., percentage change in the PM2.5 associa-

tion comparing single with two pollutant models); and (4) accounting for residential mobility

during pregnancy in the exposure assessment (yes or no). Bias potential in a study was consid-

ered to be high if any two or more of the four above-stated criteria were present, medium if

anyone was present, and low if none was present. In the MR, we quantitatively adjusted the

summary estimate using our assessment of potential for bias in the individual studies.

Summary effects were generated using the restricted maximum likelihood method and

reported per 10 μg/m3 increment in PM2.5. To examine the robustness of the summary effect

in the MR, we individually adjusted for study size, design, location, method of exposure assess-

ment, adjustment for confounders, and potential for bias. Categories of the three latter
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variables used for adjustment are presented in the preceding paragraph. Heterogeneity was

assessed using the I2 statistic [24]. Publication bias was assessed using funnel plots and Egger test

for asymmetry [25,26]. Our interpretations were not unduly based on p-values, rather they were

more contextual, in line with recent recommendations from a large body of researchers [27].

Risk curves (meta-regression–Bayesian regularized trimmed)

Using a novel tool, meta-regression–Bayesian regularized trimmed (MRBRT) [15], we created

four nonlinear risk curves to estimate the risks of LBW and PTB and the shifts in birth weight

(g) and GA (weeks) for a PM2.5 exposure distribution. These curves describe a summary risk

and an UI of the relationships between PM2.5 exposure and each perinatal outcome. For the

ambient studies included in the MR, we used the fifth and 95th percentiles from their PM2.5

distribution to estimate the corresponding relative risk. When these were not available, we

used the mean and standard deviation, median and interquartile range (IQR), or minimum

and maximum of exposure to estimate the fifth to 95th percentile and scaled the study esti-

mates to these percentiles.

We defined HAP as the exposure to PM2.5 due to the use of solid fuels (dung, agricultural

residues, wood, coal, and charcoal) for cooking, as in previous GBD studies [17,28]. Most of

the HAP studies compared those using solid fuel for cooking to those who did not [except

Wylie and colleagues who reported the change in birth weight (g) per IQR increase in mea-

sured PM2.5 [29]]. For studies reporting a binary (yes/no) HAP exposure, PM2.5 exposure was

quantified using GBD methodology as described in Shupler and colleagues [30]. Briefly, expo-

sure due to HAP is based on the relationships between HAP exposure and location, year, and

subject (men, women, and children) measurements of PM2.5, which also accounts for the types

of PM2.5 measurement (personal versus kitchen monitoring, duration of monitoring, etc.).

Based on lag distributed income (LDI) per capita (a measure of development) of a given loca-

tion and year, we estimated the excess HAP exposure after subtracting the year and location-

specific ambient levels. The relative risk (RR) or beta coefficient of the HAP studies represents

the change in risk between the estimated ambient level of exposure (ZCF) and the sum of the

ambient level and the excess HAP exposure (Z) for a given study location and year.

Ambient PM2.5 was estimated from multiple satellite retrievals of AOD, a chemical trans-

port model to relate column measurements of AOD to surface PM2.5 concentrations, and cali-

brated to available ground monitor measurements of PM2.5. These inputs were combined in a

spatiotemporal Bayesian hierarchical model as described in detail previously [31].

Using the GBD 2019 predicted joint distributions of birth weight and GA in a study’s loca-

tion and year [17], we transformed studies measuring LBW and PTB categorically into contin-

uous shifts in birth weight (grams) and GA (weeks), respectively. In this way, we were able to

use both categorical and continuous studies in the birth weight and GA risk curves. We tested

various model settings and priors. The MRBRT models used third-order splines with three

interior knots and a constraint on the right-most segment, forcing the fit to be linear rather

than cubic. We used an ensemble approach to knot placement, wherein 50 different models

were run with randomly placed knots and then combined by weighting based on a measure of

fit that penalizes excessive changes in the third derivative of the curve. Knots were free to be

placed along the entire domain of the data. We included shape constraints so that the risk

curves were concave downwards and monotonically increasing for LBW and PTB and concave

upwards and monotonically decreasing for birth weight and GA, the most biologically plausi-

ble shapes for the PM2.5 risk curve. On the nonlinear segments, we included a Gaussian prior

on the third derivative of mean 0 and variance 1−4 to prevent overfitting; on the linear seg-

ment, a stronger prior of mean 0 and variance 1−6 was used to ensure that the risk curves do
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not continue to increase beyond the range of the exposure. We fit the splines on the following

formulas:

For LBW and PTB (categorical):

log
MRBRTðZÞ
MRBRTðZCFÞ

� �

� log Published Effect Sizeð Þ

And for birth weight and GA (continuous):

MRBRTðZÞ � MRBRTðZCFÞ � Published Shift

The same set of studies included in the SR–MR were used to generate the MRBRT risk

curves for the four outcomes (Fig Ca–Cd in S1 Text). The horizontal lines represent the fifth

and 95th percentiles of the PM2.5 exposure range for each of the individual epidemiologic stud-

ies. The MRBRT risk curves are conservative because of the Bayesian framework. Strong priors

have been imposed on the curves so that at the higher end of the spline pertaining to high

exposures, the risk is approximately flat. There were little data from available evidence to sug-

gest further increases in risk above these levels.

