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Abstract

The preconception period is a critical window for gametogenesis, therefore preconception
exposure to air pollutants may have long-term effects on children. We systematically reviewed
epidemiological evidence concerning the effects of preconception ambient air pollution exposure
on children’s health outcomes and identified research gaps for future investigations. We
searched PubMed and Web of Science from journal inception up to October 2022 based on
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an established protocol (PROSPERO: CRD42022277608). We then identified 162 articles based
on searching strategy, 22 of which met the inclusion criteria. Studies covered a wide range

of health outcomes including birth defects, preterm birth, birthweight, respiratory outcomes,

and developmental outcomes. Findings suggested that exposure to outdoor air pollutants

during maternal preconception period were associated with various health outcomes, of which
birth defects has the most consistent findings. A meta-analysis revealed that during 3-month
preconception period, a 10 pg/m3 increase in PM;g and PM, 5 was associated with relative risk
(RR) of birth defects of 1.06 (95% confidence interval (Cl): 1.00, 1.02) and 1.14 (95% CI: 0.82,
1.59), respectively. Preterm birth, low birthweight, and autism have also been associated with
maternal preconception exposure to PMs 5, PM1g, O3z and SO,. However, the significance of
associations and effect sizes varied substantially across studies, partly due to the heterogeneity in
exposure and outcome assessments. Future studies should use more accurate exposure assessment
methods to obtain individual-level exposures with high temporal resolution. This will allow

the exploration of which specific time window (weeks or months) during the preconception
period has the strongest effect. In future epidemiologic studies, integrating pathophysiologic
biomarkers relevant to clinical outcomes may help improve the causal inference of associations
between preconception exposure and health outcomes suggested by the current limited literature.
Additionally, potential effects of paternal preconception exposure need to be studied.

Keywords
Preconception; Air pollution; Birth defects; Birthweight; Preterm birth

1. Introduction

The Developmental Origins of Health Disease (DOHaD) hypothesis stems from interest
regarding how fetal experiences can lead to adult disorders, and it suggests that early life
environmental exposures may have a significant influence on short and long-term health
outcomes (Wadhwa et al., 2009). Air pollution, a leading risk factor for morbidity and
mortality across the world (Cohen et al., 2017), is known to contribute to early life risk
factors. Prenatal air pollution exposure has been associated with an increased risk of preterm
birth (Han et al., 2018), impairment in neurodevelopment (Volk et al., 2021), and childhood
respiratory disease (Hehua et al., 2017). However, it is unknown whether the adverse effects
of air pollution start earlier than the prenatal period during preconception. Preconception is a
critical developmental window for gametogenesis. Air pollution exposure from both mothers
and fathers during preconception or early stages of pregnancy may have adverse effects on
gametogenesis of sperm and ova cells (Udagawa et al., 2018; Vecoli et al., 2016; Yauk et al.,
2008). This may cause a diminishing ovarian reserve (Ogliari et al., 2013), disruption of first
cell lineage segregation at the blastocyst stage (Perin et al., 2008) and consequently lead to
long-term adverse outcomes of fetal and neonatal development (Klepac et al., 2018; Proietti
etal., 2013).

Toxicological /in-vitro and /n-vivo studies have revealed that air pollution exposure
during preconception and early pregnancy period could influence epigenetics and DNA
methylations in gametes, increase maternal oxidative stress, act as an endocrine disruptor
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in gametogenesis, and alter placental mitochondrial DNA content (Januério et al., 2010; Li
etal., 2019; Yauk et al., 2008). However, current epidemiological studies on preconception
air pollution exposure on birth and developmental outcomes are sparse and inconsistent.

