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Low birth weight is an important risk factor for many co-morbidities both in early life as well as in
adulthood. Numerous studies report associations between prenatal exposure to particulate matter
(PM) air pollution and low birth weight. Previous systematic reviews and meta-analyses report
varying effect sizes and significant heterogeneity between studies, but did not systematically
evaluate the quality of individual studies or the overall body of evidence. We conducted a new
systematic review to determine how prenatal exposure to PM5 5, PM1, and coarse PM (PM5 5_10)
by trimester and across pregnancy affects infant birth weight. Using the Navigation Guide
methodology, we developed and applied a systematic review protocol [CRD42017058805] that
included a comprehensive search of the epidemiological literature, risk of bias (ROB)
determination, meta-analysis, and evidence evaluation, all using pre-established criteria. In total,
53 studies met our inclusion criteria, which included evaluation of birth weight as a continuous
variable. For PM5 5 and PM1, we restricted meta-analyses to studies determined overall as “low”
or “probably low” ROB; none of the studies evaluating coarse PM were rated as “low” or
“probably low” risk of bias, so all studies were used. For PM, 5, we observed that for every 10
pg/m3 increase in exposure to PMj 5 in the 2" or 3'd trimester, respectively, there was an
associated 5.69g decrease (12: 68%, 95% Cl: —10.58, —0.79) or 10.67g decrease in birth weight (12:
84%, 95% Cl: —20.91, —0.43). Over the entire pregnancy, for every 10 pg/m3 increase in PM, 5
exposure, there was an associated 27.55g decrease in birth weight (12: 94%, 95% ClI: —48.45,
-6.65). However, the quality of evidence for PM5 5 was rated as “low” due to imprecision and/or
unexplained heterogeneity among different studies. For PM1, we observed that for every 10
pg/m3 increase in exposure in the 3™ trimester or the entire pregnancy, there was a 6.57g decrease
(12: 0%, 95% Cl: —10.66, —2.48) or 8.65g decrease in birth weight (12: 84%, 95% ClI: —16.83,
-0.48), respectively. The quality of evidence for PMyg was rated as “moderate,” as heterogeneity
was either absent or could be explained. The quality of evidence for coarse PM was rated as very
low/low (for risk of bias and imprecision). Overall, while evidence for PM, 5 and course PM was
inadequate primarily due to heterogeneity and risk of bias, respectively, our results support the
existence of an inverse association between prenatal PMqg exposure and low birth weight.

Keywords

air pollution; particulate matter; prenatal; low birth weight; Navigation Guide; systematic review;
risk of bias; meta-analysis

1. Introduction

Prenatal exposure to particulate matter (PM) air pollution has been linked with adverse birth
outcomes, namely infant low birth weight (LBW) (Dadvand et al. 2013). A number of
studies have investigated the association between prenatal PM exposure and infant LBW,
which is attributable to the regular collection and large-scale availability of birth weight data
through birth records (Blencowe et al. 2019). Additionally, LBW has been associated with
an increased risk of certain long-term health outcomes later in life (Belbasis et al. 2016).
LBW is defined as infants born weighing less than 2,500 grams (Cutland et al. 2017). A
primary cause of LBW is preterm birth (PTB), delivery of a live born infant <37 weeks of
gestation (Cutland et al. 2017). Thus, mean birthweights across gestational age ranges has
been used as a proxy for fetal growth. Specifically, small for gestational age (SGA) is
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defined as infants that fall within the smallest 10th percentile of infants of the same
gestational age (Cutland et al. 2017). A subset of LBW and SGA infants require intensive
neonatal care for immediate health issues and may have chronic health outcomes later in life
(Belbasis et al. 2016).

In spite of the substantial evidence on the association between developmental PM exposure
to PM and outcomes, including LBW, PTB, and SGA births, there have been inconsistencies
in the conclusions on the magnitude of the effect (Lamichhane et al. 2015; Stieb et al. 2012).
We applied the Navigation Guide systematic review methodology to assess the quality and
strength of evidence on the effect of prenatal PM exposure on infant birth weight. The
Navigation Guide was developed in 2011 to strengthen approaches for assessing evidence in
environmental health sciences (Woodruff et al. 2011). The Navigation Guide is a systematic
and transparent approach that draws from best practices in the clinical arena while
accounting for differences in evidence and decision context involved in environmental health
risk assessments, such as the reliance on human observational studies versus randomized
controlled trials (Cumpston et al. 2019; Guyatt et al. 2008; Woodruff and Sutton 2014). To
date, the Navigation Guide methodology has been applied in numerous reviews of
environmental exposures, including the human evidence for effects of airborne pollutants on
the diagnosis of autism spectrum disorder (Lam et al. 2016) and both the human and non-
human evidence for effects of Perfluorooctanoic acids (PFOAS) on fetal growth (Johnson et
al. 2014; Koustas et al. 2014; Lam et al. 2014). The results of these studies and others
demonstrate the utility of this approach in applying rigor and transparency in support of
evidence-based decisions to environmental health problems.