To generate 95% UI, 1,000 exposures were predicted across the range of the curves. We

incorporated predictions of between-study heterogeneity using the Fisher scoring correction

to the heterogeneity parameter when creating these draws. To propagate uncertainty in the

risk curves to the estimation of attributable burden, 1,000 risk estimates were generated for

each exposure ranging from 0 to 2,500 μg/m3. In this analysis, we used a uniform counterfac-

tual distribution from 2.4 to 5.9 μg/m3 as theoretical minimum risk exposure levels (TMRELs)

[17]. TMREL is a uniform distribution with upper and lower bounds obtained from the aver-

age of the minimums and the fifth percentiles of ambient air pollution cohort studies con-

ducted in North America. TMREL was chosen as a distribution rather than a fixed value to

represent the uncertainty of the level of exposure consistent with the null effect [17]. The RRs

used for burden analysis for categorical LBW and PTB outcomes took the following form:

for X � XCF; � � � � � � � � � � � �RRoapðxÞ ¼ 1; RRhapðxÞ ¼ 1 ð1Þ

for ambient pollution X > XCF; � � � � � � � � � � � �RRoap xð Þ ¼
MRBRTðXoapÞ

MRBRTðTMRELÞ
ð1AÞ

for household pollution X > XCF; � � � � � � � � � � � �RRhap xð Þ ¼
MRBRTðXoapþhapÞ
MRBRTðTMRELÞ

ð1BÞ

where X is the value of PM2.5, XCF is the TMREL, and MRBRT (X) is the RR for the value of X,

and MRBRT (TMREL) is the RR for the value of XCF from the MRBRT risk curve. The sub-

scripts oap refers to ambient and hap refers to HAP, respectively. The beta coefficients for
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continuous birth weight and GA took the following form:

for X � XCF; � � � � � � � � � � � � boapðxÞ ¼ 0; bhapðxÞ ¼ 0

for ambient pollution;X > XCF; � � � � � � � � � � � � boapðxÞ

¼ MRBRTðXoapÞ � MRBRTðTMRELÞ ð2AÞ

for household pollution;X > XCF; � � � � � � � � � � � � bhapðxÞ

¼ MRBRTðXoapþhapÞ � MRBRTðTMRELÞ ð2BÞ

Supported by the SR–MR, we made several assumptions for the MRBRT curves, which are:

(1) exposure to ambient and household PM2.5 reduces birth weight and GA and increases the

risk of LBW and PTB; (2) the observed effects are functions of PM2.5 mass concentrations; and

(3) the increased risk is based on long-term exposure, i.e., over the entire pregnancy. Addition-

ally, we also assumed that the exposure–outcome relationships are not necessarily linear over

the range of nonoccupational and nonaccidental human exposures.

Estimation of global burden

We estimated the global and country-specific reductions in continuous birth weight and GA

as well as the population attributable fractions (PAFs) and the incident cases (population

attributable numbers [PANs]) for LBW and PTB. We used country-specific total live birth

counts, LBW and PTB proportions, and annual PM2.5 exposures used for GBD 2019 [2,31].

The burden estimation used the risks from an updated MRBRT that included studies up to

April 2021. The PAFs were estimated using the risks from MRBRT that cover a wide exposure

range including both ambient and household sources. The specific steps are described below.

Step 1: A total of 1,000 simulated draws of outcome-specific RRs from the MRBRT risk curve

for an exposure were matched with the annual average PM2.5 exposures for each country.

Step 2: A total of 1,000 draws of outcome-specific RRs corresponding with 1,000 TMREL val-

ues (ranging from 2.4 to 5.9 μg/m3) were merged with the 1,000 simulated draws of PM2.5

exposure for each country, so that draw 1 of exposure from step 1 corresponded with draw

1 of TMREL for a country. The loop was repeated for all 204 countries and territories.

Step 3: Next, the RRs and the beta coefficients were adjusted using the risks for the TMREL val-

ues, as shown in Eqs 1A, 1B, 2A, and 2B.