For example, some studies showed adverse effects of preconception air pollution on small-
for-gestational age (SGA) (Williams et al., 2021), while others did not find an association
(Chen et al., 2021; Ha et al., 2017; Nobles et al., 2019). Due to the varied composition of air
pollutants and different health outcomes investigated by epidemiological studies, there are
gaps in both qualitative and quantitative knowledge of preconception air pollution effects.
Gaps in quantitative pooling of current epidemiological evidence linking exposure during
the preconception period and children’s outcomes include birthweight, child growth rates,
and cardiovascular and respiratory health outcomes (Schwartz, 2004; Johnson et al., 2021;
Stieb et al., 2012; Pun et al., 2021). In addition, to our knowledge, there have been no
systematic reviews on this subject. Hence, we conducted this systematic review of published
epidemiological studies reporting effects of preconception ambient air pollution exposures
on birth outcomes and children’s health outcomes. This review will help provide evidence
for the long-term health effects of preconception ambient air pollution exposure and identify
knowledge gaps and limitations of previous studies to guide future studies.

Materials and Methods

2.1 Search Strategy and Screening Criteria

Following the PRISMA (Preferred Reporting Items for Systematic Reviews and Meta-
Analysis) guidelines (Moher et al., 2009), we searched the databases PubMed and Web

of Science for studies published before June of 2021 in English, with the combination of
exposure and outcomes yet restricted to the preconception period. We used the following
query to search in the two databases: (preconception) OR preconceived OR pre-conception
OR pre-conceived OR “before pregnancy” AND ((air pollution) OR (particulate) OR
(PM2.5)) AND ((health effect) OR (birthweight) OR (infant growth) OR (Intrauterine) OR
(neural) OR (treatment outcome) OR (cardiovascular) OR (cardiac) OR (respiratory)). We
only searched literature in English as we found that literature published in English covers
all relevant studies. Both of PubMed and Web of Science also contain literatures with the
full text in another language, but we had not screened any eligible literature published

in languages other than English. This search query focused on ambient air pollutants, but
PM, 5 was specifically included in the query because it is a prominent air pollutant among
all criteria pollutants. In addition, this search query included both terms of generic outcomes
and specific health outcomes that are commonly investigated with air pollution (Schwartz,
2004; Johnson et al., 2021; Stieb et al., 2012; Pun et al., 2021). This query yielded 81
results from PubMed and 49 results from Web of Science, 34 of which were duplicated
studies that were then removed. An additional search conducted in October 2022 identified
32 studies created after June 2021 in the PubMed database, resulting in an adjusted number
of 128 total studies (Figure 1). Based on eligibility criteria, two independent reviewers

(JL and NB) screened the title and abstract of each study to determine whether to retrieve
the full text. Then, the two independent reviewers (JL and NB) conducted the second
screening on the full text of the retrieved studies. In each step of the screening process,

the two reviewers compared the results. If their results were not in agreement, the two
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reviewers discussed and resolved the disagreement. Studies were included if they fit each

of the following criteria: (1) written in English, (2) studies involving human subjects, (3)
assessed maternal or paternal exposure to ambient air pollutants in the preconception period,
(4) assessed some aspects of the children’s health outcomes such as cardiac function,
neurodevelopment, birth weight, respiratory condition, birth defect, and preterm or full-term
delivery. The preconception period in this review is defined as between 1 month to 1 year
before conception, with 3 months before conception being most common period. Studies
were excluded if they (1) were not original research articles, (2) were not human-based
research, (3) did not investigate health effects of outdoor air pollution exposure, (4) only
investigated exposure period /in-utero or post-delivery but not in the preconception period,
(5) did not measure health outcomes of children, and (6) had no results available. Out of
128 studies, 64 were found to meet the criteria and were downloaded for full-text review.
From these 64 studies, 22 fit the criteria for data extraction. The flowchart below shows the
screening process (Figure 1).