In this review, we evaluated the human evidence regarding prenatal PM exposure and infant
birth weight. We assessed each study for the risk of bias and conducted a meta-analysis on a
subset of studies to estimate the overall magnitude of effect. We focused on birth weight as a
continuous outcome variable to determine the impact of bias on effect size estimates.
Consideration as a continuous variable allows for the assessment of the effect on population
distributions. Case studies have illustrated the importance of considering a continuous scale
to provide added information about the exposure-disease continuum, inform population
variability, and increase the predictive power of risk assessment (Woodruff et al. 2008).

2. Methods

2.1. Systematic Review Methodology

While systematic review methods have been used for decades in the clinical sciences,
specific techniques for conducting a systematic review directly applicable to the decision
context and evidence streams in environmental health have only recently been developed and
utilized in the field of environmental health sciences (Rooney et al. 2014; Woodruff and
Sutton 2014). We conducted our review using the Navigation Guide approach, which is
based on the Cochrane Collaboration and Grading of Recommendations Assessment
Development and Evaluation (Guyatt et al. 2008). We developed a protocol before initiating
the study and registered it in PROSPERO [CRD42017058805].
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2.2. Study question

Our ultimate objective was to evaluate whether ambient air pollution is “toxic” to the
developing fetus in the sense of reducing birth weight with increasing exposure, since lower
birth weight is a risk factor for both short- and long-term morbidities (Belbasis et al. 2016).
The “Population,” “Exposure,” “Comparator,” and “Outcome” (PECO) statement, is briefly
outlined below with additional specifics available in our protocol. Population: Pregnant
women. Exposure: Gestational exposure to ambient particulate air pollution. “Particulate air
pollution” is defined as outdoor sources of inhaled airborne matter classified as PM5 5 (mass
concentration of particles with diameter smaller than 2.5 um), PM1g (mass concentration of
particles with diameter smaller than 10 pm), or PM5 5_19 (mass concentration of particles
with diameters 2.5-10 um), excluding active and passive smoking. Comparator: Pregnant
women exposed to lower levels of PM than the more highly exposed humans. Qutcome:
Birth weight measured as a continuous variable.

2.3. Data Sources

We searched the databases Ovid Medline, Embase, and Global Health on November 23,
2015, using the search terms developed in collaboration with librarian (MF), shown in the
Supplemental Materials, Table S1. Our search was not limited by publication date. We
limited our search to English language and used the Medical Subject Headings (MeSH)
database to compile synonyms for ambient particulate air pollution and birth weight (details
in our protocol). We updated the search on February 27, 2020, to identify any new studies,
applying the same strategies used in the original search. We also supplemented these results
by hand-searching references of all included studies.

2.4. Study Selection

We included original studies that evaluated ambient particulate air exposure and reported
associations with birth weight. Three reviewers (MM, JP, 1U) independently screened titles
and abstracts of each reference in RefWorks to determine eligibility. In the event of a
discrepancy between reviewers, the default was to move the article forward for full-text
screening. We excluded studies if: 1) the article did not report birth weight outcomes; 2) the
article did not report ambient particulate air pollution exposure; 3) the article contained no
original data; 4) the article did not involve human subjects; or 5) other reason, with an
explanation required. All duplicate articles were removed. At the full-text screening stage,
the same reviewers (MM, JP, IU) independently screened references in RefWorks for
inclusion using the same criteria as above. Additionally, at this stage, studies were excluded
if the article did not report birth weight as a continuous variable. Studies reporting birth
weight as z-scores were excluded.

2.5. Data Extraction

Two reviewers (NO, AF) independently extracted data related to study characteristics and
outcome measures into the Health Assessment Workspace Collaborative (HAWC) database
(Supplemental Materials, Table S2). In the case of missing data, the protocol was to contact
study authors; however, all relevant data was able to be extracted from the full text articles.
Data extracted by each author was independently reviewed (WC, NMJ, 1U) for quality
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assurance/quality control on all the studies to resolve any discrepancies between the two
independent extractors and further ensure accuracy. We extracted all characteristics of the
study population, including location and sample size, exposure period duration, pollutant
class, methods used to estimate exposures, and all relevant estimates of association relating
particulate air pollution exposure with birth weight, specifically recording estimates as
related to exposure assessment technique or by spatial scale (i.e., city- or county-level versus
<5km radius). For the meta-analysis, we extracted adjusted regression estimates and
standard errors or 95% confidence interval limits and standardized to a continuous increment
in exposure (i.e., per 10 pg/m?3 unit increase in pollutant). For instance, if change in
birthweight was originally reported in grams per 1 ug/m?3 exposure, the effect and
confidence interval limits were multiplied by 10. Some studies reported the change in
birthweight per IQR increase of exposure. For these the values were standardized by
multiplying the (change in birthweight per IQR) by (10 ug/m? divided by the value of the
IQR). For studies where a 95% confidence interval was not reported one was calculated
from available p-values or standard errors assuming a normal distribution. For articles
reporting multiple models adjusting for different sets of covariates, we selected estimates
from the fully-adjusted model including the most confounders.

2.6. Assessing the risk of bias

2.7.