Step 4: The RRpm and βpm for total PM2.5 exposure were estimated as shown in Eqs 3A and 3B,

where the ambient and HAP-specific RRs and βs are obtained from Eqs 1 and 2 above,

respectively, and Prevhap is the countrywide average prevalence of HAP for 2019 for

females.

RRpm ¼ RRoapð1 � PrevhapÞ þ RRhap � Prevhap ð3AÞ

bpm ¼ boapð1 � PrevhapÞ þ bhap � Prevhap ð3BÞ
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Step 5: The 1,000 RRpm generated in Eq 3A for total PM2.5 were used to generate 1,000 PAFs

for each country (i) using the Eq 4. The mean of the 1,000 PAFs generated the country-spe-

cific PAFpmialong with the 95% UI.

PAFpmi ¼
RRpmi � 1

RRpmi
ð4Þ

Step 6: The global PAF was generated by weighting the country-specific PAFpmi with the coun-

try-specific livebirth counts (Livebirthi) for the year 2019, as shown in Eq 5A. Similarly, the

global reduction in birth weight and GA was generated by weighting the country-specific

reductions with the corresponding 2019 livebirth counts, as shown in Eq 5B.

P204

i¼1
ðPAFpmi � LivebirthiÞ
P204

i¼1
Livebirthi

ð5AÞ

P204

i¼1
ðbpmi � LivebirthiÞ
P204

i¼1
Livebirthi

ð5BÞ

Step 7: The total PAF was apportioned in to PAFoap and PAFhap using Eqs 6A and 6B below.

For birth weight and GA, we used Eqs 6C and 6D.

PAFoapi ¼
Xoapi

Xoapi þ ðPrevhapi � XhapiÞ
� PAFpmi ð6AÞ

PAFhapi ¼
Prevhapi � Xhapi

Xoapi þ ðPrevhapi � XhapiÞ
� PAFpmi ð6BÞ

boapi ¼
Xoapi

Xoapi þ Xhapi
� bpmi ð6CÞ

bhapi ¼
Xhapi

Xoapi þ Xhapi
� bpmi ð6DÞ

Step 8: The PANs were estimated using the PAFpmi , the proportions of LBWi or PTBi, and the

livebirths (Livebirthi), all at the country level, for 2019 as shown in Eq 7. The global PANs

for LBW and PTB were estimated by adding the country-specific PANs. The estimated

country-level burden can be interpreted as the increase in the mean (birth weight and GA)

or decrease in the incident cases (LBW and PTB) if the exposures were reduced to the

TMREL. Analysis was conducted in STATA MP Version 17 (StataCorp, College Station,

Texas, USA).

PANpmi ¼ PAFpmi � ðLBWi or PTBiÞ � Livebirthi ð7Þ

PLOS MEDICINE Global burden of perinatal outcomes attributable to fine particulate air pollution

PLOS Medicine | https://doi.org/10.1371/journal.pmed.1003718 September 28, 2021 9 / 22

https://doi.org/10.1371/journal.pmed.1003718


Results

Systematic review and meta-regression

The MR included 44 studies on birth weight, 40 studies on LBW, and 40 studies on PTB that

investigated association with ambient PM2.5. Figs A and B in S1 Text sequentially present the

results of keyword search to the final selection of studies, and the reasons for exclusions are

described in S1 Table. All the studies were observational with majority of retrospective cohort

design and primarily from North America, Europe, and Australia. A few recent studies were

from China, India, sub-Saharan Africa, and South America (S1 Table).

The summary linear estimate from the 44 studies shows −22 grams (95% UI: −32, −12)

lower birth weight per 10 μg/m3 increase in the entire pregnancy average PM2.5 exposure

(Table 1). The estimate changes to −35 (95% UI: −55, −15) when restricted to 13 studies that

included all births (i.e., these studies did not exclude PTB). Adjustment for the methods

adopted by the individual studies to assess exposure and potential for bias in the individual

studies changed the associations to −12 grams (95% UI: −52, 27) and −1 gram (95% UI: −62,

Table 1. Results after adjusting the summary effect with study characteristics and sources of heterogeneity.