2.2 Data Extraction

From each of the 22 papers that fit the data-extraction criteria, data was organized by

study author and year, location, number of participants, age of children at time of outcome
assessment, study design, air pollution exposure type, exposure time window, adjusted
covariates, main findings (including point estimates and 95% confidence intervals of
preconception air pollution on child health outcomes shown as risk ratio, hazard ratio or
odds ratio) and air pollution ranges. If studies reported multiple populations separately, we
only extracted information from the general population in the paper. There are 16 cohort
studies and 6 case-control studies from which the data was extracted. Two independent
investigators (JL and NB) extracted the data and resolved disagreements through discussion.
The quality of included studies was also independently assessed by two investigators (JL and
NB), using the nine-point Newcastle-Ottawa Assessment Scale (NOS) guideline for cohort
studies and case-control studies (Stang, 2010).

2.3 Synthesis methods

We summarized the effects of preconception air pollution exposure on children’s health
outcomes and organized the data by different outcomes. We used the Grading of
Recommendations, Assessment, Development, and Evaluation (GRADE) framework with
special considerations of studies in environmental health (Morgan et al., 2016) to assess the
quality of findings for the health outcomes that two or more studies had investigated. \We
additionally considered the large effect, dose response, human and experimental animal data,
and mechanistic data availability when assessing the quality of evidence for each pair of air
pollutant and children’s health outcome. We anticipated there would be large heterogeneities
between studies in regard to air pollutant types, definition of air pollution exposure window,
effect size, and health outcome. Therefore, we applied the random-effect model for each
disease outcome to account for both within-study and between-study heterogeneity to
summarize effect estimates of the same air pollutant. No pooled estimates across different
air pollutants were conducted. We conducted a meta-analysis and summarized the effect
size as per 10 pg/m? increase for PM, 5 and PMyq, per 10 ppb increase for NO,, O, and
S0O,, and per 100 ppb increase for CO. 12 statistics and associated p-value of testing for
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heterogeneity in the random effects analysis were also reported. Adjusted odds ratio (OR)
was approximated to relative risk (RR) if the health outcomes are rare outcomes (less than
10%) and hazard ratio (HR) was approximated to relative risk (RR) if the overall population
risk is low (less than 5%), provided that the study used proportional hazard model (Stare and
Maucort-Boulch, 2016; Zhang and Yu, 1998). Additionally, we did not assess publication
bias due to the small number of studies. The protocol of the systematic review is registered
in PROSPERO (CRD42022277608).

3. Results

As shown in Figure 1, there were 22 studies included in the review. The key characteristics
of these studies are presented in Table 1. Among these studies, 16 were cohort studies

(5 prospective cohort and 11 retrospective cohort study) and 6 were case-control studies.
Eleven of the included studies were conducted in China, while the other Eleven studies were
conducted in the United States involving large population cohorts (N > 10,000) with diverse
race and ethnicity backgrounds. Exposures to multiple air pollutants (O3, PM5 5, PM1q, SO»,
NO, and CO) during the preconception period has been investigated for their associations
with children’s health outcomes. Thirteen studies assessed the effect of more than one air
pollutant, whereas nine studies assessed the effect of only one air pollutant (PMy 5 or PMy).
In all studies, air pollution exposure was quantitatively assessed as ambient concentrations
and used as a continuous exposure independent variable. Air pollution concentrations

were generated by utilizing established air pollution models with ambient concentrations
measured at a monitoring station close to the participants’ residence or birth hospital. For
the preconception time window of exposure, despite some heterogeneities, most studies (N =
20) use three months (80-90 days or 12 weeks) as an exposure window (Chen et al., 2021a,
2021b, Ha et al., 2017; Jo et al., 2019; J. Li et al., 2021, 2021; Liu et al., 2020; Lu et al.,
2021, 2017; Mao et al., 2017; Mendola et al., 2016; Nobles et al., 2019; Ren et al., 2018;
Seeni et al., 2018; Williams et al., 2021; Yao et al., 2016; Zhang et al., 2020; Zhu et al.,
2015, H. Li et al., 2021, Kalkbrenner et al., 2015; McGuinn et al., 2020). However, one
study (Sun et al., 2021) assessed air pollution during 0 — 28 days before conception using