We evaluated the risk of bias for each of the studies across the following domains:
recruitment strategy, blinding, confounding, exposure assessment, incomplete outcome data,
selective outcome reporting, conflicts of interest, or other problems that could put the study
at risk of bias (Table 1). Ratings for each domain were “low,” “probably low,” “probably
high,” or “high” risk of bias, with customized instructions for each domain based on the type
of evidence anticipated (Supplemental Materials, Table S3). For example, we determined for
a study to be rated “low” risk of bias in the confounding domain, all five pre-determined
potential confounders were accounted for. These included socioeconomic status, race/
ethnicity, maternal tobacco use, maternal age, and season of conception/birth. Likewise, to
determine if exposure assessment measurements were robust, reviewers took into
consideration the validity and reliability of the monitoring or modeling methods employed.
Review authors with subject-matter expertise from our team (NMJ, JL, XX, BT, MM, IU,
ST, WC) independently determined the risk of bias across all domains. An additional
QA/QC author was matched with each study to solve any discrepancies between ratings. An
overall risk of bias rating was assigned as “low,” “probably low,” “probably high,” or “high”
risk of bias by evaluating the individual domain ratings. If any of the ratings were “high” or
“probably high,” the overall rating was automatically rated as “high” or “probably high,”
respectively. If the majority of domains were rated as “low” or “probably low,” the overall
rating was determined to be “low” or “probably low,” respectively.

Meta-analysis

Details of the meta-analysis approach are in the study protocol. In brief, the analysis
separately considered each of the three pollutant classes of PM5 5, PM1g, and PM, 5_10 and
the four exposure windows, first, second, and third trimester, as well as entire pregnancy.
The primary analysis utilized study results for the entire population in each study, using the
exposure metric at the smallest spatial scale, analyzed using single pollutant models,
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adjusted for covariates. Additionally, due to the sufficient number of studies, the primary
analyses for PM, 5 and PM1q utilized only studies with “low” or “probably low” risk of bias.
Studies were pooled using random-effects models with the Knapp-Hartung modification
(Knapp and Hartung 2003). This approach accounts for uncertainty in the estimate of t2 in
the standard error estimates, generally resulting in wider confidence intervals. Heterogeneity
was evaluated using the 12 metric. Sources of heterogeneity explored using subgrouping
included the following: ethnicity (non-Hispanic White only, Hispanic only, Black only),
geographic locale (Americas, Europe, Asia), spatial scale of exposure assessment, and risk
of bias rating. Additionally, influence analysis was conducted by removing individual
studies one at a time.

Rating the quality of evidence across studies

We rated the quality of the overall body of evidence as “high,” “moderate,” “low,” or “very
low.” An initial rating of “moderate” quality was assigned based on the previously described
rationale for rating human evidence according to the Navigation Guide approach (Johnson et
al. 2014). We considered “downgrades” to the quality rating based on five categories of
considerations: risk of bias, indirectness, inconsistency, imprecision, and potential for
publication bias (Table 3). We considered “upgrades” to the quality rating due to a large
magnitude of effect, dose-response, and whether residual confounding would minimize the
overall effect estimate (Balshem et al. 2011). Possible downgrades or upgrades were: 0 (no
change from initial quality rating), -1 (1 level downgrade) or — 2 (2 level downgrade), +1 (1
level upgrade) or +2 (2 level upgrade). Review authors evaluated the quality of the evidence
according to our protocol (Supplemental Materials, Table S4) and then compared ratings as a
group to reach the final decision.

Rating the strength of the evidence across studies

We assigned an overall strength of evidence rating based on a combination of 4
considerations, outlined in Table 3 and detailed in Supplemental Materials, Table S4: (1)
Quality of body of evidence (i.e., the rating from the previous step), (2) Direction of effect,
(3) Confidence in effect (likelihood that a new study could change our conclusion), and (4)
Other compelling attributes of the data that may influence certainty. Possible ratings were
“sufficient evidence,” “limited evidence,” “inadequate evidence,” or “evidence of lack of
toxicity.”

3. Results

3.1.

Included studies

Figure 1A depicts the screening of eligible articles: the original November 2015 search
retrieved 532 unique records, of which 103 were screened at the full-text review stage. Of
these, 32 met our pre-defined criteria for inclusion. Figure 1B illustrates the February 2020
search which retrieved 223 additional studies, of which 50 were screened at full-text review
stage and 21 studies met our pre-defined criteria for inclusion into the final analysis, totaling
53 articles. A summary of the characteristics of these studies is detailed in Table 2. The
included studies were largely cohort studies, with 44 using similar retrospective methods to
investigate the relationship between air pollution and birth weight. Nine of the studies used
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prospective methods, enrolling pregnant mothers and collecting information to determine air
pollution exposure during pregnancy. Studies varied in the pollutant measured, type of
exposure assessment method, and exposure window (i.e., entire pregnancy or trimester
specific) reported. Overall, 20 studies measured PM, 5 exposure alone, 17 studies measured
PM o exposure alone, and only 1 study measured PM> 5_1 alone. Several studies measured
pollutants in combination, either all three (3 studies) or two of the three pollutant classes (12
studies). Exposure assessment methods included ambient monitoring as the primary
technique (30 studies), followed by modeling (20 studies), a combination of monitoring and
modeling (2 studies) or in one case personal modeling for a 48h duration in the second
trimester of pregnancy. In general, studies reported effect estimates for trimester-specific and
entire pregnancy exposure windows (28 studies). In some cases, only estimates were
reported for the entire pregnancy and not by trimester (15 studies) or just by trimester and
not entire pregnancy (10 studies). Study locations ranged globally, and geographic location
was taken into consideration in the meta-analysis.