Summary effect (95% confidence interval) p-value

Birth weight1 (n = 44)2

Summary effect −22.4 (−32.4, −12.3) <0.001

Summary effect + study size −23.3 (−34.4, −12.2) <0.001

Summary effect + study region −23.0 (−34.5, −11.4) <0.001

Summary effect + study design −24.3 (−35.6, −13.0) <0.001

Summary effect + exposure assessment method −12.1 (−51.7, 27.4) 0.547

Summary effect + level of confounder adjustment −26.7 (−40.1, −13.3) <0.001

Summary effect + potential for bias in a study −0.9 (−61.9, 60.0) 0.976

Low birth weight3 (n = 40)

Summary effect 1.11 (1.07, 1.16) <0.001

Summary effect + study size 1.15 (1.09, 1.21) <0.001

Summary effect + study region 1.07 (1.02, 1.13) 0.004

Summary effect + study design 1.10 (1.05, 1.16) <0.001

Summary effect + exposure assessment method 1.02 (0.81, 1.29) 0.844

Summary effect + level of confounder adjustment 1.16 (1.07, 1.26) 0.001

Summary effect + potential for bias in a study 1.22 (1.02, 1.45) 0.027

Preterm birth3 (n = 40)

Summary effect 1.12 (1.06, 1.19) <0.001

Summary effect + study size 1.14 (1.06, 1.23) <0.001

Summary effect + study region 1.11 (1.02, 1.20) 0.012

Summary effect + study design 1.11 (1.05, 1.18) 0.001

Summary effect + exposure assessment method 1.07 (0.93, 1.23) 0.366

Summary effect + level of confounder adjustment 1.16 (1.06, 1.27) 0.001

Summary effect + potential for bias in a study 1.25 (1.00, 1.57) 0.053

1 Decrease in birth weight (grams), beta coefficient.
2 “n” is the number of studies included in the meta-regression.
3 Elevated risk for the outcome.

The estimates are beta coefficients or risks per 10 μg/m3 increase in the entire pregnancy average ambient particulate

matter <2.5 micrometer exposure.

The adjustment variables are described in the Methods section and presented in the study characteristics Supporting

information table.

https://doi.org/10.1371/journal.pmed.1003718.t001
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60), respectively. There was no evidence of any study having excessive influence on the sum-

mary estimate (Fig Da in S1 Text). However, the between-study heterogeneity (I2) was >99%.

The funnel plot shows that studies were relatively evenly distributed on both sides of the null

value (Fig Ea in S1 Text), and the Egger test (p = 0.34) was nonsignificant.

The summary linear estimate for LBW was 11% greater risk (1.11 95% UI: 1.07, 1.16) per

10 μg/m3 increase in entire pregnancy average PM2.5 exposure (Fig Db in S1 Text). The esti-

mate changed to 1.25 (95% UI: 1.06, 1.48) when restricted to 9 studies that included all births.

Adjustment for methods of exposure assessment and potential for bias in the individual studies

changed the summary estimate to 1.02 (95% UI: 0.81, 1.29) and 1.22 (95% UI: 1.02, 1.45),

respectively (Table 1). Other adjustments did not change the summary estimate substantially,

neither was there any evidence of a study having excessive influence (Fig Db in S1 Text).

Between-study heterogeneity (I2) was 95%, the funnel plot shows evidence of asymmetry (Fig

Eb in S1 Text), and the Egger test (p< 0.001) was significant.

The summary linear estimate for PTB was 12% greater risk (1.12 95% UI: 1.06, 1.19) per

10 μg/m3 increase in entire pregnancy average PM2.5 exposure (Fig Dc in S1 Text). Adjustment

for methods of exposure assessment and potential for bias in the individual studies changed

the summary estimate to 1.07 (95% UI: 0.93, 1.23) and 1.25 (95% UI: 1.00, 1.57), respectively.

Adjustment for exposure assessment method attenuated the summary estimate, which became

nonsignificant (Table 1). There was no evidence of excessive influence of any study on the

summary estimate (Fig Dc in S1 Text). The between-study heterogeneity (I2) was >99%. The

funnel plot shows evidence of asymmetry; smaller studies tended to show positive effect, while

relatively larger studies were evenly distributed on both sides of the null value (Fig Ec in S1

Text). The Egger test (p = 0.93) was nonsignificant.

Global exposure levels

The global medians and the IQRs for ambient and HAP PM2.5 were 20.8 (11.7 to 33.7) and

38.4 (5.2 to 208.6) μg/m3, respectively, for 2019 (Fig 1). The median ambient PM2.5 levels by

Fig 1. The annual average ambient (a) and household (b) PM2.5 concentrations (μg/m3) in 204 countries and territories for 2019. The box plots in the inset

show the super regional distributions. Note: The red horizontal line in the overall plots represent the global median, and those within the boxes are the GBD 2019

super regional medians. The boxplots are arranged in the same order as the super regions in the overall plot. GBD, Global Burden of Disease, Injuries, and Risk

Factors; PM2.5, particulate matter<2.5 micrometer.

https://doi.org/10.1371/journal.pmed.1003718.g001
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the 7 GBD super regions was the lowest in North America and Western Europe (9.8 μg/m3)

and the highest in South Asia (55.7 μg/m3). Likewise, median HAP PM2.5 levels by the 7 super

regions was the lowest in North America and Western Europe (2.3 μg/m3) and highest in sub-

Saharan Africa (326.3 μg/m3).