a distributed lag model (DLM), and another study (Deng et al., 2016) assessed average air
pollution exposure for one year before conception. The exposure levels of air pollutants vary
across studies as well. For instance, studies conducted in China showed PM, 5 levels well
above 50 pg/m?3, while those conducted in the United States had a mean of 10 ug/m3 (Table
1). All studies examined the effect of maternal preconception exposure while omitting
paternal exposures. Potential confounders that studies adjusted for include maternal age,
gestational age, race, parity, smoking or alcohol use during pregnancy, and body-mass index
(BMI). Lastly, all included studies showed high or moderate quality in the Newcastle-Ottawa
Assessment Scale (NOS) Quality Assessment. The Newcastle-Ottawa assessment is scored
out of 9 points based on three sections: selection (4 points), comparability (1 point), and
exposure (3 points). All 22 studies scored with 7 or more points were considered of good
quality thus were included in the review. Most of these studies used medical records

for outcome assessment, but two studies (Deng et al., 2016; Lu et al., 2017) relied on
self-reported disease information from participants, therefore they received a deduction of
one point. Some studies have not adjusted for marital status (Li et al., 2021, 2021; Lu et
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al., 2021, 2017; Yao et al., 2016; Zhang et al., 2020), while some studies have not adjusted
for the spatial and temporal trend of the air pollution levels and disease outcomes (Yao et
al., 2016; Williams et al., 2021; Deng et al., 2016; Mendola et al., 2016). Therefore, we
deducted one point due to lack of comparability of the cohort. Two case-control studies have
not reported response rate (Chen et al., 2021a, McGuinn et al., 2020) so they received a one
point deduction as well. Details of the NOS Quality Assessment of each study is presented
in Table S2. We found all studies were funded by research grants from public sources (Table
S3).

There are large heterogeneities of health outcomes assessed by the included studies.
Pregnancy and birth outcomes are most studied, specifically birth defects (Figure 2),

low birthweight and small for gestational age (Figure 3), and preterm birth (Figure 4).
These outcomes were mainly assessed at the time of birth (Table 1). Three studies (Jo

et al., 2019; Kalkbrenner et al., 2015; McGuinn et al., 2020) (Figure 5) assessed autism
spectrum disorder (ASD) between ages 0 — 8 (Table 1). Other health outcomes that have
been investigated include perinatal mortality (Williams et al., 2021), transient tachypnea,
asphyxia (Seeni et al., 2018), fetal growth restriction (Nobles et al., 2019), termination
of pregnancy, pregnancy loss (Sun et al., 2021), overweight in childhood (Mao et al.,
2017), eczema (Deng et al., 2016; Lu et al., 2017), psychomotor development index
(PDI), and mental development index (MDI) (Li et al., 2021). Across studies, consistent
associations were found between preconception exposure to air pollution (O3, PM3 5, PM1g,
SO,, NO,, and CO) and a higher risk for birth defects, low birthweight, or preterm birth,
although heterogeneities and inconsistencies exist. The GRADE assessment of pregnancy
outcomes, birth outcomes, and ASD is presented in Supplemental Materials (Table S3-
Table S6). We found the overall sample size is large for birth defects, low birthweight,
preterm birth outcomes, and ASD, however, there are also inconsistencies across studies
and heterogeneities in air pollutant levels and associations. We found moderate quality
of evidence for PM1 and PM5, 5 preconception exposure on birth defects and PM; g
preconception exposure on birthweight (Table S3 — Table S6), while other air pollution
— outcome associations were of low quality.