Risk of bias for individual studies

Risk of bias designations generally were rated as “low” or “probably low” for most domains
(Figure 2). Individual study determinations are summarized in Figure S11 and individual
study ratings are also available in HAWC (https://hawcproject.org/assessment/227/) and
Figure S12. In a few cases, recruitment across study groups were determined to be “high”
risk. For instance, Pedersen et al. 2013 investigated low birth weight in a large European
cohort study, wherein study participants were recruited from different populations in varying
proportions. Confounding was predominantly rated as “probably low” (58% of studies). In
some cases, studies were rated as “high” or “probably high” risk in addressing confounding.
In these cases, investigators only accounted for two or fewer of the pre-determined important
potential confounders, which could have introduced bias into analyses. In a few cases
reviewers determined a “probably high” risk of bias in the “other” category, defined as if the
study appeared to be free of other problems that could put it at a risk of bias. For instance,
regarding Mannes et al. 2005, reviewers determined a risk of residual confounding and over
adjustment bias in the linear regression model, as authors adjusted for an intermediate on the
pathway between exposure and outcome. In addition, authors also did not account for
extreme values in birthweight for gestational age. In general, the domain with a considerable
number of studies rated as “probably high” (43%) was related to the robustness of exposure
assessment. This was mainly due to reliance on county-level monitoring data without
adequate temporal coverage or spatial resolution. Overall, for PM; 5 12 studies (out of a
total of 30 studies measuring PM, ) were rated overall as “low” or “probably low” risk of
bias. For PM1g, 10 studies (out of a total of 29 studies measuring PM1g) were rated overall
as “low” or “probably low” risk of bias and used for subsequent meta-analysis. For studies
on coarse PM, none of the 5 studies were given an overall rating of “low” or “probably low.”
This was largely the result of risk of exposure misclassification based on county-level
measurements employed in most these studies (Darrow et al. 2011; Ebisu et al. 2016;
Morello-Frosch et al. 2010; Parker and Woodruff 2008). Complete descriptions of risk of
bias evaluations and their justifications are provided online in the HAWC workspace (https://
hawcproject.org/assessment/227/).
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3.3. Meta-analysis

We conducted a primary meta-analysis on studies rated as “low” or “probably low” risk of
bias for exposures to PM, 5 and PM1q. This included 18 total studies for PM, 5 and 10 total
studies for PM1q. For PM5 5_10, there were a limited number of studies overall that measured
this pollutant class, and none were rated as “low” or “probably low.” Thus, we used the
existing 5 studies rated as “high” or “probably high” in our primary meta-analysis. A
summary of the meta-analysis results using a random effects model is shown in Table 4,
separated by pollutant class and exposure window (trimester or entire pregnancy). For
PM, 5, the overall random effects estimates ranged from 5.69¢ to 27.55g decrease in birth
weight per 10 pg/m? increase in PM, 5 (Supplemental Figure SLA-D). The meta-estimate
for the 15t trimester was not statistically significant, but those for the other exposure
windows were. Substantial heterogeneity was evident in each exposure window (12 ranged
from 68% to 94%). In each exposure window, at least one study reported a positive
relationship (increase in birth weight with increasing PM). Subgrouping based on ethnicity,
spatial scale, or geographic location did not explain the observed heterogeneity
(Supplemental Figures S6A, STA-D, S8A-D); the only statistically significant subgroup
differences were by geographic location for entire pregnancy (Supplemental Table S5).
Including “high” and “probably high” risk of bias studies further increased heterogeneity
(Supplemental Figure S4A-D), though subgroup differences by risk of bias were not in of
themselves statistically significant (Table S5). Influence analysis showed that for the second
trimester, heterogeneity is explained by a single study (Hyder et al. 2014) with a large effect
size (Supplemental Figure S9B). Omitting this study reduced 12 from 68% to 40% and
reduced the meta-estimate from —5.69g (-10.58, —0.79) to —3.81g (-7.88, 0.25). For other
exposure windows, heterogeneity could not be attributed to any single study (Supplemental
Figure S9A, C-D). No evidence of publication bias (all p-values > 0.05) was found as
assessed using funnel plots and tests for asymmetry (Begg and Mazumdar 1994; Egger et al.
1997; Sterne et al. 2011) (Supplemental Figures S10A-D).

For PMy, the overall random effects estimates ranged from a 3.22g increase to an 8.65g
decrease in birth weight per 10 pg/m? increase in PMyq (Supplemental Figure S2A-D). The
meta-estimates for the 1st and 2™ trimesters were not statistically significant (effect estimate
3.22g, 95% CI: —-3.13, 9.58 and -3.37¢, 95% CI: —8.22, 1.48, respectively), but estimates for
the other exposure windows were statistically significant. Low heterogeneity was seen in the
trimester-based exposure windows (12 0-14%). However, substantial heterogeneity was
evident for the entire pregnancy (12 84%). Subgrouping based on ethnicity was not possible
due to too few studies, and subgrouping by spatial scale, or geographic location did not
explain the observed heterogeneity (Supplemental Figures STE-H, S8E-H); the only
statistically significant subgroup differences were by geographic location for first trimester
and entire pregnancy (Supplemental Table S5). Including “high” and “probably high” risk of
bias studies increased heterogeneity in all cases (Supplemental Figure SSA-D), and
subgroup differences by risk of bias were statistically significant for first and third trimesters
(Table S5). Influence analysis showed that for the entire pregnancy, heterogeneity was
explained largely by a single study (Geer et al. 2012) that reported a positive association,
whereas all the other studies consistently showed an inverse association (Supplemental
Figure S9H). Omitting this study reduced the 12 from 84% to 0%, and changed the meta-
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estimate from —8.65¢ (-16.83, —0.48) to —11.22g (-13.17, —9.26). For the other exposure
windows, similar results in terms of both heterogeneity and meta-estimates were obtained
under influence analyses (Supplemental Figures SOE-G). No evidence of publication bias
(all p-values > 0.05) was found as assessed using funnel plots and tests for asymmetry (Begg
and Mazumdar 1994; Egger et al. 1997; Sterne et al. 2011) (Supplemental Figures SI0E-H).