Global burden

The global population–weighted mean lowering of estimated birth weight in 2019 attributable

to the total ambient and household PM2.5 exposure was 89 grams (95% UI: 88, 89) (Fig 2). In

other words, population-weighted mean birth weight would have been 89 grams higher if the

exposures were at the TMREL. Regionally, the highest reductions were estimated for South

Asia (118 grams) and sub-Saharan Africa (140 grams), while the lowest were in North America

and Western Europe (11 grams), with country-specific reductions ranging from 2 grams (95%

UI: 2, 2) in Finland to 161 grams (95% UI: 161, 161) in Central African Republic. The global

population–weighted mean lowering of estimated GA at birth attributable to total PM2.5 was

3.4 weeks (95% UI: 3.4, 3.4), with trends across GBD regions and countries similar to those for

birth weight (Fig 3). Of the total attributable global reductions in birth weight and GA at birth,

about one quarter was due to ambient and three quarters due to HAP PM2.5 exposure. Coun-

try-specific reductions are presented in Figs 2 and 3 and in S2 Table.

An estimated 15.6% (95% UI: 15.6, 15.7) of all LBW infants globally could be attributed to

exposure to total PM2.5, i.e., 2,761,720 LBW infants (95% UI: 2,746,713 to 2,776,722), for the

year 2019 (Fig 4A and 4B). The burden was the highest in South Asia (20.9%) and lowest in

North America and Western Europe (4.9%), while the country-specific attributable burdens

range from 0.3% in Finland (95% UI: 0.3, 0.3) to 29.3% (95% UI: 29.2, 29.3) in Central African

Fig 2. The estimated global reduction in population-weighted birth weight (grams) attributable to total PM2.5 air pollution (from ambient and

household sources) for 2019. PM2.5, particulate matter<2.5 micrometer.

https://doi.org/10.1371/journal.pmed.1003718.g002
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Republic. In 2019, 35.7% (95% UI: 35.6, 35.9) of all PTB infants globally could be attributed to

total PM2.5 exposure, accounting for 5,870,103 (95% UI: 5,848,046 to 5,892,166) PTB infants

(Fig 5A and 5B). The highest attributable burden for PTB was estimated for sub-Saharan

Africa (52.5%), and the country-specific estimates ranged from 1.1% in Finland (95% UI: 1.0,

1.1) to 57.2% in Central African Republic (95% CI: 57.2, 57.3). A little over one-third of the

total PM2.5 burden for LBW and PTB was due to ambient PM2.5. Ambient- and HAP-specific

reductions in birth weight and GA at birth as well as PAFs and PANs for LBW and PTB for

each country are presented in S2 Table.

Discussion

To our knowledge, this is the first assessment of global burden of adverse perinatal outcomes that

includes both ambient and HAP. Our findings suggest that about 2.8 million LBW and 5.9 million

PTB infants, globally, could have been averted in 2019 if the mean PM2.5 exposure during the

entire pregnancy was reduced to the TMREL. South Asia and sub-Saharan Africa combined

could have decreased the 2019 LBW and PTB incidence by about 78%. LBW and PTB are leading

contributors toward neonatal mortality, and these two regions register high incidence of the two

outcomes. Globally, modest decreases in birth weight and relatively large decreases in GA at birth

were attributable to long-term PM2.5 exposure during pregnancy. South Asia and sub-Saharan

Africa registered the highest decreases in birth weight and GA and, in these regions, population

level mean birth weight and GA are lower than in high-income countries. The results indicate

that PM2.5 induced a modest shift in the mean of the distributions of birth weight and GA, which,

in turn, could be responsible for a considerable part of the burden for LBW and PTB.

Fig 3. The estimated global reduction in population-weighted gestational age (weeks) attributable to total PM2.5 air pollution (from ambient and

household sources) for 2019. The mapping function or the base layers for Figs 2 and 3 were obtained from this source: http://www.fao.org/geonetwork/

srv/en/metadata.show?id=12691. PM2.5, particulate matter<2.5 micrometer.

https://doi.org/10.1371/journal.pmed.1003718.g003
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Fig 4. The estimated global burden [PAFs (a) and PANs (b)] of low birth weight attributable to total PM2.5 air pollution (from ambient and

household sources) for 2019. PAF, population attributable fraction; PAN, population attributable number; PM2.5, particulate matter<2.5 micrometer.