A smaller number of studies examined “coarse” PM (PMa 5_10). None of these studies were
rated as having “low” or “probably low” risk of bias, as discussed previously. Thus, when
including all studies, overall random effects estimates ranged from a 2.70g to 8.81g decrease
in birth weight per 10 ug/m3 increase in PM5 5_10 (Supplemental Figure S3A-D). The meta-
estimates for the 2"d and 3" trimesters were not statistically significant, —2.90g (-10.04,
4.23) and —4.93g (-10.82, 0.96) respectively, and each of these had high heterogeneity (12
70-76%). Due to the small number of studies, subgrouping based on ethnicity, spatial scale,
or geographic location were not possible did not explain this observed heterogeneity
(Supplemental Figures S6E-F, S71-L, S81-L). Heterogeneity was reduced to 55% for the
2"d trimester when omitting the most influential study (Parker and Woodruff 2008), though
this left only two studies remaining with a pooled estimate that remained statistically non-
significant (Supplemental Figure S9J). Similarly, in the 3™ trimester, omitting the most
influential study ((Ebisu et al. 2016)) reduced heterogeneity to 64%, but the pooled estimate
remained statistically non-significant (Supplemental Figure S9K). For the 15t trimester and
the entire pregnancy, the meta-estimates were statistically significant, —2.70g (-3.90, —1.49)
and —8.81g (-10.32, —7.31) respectively, with no observed heterogeneity in both cases (12
0%). For the 15t trimester, omitting any one study lead to meta-estimates that were either
statistically non-significant or that were only barely significant (p=0.0498) (Supplemental
Figure S9I). For the entire pregnancy, meta-estimates remained statistically significant under
influence analyses, with no heterogeneity (Supplemental Figure S9L). Insufficient studies
were available to examine publication bias.

3.4. Quality of the body of evidence

In all cases, the initial rating for the quality of evidence was “moderate” based on
Navigation Guide methods (Johnson et al. 2014). Using the factors for rating the quality of
evidence (Table 3), we determined the following evaluations (Supplemental Table S6, Table
4). For PM, 5 exposure in the first trimester, a downgrade of 2 levels was supported, based
on “imprecision” due to the lack of a statistically significant meta-estimate, as well as a wide
confidence interval indicating potential impact of random error. Moreover, a downgrade for
“inconsistency” was due to the substantial heterogeneity that could not be explained. The
resulting quality of evidence rating was “very low.” For PM5 5 exposure in the second
trimester, a downgrade of 1 level was supported based on “imprecision”. Heterogeneity was
explained by a single study, and omitting this study lead to an effect estimate no longer
statistically significant. The resulting quality of evidence rating was “low.” Last, for PM> 5
exposure in the third trimester, as well as exposure throughout entire pregnancy, a
downgrade of 1 level was supported, based on “inconsistency” due to the substantial
heterogeneity that could not be explained. Thus, the resulting quality of evidence rating was
“low.”
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For PM1q exposure during the first trimester, a downgrade of 2 levels was supported based
on “imprecision” due to a wide confidence interval and the lack of a statistically significant
meta-estimate with low heterogeneity. The resulting quality of evidence rating was “low.”
For PM1q exposure during the second trimester, a downgrade of 1 level was supported based
on “imprecision” due to the lack of a statistically significant meta-estimate with low
heterogeneity. The resulting quality of evidence rating was “low.” For PMq exposure during
the third trimester, no change in the quality of evidence was indicated, as the meta-estimate
was statistically significant with low heterogeneity. The resulting quality of evidence rating
was “moderate.” Last, for PM1q exposure during the entire pregnancy, no change in the
quality of evidence was indicated. Heterogeneity was explained by a single study and
omitting that study lead to a precise, statistically significant meta-estimate. The resulting
quality of evidence rating was “moderate.” Meta-analysis results with “moderate” quality of
evidence ratings are displayed in Figure 3.

For exposure to coarse PM (PM> 5_10) during the first trimester, a downgrade of 2 levels was
supported based on “risk of bias” (all studies were rated “high” or “probably high™),
“imprecision” due to few studies (n=3), and a high degree of influence of any one study had
on statistical significance. The resulting quality of evidence rating was “very low.” For

PM, 5_10 exposure during the second and third trimesters, downgrades of 3 levels are
supported based on “risk of bias” (all studies were rated “high” or “probably high”),
“imprecision” due to the lack of a statistically significant meta-estimate, and “inconsistency”
due to high, unexplained heterogeneity. The resulting quality of evidence rating was “very
low.” Last, for PM 5_19 exposure throughout the entire pregnancy, a downgrade of 1 level
was supported based on “risk of bias” (all studies were rated “high” or “probably high™).
The resulting quality of evidence rating was “low.”

3.5. Strength of the body of evidence

Using the considerations for rating the strength of evidence in Table 3, the following
evaluations were made (Table 5). For PM, 5, there is “inadequate evidence” for all exposure
windows due to “low” or “very low” quality of evidence, based on either imprecision of the
estimate or high and unexplained heterogeneity (none of the other considerations were
influential in this evaluation). For PMyq, there is “limited evidence” that increasing exposure
during the third trimester or during the entire pregnancy will lead to a reduction in birth
weight. The quality of evidence for these exposure windows was rated as “moderate.”
Although the direction of the effect estimate was in the “adverse” direction, confidence in
the effect estimate is limited because chance, bias, and confounding cannot be ruled out with
reasonable confidence, and additional data could alter this conclusion. No other compelling
attributes of the data exist that would influence this evaluation. For other exposure windows,
evidence for PMqq is “inadequate” due to “low” or “very low” quality of evidence, based on
either imprecision of the estimate and/or the presence of a relationship in the opposite (non-
adverse) direction (none of the other considerations were influential in this evaluation). For
PM, 5_10, there is “inadequate evidence” that increasing exposure is during any exposure
window leads to a reduction in birth weight. The available evidence is insufficient to assess
the effects of exposure, mainly due to high risk of bias in individual studies and the reliance
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on a small set of often heterogeneous studies. None of the other considerations from Table 3
were influential to this evaluation.

4. Discussion

Numerous case-control and cohort studies demonstrate an association between prenatal
exposure to ambient air pollution and reduced fetal growth or infant birthweight. An early
systematic review found an association between PM> 5 exposure and LBW and SGA births,
as well as PM1q exposure and SGA (Shah et al. 2011). Despite these observed associations,
there have been inconsistencies in the conclusions about the association and magnitude of
the effect. Initial systematic reviews based on a relatively small number of studies (n=4),
were not able to draw conclusions on effect size (Bonzini et al. 2010; Bosetti et al. 2010;
Ghosh et al. 2007). More recent systematic reviews, which performed a meta-analysis on a
larger number of studies (>30) showed that pooled estimates of effect size for LBW for a 10
pg/m3 increase in PM,, 5 exposure during entire pregnancy ranged from —15.9g (-26.8, —5.0)
(Sun et al. 2016) to —22.17g (—37.93, —6.41) (Lamichhane et al. 2015). Steib et al. also
reported estimates per 10 ug/m3 increase in PM5 5 exposure to be —23.4g (-45.5, —1.4)
(Stieb et al. 2012), all of which are consistent with our pooled estimate of —27.55g (-48.45,
—6.65) per 10 pg/m3. This agreement is likely due to several of the same studies used across
these meta-analyses. For PM1g, Lamichhane et al. reported estimates for a 10 pg/m?3 increase
at -10.31g (-13.57 to —3.13 g), whereas Stieb et al. published estimates for a 20 pg/m?3
increase at —16.8g (—20.2 to —13.3) (Lamichhane et al. 2015; Stieb et al. 2012), both of
which are also consistent with our pooled estimate of —8.65g (-16.83, —0.48) per 10 pg/m3.
These previous investigators cited that they were not able to rule out the consequences of
specific biases that may be as a result of differences in study methodology, study design,
population demographics, exposure period, characterization of confounding and data
collection.

In our analysis, there was substantial heterogeneity across the different pollutant classes.
Also, the spatial scale employed, large scale (at the city or county level or >/= 10km) in
comparison to medium scale (census tract, zip code, postal code, nearest monitor, <10km
and >/=5km) or small scale (<5km) led to greater heterogeneity. These findings underscore
the complexity of estimating exposure across gestation. While one study (Jedrychowski et
al. 2009) employed personal monitoring during pregnancy, the cost of adequate temporal
coverage is great since it is infeasible for participants to carry monitors over time. Despite
the significant heterogeneity, we still observed a decrease in birthweight for every 10 pg/m3
increase in PM, 5 across all trimesters (except the 15t) and entire pregnancy, as well as for
every10 pg/m?3 increase in PM;q across the third trimester and entire pregnancy. The
“inadequate” evidence rating for PM, 5 reflects the quality, which received downgrades for
inconsistency, driven mainly by heterogeneity. Similar conclusions were drawn by Lam et al.
for the association between early-life exposure to air pollution as a whole and diagnosis of
autism spectrum disorder (Lam et al. 2016).