https://doi.org/10.1371/journal.pmed.1003718.g004
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Fig 5. The estimated global burden [PAFs (a) and PANs (b)] of preterm birth attributable to total PM2.5 air pollution (from ambient and household

sources) for 2019. The mapping function or the base layers for Figs 4 and 5 were obtained from this source: https://data.apps.fao.org/map/catalog/srv/eng/

catalog.search#/metadata/9c35ba10-5649-41c8-bdfc-eb78e9e65654. PAF, population attributable fraction; PAN, population attributable number; PM2.5,

particulate matter<2.5 micrometer.

https://doi.org/10.1371/journal.pmed.1003718.g005

PLOS MEDICINE Global burden of perinatal outcomes attributable to fine particulate air pollution

PLOS Medicine | https://doi.org/10.1371/journal.pmed.1003718 September 28, 2021 15 / 22

https://data.apps.fao.org/map/catalog/srv/eng/catalog.search#/metadata/9c35ba10-5649-41c8-bdfc-eb78e9e65654
https://data.apps.fao.org/map/catalog/srv/eng/catalog.search#/metadata/9c35ba10-5649-41c8-bdfc-eb78e9e65654
https://doi.org/10.1371/journal.pmed.1003718.g005
https://doi.org/10.1371/journal.pmed.1003718


An assessment from the United States reported a burden of 15,808 PTBs (with a wide UI of

7,532 to 29,968) attributable to ambient PM2.5 in 2010, compared to our estimate of 11,646

(95% UI: 11,416 to 11,877) from ambient PM2.5 in 2019 [32]. Compared to the large uncer-

tainty range of the prior estimate, differences between the 2 estimates could be likely due to

two major factors—changes in the PM2.5 attributable burden in the previous decade and differ-

ent input data as well as the methodologies used to estimate attributable burden. The different

risk relationships, in particular, are likely important, especially the use of linear versus nonlin-

ear relationships, given that the total number of births (approximately 3.9 million) and the

proportion of PTB (approximately 12%) were similar in the two assessments. PM2.5 attribut-

able burden has likely reduced since population-weighted average pollution levels in the US

declined from 9.2 μg/m3 in 2010 to 7.7 μg/m3 in 2019 [2]. Compared to our global ambient

estimate of 2.0 million PTB in 2019, Malley and colleagues [59] reported a global burden of 3.5

million PTB attributable to ambient PM2.5 in 2010. This difference very likely results from the

extrapolation of a linear estimate generated by Sun and colleagues [10], who used only ambient

air pollution studies, to the higher exposures experienced in middle- and low-income coun-

tries. In contrast, our nonlinear risk curves included both ambient and HAP studies, as well as

more recent studies including several from high-pollution countries. Our curves indicate a

reduced slope at higher exposures, suggesting that extrapolations of linear relationships will

overestimate burden. Likewise, another study from Shanghai, China reported 23% and 33%

PAF for LBW and PTB, respectively, in 2013 [33]. The study used a linear relationship with

ambient PM2.5 for China reported by Fleisher and colleagues [34] and used a counterfactual of

15 μg/m3. In comparison, we estimated the 2019 ambient PM2.5 attributable burden for China

to be 4.9% for LBW and 14.6% for PTB. Our development of nonlinear MRBRT risk curve is a

substantial improvement over prior linear estimates, especially when applied across the full

range of global exposures. Furthermore, the MRBRT tool allows for consideration of multiple

study-level variables to address between-study heterogeneity in effect estimates and UIs, and

our analysis included full uncertainty distributions.

This SR–MR included the largest number of studies to date, covering the global range of

exposure and provides evidence for a quantitative relationship that is compatible with an

adverse effect of PM2.5 exposure on perinatal outcomes. While heterogeneity between studies

was present, it was expected given the diversities in population, size, design, exposure assess-

ment, and covariate adjustment. In fact, considering the ubiquitous nature of PM2.5 pollution

and potentially different risks in different populations, diversity between studies is a rare

strength of this SR–MR as the evidence pool covers populations with different genetic makeup,

SES strata, varying underlying physical makeup (e.g., short stature in Asian populations, high

prevalence of malnutrition, etc.), different medical conditions, and air pollution exposure lev-

els. PM2.5 remained associated with all outcomes in the MR that addressed multiple sources of

bias. Evaluation of study level factors indicated that adjustment for exposure assessment meth-

ods attenuated the risk magnitude, suggesting that exposure misclassification was present in

varying degrees and likely nondifferentially distributed across studies. This attenuation may

also have to do with the accuracy of GA assessments, which, in turn, determines exposure

duration. Adjusting for potential for bias in the individual studies led to complete attenuation

of the risk for birth weight, while the risks for LBW and PTB almost doubled. There is no

straightforward explanation for this finding, although it may reflect random variation in effect

sizes across the different studies.