Some limitations that may be associated with our study include the reliance on expert
evaluation in the process used for the risk of bias, quality and strength ratings. However, this
limitation was overcome by creating a diverse team of experts from relevant fields to
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participate in this process. Moreover, by publishing a pre-specified protocol and employing
two independent reviewers for each study, our analysis includes a degree of transparency and
robustness that is absent when using less structured approaches. Additionally, the rating of
the quality of evidence across studies was dependent on the available data. For instance,
PM1o and PM5, 5 are typically reported separately, but also likely occur in combination.
Thus, models that consider multi-pollutant exposures may better represent gestational PM
exposure. Furthermore, most studies fail to consider secondary/co-exposures like ultrafine
particulate matter, gas phase pollutants, or heat, which can also affect birth weight. A recent
systematic review including cohort and cross-sectional studies in U.S. populations
demonstrated a significant association of air pollutant and heat exposure with adverse birth
outcomes, such as preterm birth and low birth weight (Bekkar et al. 2020). There is also the
potential for additional unmeasured confounding. For instance, (Wilson et al. 2017) noted
that associations between infant health and with air pollution during individual trimesters
may be biased unless all trimesters are included in the same model to fully address
confounding and seasonal trends. Less than a quarter of the studies we identified addressed
this issue, though subgrouping analyses revealed no statistically significant differences
between studies that treated trimesters separately versus together in a single model. Recent
studies also include measures of more temporality refined exposure windows, for instance,
monthly or weekly averages. These studies may yield important insight into the critical
windows of exposure ((Arroyo et al. 2019; Liu et al. 2019; Yuan et al. 2020). However, our
analyses did not include enough studies to evaluate weekly exposure.

A major strength of our study is the transparency and thoroughness of the Navigation Guide
systematic review process, which incorporates the GRADE system for assessing the quality
of synthesized human evidence in environmental health research in the absence of
randomized clinical trials (Woodruff et al. 2014). Overall, our results support the vast
evidence that prenatal PM exposure is associated with reduced infant birth weight. These
implications on infant mortality burden were included for the first time in the State of Global
Air report, which highlighted air pollution accounts for 20% of newborn deaths worldwide,
mostly related to complications of low birth weight and preterm birth (Health Effects
Institute). Thus, public health interventions to address infant birth weight suppression from
PM may have a substantial impact on infant health, especially those at high risk for
exposure. Future research and implementation strategies are recommended to help optimize
interventions and policies to mitigate infant health effects.

5. Conclusions

Overall, we conclude that the existing evidence supports an association between prenatal
exposure to ambient particulate matter air pollution and a decrease in birth weight,
particularly for PM1q. However, our findings reveal the need to standardize and improve
exposure assessment methods in air pollution research because the various forms of
exposure measurement utilized in the studies contributed to the heterogeneity seen in the
meta-analysis. Furthermore, some of the unexplained heterogeneity found in our study may
be resolved with additional studies which could also strengthen the evidence.
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Highlights:

The Navigation Guide systematic review methodology represents a
transparent and rigorous approach to reduce bias in evaluation of
environmental health studies.

Existing evidence supports an association between developmental exposure to
ambient particulate matter air pollution and decreased infant birth weight.

Heterogeneity observed in the meta-analysis supports the application of high
spatial resolution air pollution exposure assessment methods in
epidemiological studies.
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Eligibility Screening Identification

Included

Page 19

733 records identified through searching Ovid
Medline, Embase and Global Health on
Nov 23,2015

y

201 duplicates removed

A 4

532 title and abstracts screened

21 studies included from
updated search on
Feb 27, 2020

429 records excluded

A 4

A 4

103 full-text articles assessed
for eligibility

32 studies included

71 full-text articles excluded for:

No original data

Did not report birth weight

Did not report ambient PM exposure
Did not involve human subjects
Other reason

DR =

y

53 studies included in final synthesis
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Eligibility Screening Identification

Included

223 records identified through searching Ovid
Medline, Embase and Global Health on Feb 27,
2020

4

80 duplicates removed

A

143 title and abstracts screened

Page 20

50 full-text articles assessed for
eligibility

\ 4

93 records excluded

A 4

21 studies included in final
synthesis

Figure 1A.

h 4

29 full-text articles excluded for:

1.
2.
3

4,

S.

No original data

Did not report birth weight
Did not report ambient PM
exposure

Did not involve human
subjects

Other reason

Flowchart showing the literature search and screening process for studies relevant to prenatal
particulate matter exposure and birth weight measured as a continuous variable. 1B.
Flowchart showing the updated search and screening process (February 27, 2020). The
search terms used are provided in Supplemental Material, Table S1.
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- Definiely high risk of bias | = | Probably high fisk of biasinot reported E Probably low risk of bias R0l Definitely low risk of bias

Was the strategy for recruiting participants consistent across study groups?
— , Ml o E——

Were — col 1 [ —

Does the study report appear to have been P ive in its outcome ? _
Was of the exp during the sty -2

Were exposure assessment methods robust? - 5% | 51% .

Did the study appear to be free of other problems that could put it at a risk of bias?

T T T T T 1
0% 20% 40% 60% 80% 100%
Percent of studies

Figure 2.
Summary of risk of bias judgments. Determinations for each domain were assigned

according to Supplemental Material, Table S3. In general, the domain with a considerable
number of studies rated as “probably high” (43%) was related to the robustness of exposure
assessment.
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Figure 3.
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Meta-analysis results for pollutants demonstrating “moderate” quality of evidence rating
include (A) PM; exposure during the 3™ trimester and (B) PM3 exposure throughout

entire pregnancy.
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Table 1.

Summary of risk of bias domains and criteria for low risk designation

Risk of bias domain

Low risk of bias designa‘ciona

Recruitment strategy

Protocols for recruitment and inclusion/exclusion criteria applied similarly across study groups

Blinding

Knowledge of the exposure ensured when assessing outcome, or judgement that outcome measurement not likely to
be influenced by lack of blinding

Exposure assessment

Confidence in the accuracy of the exposure assessment methods that minimizes exposure misclassification, i.e.,
validity and reliability measures specified for monitoring and modeling

Confounding

All five important potential confounders pre-specified by reviewers are accounted for (i.e., matched, stratified,
multivariate analysis or otherwise statistically controlled for)

Incomplete outcome

No missing outcome data, balanced attrition across groups, or for continuous outcome data, plausible effect size
among missing outcomes not enough to have a relevant impact on the observed effect size

Selective outcome
reporting

All pre-specified outcomes outlined in the protocol, methods, abstract, and/or introduction reported in the pre-
specified way

Conflicts of Interest

The study did not receive support from a company, study author, or other entity having a financial interest in the
outcome of the study

Other bias

The study appears to be free of other sources of bias

a o S . I s . S .
The complete criteria for determining risk of bias designations for individual studies are provided in Supplemental Material Table S3,
“Instructions for Making Risk of Bias Determinations.”
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Factors for evaluating the quality and strength of the body of evidence

Table 3.

Page 27

Quality is rated across all studies. Evidence begins as “moderate”
and may be downgraded (-1 or —2) or upgraded (+1 or +2)

according to factors.

Strength is rated across all studies. The final ratings represent the
level of certainty of toxicity.

Downgrade factors

Upgrade factors

Quiality rating

Risk of bias across studies
Indirectness

Inconsistency

Imprecision

Publication bias Considerations

Large magnitude of effect
Dose response

Confounding minimizes effect

High quality
Moderate quality
Low quality Strength rating

Very low quality

Quality of body of evidence
Direction of effect estimates
Confidence in effect estimates

Other compelling attributes of the
data that may influence certainty

Sufficient evidence
Limited evidence
Inadequate evidence

Evidence of lack of toxicity
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Table 4:
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Summary of main meta-analysis results and quality of evidence rating conclusions

Exposure Window  No. of studies  Effect estimate g per 10 ug/m® 12 (%) Quality of evidence rating
(95% CI)

PM; 5

15t Trimester 11 -6.50 (-15.07, 2.07) 87% Very low (downgrades for imprecision and
inconsistency)

2" Trimester 12 -5.69 (-10.58, —0.79) 68% Low (downgrade for imprecision)

3'd Trimester 12 -10.67 (-20.91, -0.43) 84% Low (downgrade for inconsistency)

Full Pregnancy 15 —27.55 (—48.45, —6.65) 94% Low (downgrade for inconsistency)

PMy,

15t Trimester 6 3.22 (-3.13, 9.58) 14% Low (downgrade for imprecision)

2M Trimester 6 -3.37 (-8.22, 1.48) 0% Low (downgrade for imprecision)

3" Trimester 7 -6.57 (-10.66, -2.48) 0% Moderate (no changes)

Full Pregnancy 8 -8.65 (-16.83, —0.48) 84%  Moderate (heterogeneity explained by single study with
inverse effect)

PM2510

18t Trimester 3 -2.70 (-3.90, -1.49) 0% Very low (downgrades for risk of bias and imprecision)

2nd Trimester 3 -2.90 (-10.04, 4.23) 70% Very low (downgrades for risk of bias, imprecision,
inconsistency)

34 Trimester 4 -4.93 (-10.82, 0.96) 76% Very low (downgrades for risk of bias, imprecision,
inconsistency)

Full Pregnancy 5 -8.81 (-10.32, -7.31) 0% Low (downgrade for risk of bias)

For PM2 5, we included 18 unique studies rated as “low” or “probably low” risk of bias. For PM10, we included 10 studies rated as “low” or
“probably low” risk of bias. For coarse PM (PM2.5-10), there were no studies rated as “low” or “probably low” risk of bias, thus we included 5

studies rated as “high” or “probably high.”
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Summary of strength of evidence conclusions

Table 5:

Page 29

Exposure Window  Quality of evidence

Direction of effect Confidence in effect

Other compelling

Strength of

rating estimates estimates attributes evidence rating
PM; 5
18t Trimester Very low A dversez Low3 None Inadequate
2n Trimester Low A dverse2 LOW3 None Inadequate
3'd Trimester Low A dverse2 Low‘? None Inadequate
Full Pregnancy Low A dverse2 Low3 None Inadequate
PMao
15t Trimester Low A dverse2 L0W3 None Inadequate
2" Trimester Low A dverse2 L0W3 None Inadequate
3" Trimester Moderate Adversez Limited4 None Limited
Full Pregnancy Moderate Adverse2 Limited4 None Limited
PM2510
15t Trimester Very low A dverse2 Low3 None Inadequate
2nd Trimester Very low A dversez Low3 None Inadequate
34 Trimester Very low A dverse2 L0W3 None Inadequate
Full Pregnancy Low A dverse2 Low‘? None Inadequate

'ZFrom Table 4.

Decreasing birth weight with increasing exposure is considered an effect in the adverse direction.

3 . . . .
Results may be due to chance, bias, or confounding, so additional data are likely to alter the results.

A credible association is observed, but chance, bias, and confounding cannot be ruled out with reasonable confidence, so additional data could

alter the results.
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