Our SR–MR results [an estimated 22 grams (95% UI: −32, −12) of lower birth weight and

11% (1.11 95% UI: 1.07, 1.16) and 12% (1.12 95% UI: 1.06, 1.19) greater estimated risks of

LBW and PTB, respectively, per 10 μg/m3] are generally consistent with prior meta-analyses

because all of these were quantified on a linear scale. The assumption of linearity is likely an
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oversimplification of the actual form of the relationships. The first meta-analysis (MA) of 20

studies published by Sapkota and colleagues in 2010 indicated summary estimates (odds ratio

[OR]) of 1.09 for LBW and 1.15 for PTB, per 10 μg/m3 increment [7]. The next MA of 62 stud-

ies reported −23.2 grams reduction in birth weight and ORs of 1.05 for LBW and 1.05 for PTB,

per 10 μg/m3 increment [9]. Additional reviews and meta-analyses indicated risks ranging

from 13.9 to 22.2 grams reductions in birth weight and ORs of 1.09 to 1.10 and 1.03 to 1.15 for

LBW and PTB, respectively, per 10 μg/m3 increment [8,10–13,35,36]. The two natural experi-

ment studies also provide important evidence consistent with adverse effects of gestational

PM2.5 exposure [37,38]. The Beijing study reported 23 grams more birth weight comparing

pregnancies who had their eighth month during the 2008 Olympics Games with those who

had their eighth month on the same time in 2007 and 2009 [38]. The Utah study reported

lower risk of PTB among women who were pregnant during the local steel mill closure com-

pared to women who were pregnant before or after closure [37].

Although our results are consistent with previous MAs and natural experiments, the sum-

mary relative effects were small, and the possibility for alternative explanations remains. We

examined the extent of confounder adjustment in the individual studies and categorized them

as sufficient or insufficient, as described in the Methods. Accounting for the extent of con-

founder adjustment increased the summary estimates for all three outcomes, suggesting that

residual confounding is a potential source of bias and that risks in the original studies were

likely to have been underestimated. GA is also considered to be on the causal pathway between

PM2.5 exposure and reduced birth weight or LBW, and if there are unmeasured confounders,

adjustment for GA likely biases the direct effect [39]. Consistent with the aim of quantifying

the direct effect of PM2.5 on birthweight, the majority of the studies in the SR–MR either

adjusted for GA or restricted the study population to term births, and, sometimes, both, inad-

vertently biasing the estimate. If we restrict the SR–MR to studies that did not account for GA,

in one way or the other, the vast majority of the studies would be excluded. We have shown

that the summary effects were higher for birth weight and LBW when using only those studies

that included all births (i.e., did not exclude PTBs), compared to the estimate obtained from all

eligible studies. Thus, adjustment for GA attenuated the risk, empirically confirming the con-

cept alluded to by Wilcox and colleagues [39]. Since the risk relationships used in the burden

assessment for birth weight or LBW were based on the same studies as the SR–MR, the global

burden may therefore have been underestimated. Further, this underestimation likely affects

only the LBW burden because the PTB burden is unlikely to be biased, as suggested by Wilcox

and colleagues [39].

Studies of the effects of air pollution on fetal and maternal physiology provide additional

evidence consistent with the mechanisms thought to contribute to adverse perinatal outcomes.

Air pollution affects both the anatomy and the physiology of the placenta and the umbilical

cord. Particles induce antiangiogenic profiles, leading to thinner and less voluminous umbili-

cal cord affecting oxygen diffusion in murine models [40,41] and replicated in humans [42]. A

human study has also shown that particles affect umbilical–placental circulation increasing

blood flow resistance [43]. Air pollution induces hypoxemia, impairs trophoblast invasion and

vascularization leading to uteroplacental hypoperfusion, thereby causing retarded fetal growth

[44–46]. Particles species (e.g., PAH, B[a]P) bind with hydrocarbon receptors, causing muta-

genesis and disrupting the human endocrine system [47]. Epidemiological studies have sug-

gested that hydrocarbons form PAH-DNA adducts, activating apoptotic pathways, decreasing

exchange through the placenta [48,49]. An in vitro study using human cells have shown parti-

cles can penetrate the placental barriers mediated by macrophages and the dendritic cells [50].

Engulfed particles are released into the blood stream triggering release of inflammatory media-

tors like cytokines, C-reactive proteins, and interleukins promoting systemic inflammation
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[51–55]. Inflammation is also caused by reactive oxygen and nitrogen species in particulates

inducing oxidative stress compromising host defense, increasing vulnerability to maternal

infections and premature contractions, and/or rupture of membranes [56], which are underly-

ing causes for PTB. Particles have been associated with pregnancy-induced hypertensive disor-

ders [57], increasing the risk of growth retardation and PTB either as a consequence of

preexisting or pregnancy-induced hypertension [54,58].

Limitations

The SR–MR was restricted to articles in English, as it was beyond the scope to include articles

in other languages. We quantified the risk of exposure for the entire duration of pregnancy

because the largest number of studies investigated this exposure window. However, other

short- and long-term exposure windows may also be critical. We assumed no interaction

between ambient and HAP exposure, consistent with the design of the epidemiologic analyses

that contribute to the SR–MR. To our knowledge, we have not seen evidence to the contrary

for any of the four outcomes investigated. If there is synergism between the two sources of

PM2.5 and/or other factors (e.g., maternal weight gain during pregnancy), the real burden

could be much higher, especially in low- and middle-income countries. As highlighted in the

methods, we focused on PM2.5 to be consistent with the GBD analyses and because it is one of

the most potent and extensively investigated pollutant measures in relation to these outcomes.

As evidence accrues, additional pollutants including speciated or source-specific PM2.5 could

be considered in the global burden estimation. Another limitation is the uncertainty in the

assessment of ambient and HAP exposure. For example, we modeled HAP exposure based on

a global database of short-term measurement studies, which are surrogates for exposures

throughout the period of pregnancy. Further, the burden estimation incorporates the assump-

tion that the mean population-level entire pregnancy average exposure was approximated by

the country-level annual population-weighted average. We also assumed that the exposure and

risk were constant over the duration of pregnancy. In other words, we did not have time-vary-

ing exposure over the duration of pregnancy to quantify varying risks over the course of the

pregnancy. Our uncertainty distribution (1,000 risks for each outcome corresponding to 1,000

different exposures) likely accounted for some degree of the time-varying exposure that each

individual may encounter. Finally, the burden estimates for LBW and PTB should not be inter-

preted as mutually exclusive because some of the LBW infants are also likely to be PTB.

Divergence from GBD 2019 methods

In this paper, we have evaluated birth weight, GA, LBW, and PTB as outcomes and provide

direct estimates of the burden of these outcomes that is attributable to PM2.5. This differs from

the mediation of the burden of disease attributable to PM2.5 via short gestation and reduced

birth weight that was first introduced in GBD 2019 using the methodology described here to

estimate shifts in the distributions of birth weight and GA [2]. Specifically, the GBD estimated

the impact of PM2.5 through shifts in birth weight and GA via a mediation analysis where

LBW and PTB are risk factors for neonatal causes including mortality (due to diarrheal dis-

eases, lower and upper respiratory infections, otitis media, meningitis, encephalitis, neonatal

encephalopathy, neonatal sepsis, hemolytic disease, other neonatal jaundice, and other neona-

tal disorders) and years lived with disability attributable to PTB. Birth weight and GA were

estimated with joint distributions with RR estimated for birth weight and GA categories. To

do this, the MRBRT curves for birth weight and GA described here were used to shift the esti-

mated birth weight and GA exposure distribution for a given location and year. This shifted

distribution represented the expected distribution if PM2.5 was at the TMREL. By comparing

PLOS MEDICINE Global burden of perinatal outcomes attributable to fine particulate air pollution

PLOS Medicine | https://doi.org/10.1371/journal.pmed.1003718 September 28, 2021 18 / 22

https://doi.org/10.1371/journal.pmed.1003718


the estimated to the expected (assuming exposure at the TMREL) distribution of birth weight

and GA, we calculated PAFs for the stated outcomes to estimate mortality, years lived with dis-

ability, years of life lost, and disability-adjusted life years attributable to PM2.5 mediated

through birth weight and GA. In the GBD 2019, 135,000 and 237,000 deaths from neonatal

disorders were attributable to ambient and household PM2.5, respectively [2]. In addition,

326,000 and 423,000 deaths from lower respiratory infections were attributable to ambient and

household PM2.5, respectively, a portion of which were mediated by reduced birth weight and

short gestation.

This study investigated relevant indicators of perinatal health and provide strong evidence

for PM2.5 exposure during pregnancy to be a risk factor for adverse outcomes across a wide

range of exposures. We estimated that 2.8 million LBW and over 5.9 million PTB infants could

be attributable to PM2.5 air pollution exposure during pregnancy in 2019. As these perinatal

health indicators are key drivers of early life mortality, particularly in middle- and low-income

countries, reducing air pollution will likely have substantial benefits for neonatal and infant

health.
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