Five studies assessed the association between preconception air pollution exposure on birth
defects (H. Li et al., 2021; Liu et al., 2020; Ren et al., 2018; Yao et al., 2016; Zhang et al.,
2020; Zhu et al., 2015) (Figure 2). Although all or some of the criteria pollutants (O3, PM5 5,
SOy, NO», CO, and PM1) regulated by the US Environmental Protection Agency were
examined in some studies, most studies only assessed the effects of particulate matter (PM, 5
and PMy) on birth defects. Of 4 studies on PM1g and 2 studies on PM, 5, a consistent
positive association was observed between PM;q or PM> 5 exposure and the risk of birth
defects or congenital anomalies (Ren et al., 2018), including oral cleft (Liu et al., 2020;

Yao et al., 2016; Zhu et al., 2015) and neural tube defects (H. Li et al., 2021; Zhang et

al., 2020). A 10 pg/m3 increase in PM;q exposure during the 3-month preconception period
was associated with a 6% (95% confidence interval (CI): 2 — 11%) increase in the risk

of birth defects, and PM, 5 exposure was associated with a 14% (95% CI: —=18% - 59%)
increased risk of birth defects. The analysis of PM1q on birth defects showed heterogeneity
(12 = 74.9%, P < 0.05) while less heterogeneity was found with PM 5 (12 = 0.0, P = 0.84).
Furthermore, two studies found that SO, were positively and significantly associated with
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the risk of birth defects or congenital anomalies (Yao et al., 2016; Zhu et al., 2015). These
two studies showed relatively large significant associations between SO, on the risk of birth
defects (RR = 1.62, 95% CI: 1.26, 2.08) per 10 ppb increase of SO, (12 = 0.0, P = 0.58).
Only one study assessed the association of NO5 (Yao et al., 2016), CO, and O3 (Zhu et al.,
2015) with birth defects, and they did not find statistically significant associations. In the
GRADE assessment, we found moderate quality evidence for associations between PMq
and PM5 5 with birth defect outcomes and low-quality evidence of SO, (Table S4). We
upgraded the evidence quality for PM1g and PM, 5 because 1) there are many studies from
areas with low and high pollution levels and 2) the meta-analysis shown some larger effect,
3) existence of animal studies and mechanistic evidence (Tanwar et al., 2018).

Preterm birth was investigated in two studies (Mendola et al., 2016; Williams et al., 2021)
(Figure 3), which assessed the associations of preterm birth with exposure to CO, NO,, O3,
PM1q, PMy 5 and SO,. The pooled results from these studies indicated some inconsistencies
across air pollutants (12 > 80%, P < 0.05). The meta-analysis found a protective effect of O3
for preterm birth (Chen et al., 2021b, Mendola et al., 2016; Williams et al., 2021), showing
the relative risk (RR) of 0.87 (95% CI: 0.76 — 0.99) of preterm birth per 10 ppb increase

of 3-month preconception O3 exposure. However, there are large inconsistencies of these
associations (12 = 97.9%, P < 0.001).

For CO, PM1g, PM5 5, and SO, the associations with preterm birth were not statistically
significant in the meta-analysis. We also found two studies assessing outcomes related to
preterm birth: pregnancy loss, termination of pregnancy (Sun et al., 2021), and perinatal
mortality (Williams et al., 2021). However, both studies did not report statistically
significant associations between 3-month preconception air pollution (PM1g, PMy 5, O3,
and SO5) exposures and the risk of these outcomes. We characterized the evidence linking
air pollution exposure during the preconception period and preterm birth as low quality due
to the inconsistencies between the relatively small number of observational studies available
(Table S5).

Low birthweight (birth weight less than 2,500g) and small for gestational age (SGA, less
than 10th percentile in the distribution of birthweight for a given gestational age and sex
at birth) were investigated in four studies (Chen et al., 2021a; Ha et al., 2017; Nobles
etal., 2019; Williams et al., 2021) (Figure 4). These studies assessed the associations of
exposures to CO, NO,, O3, PMyg, PM; 5 and SO, during the preconception period with
the risk of SGA. For most of these air pollutants, there were non-statistically significant
associations. The pooled RR estimates for a 100 ppb increase in 3-month preconception
CO exposure was 1.00 (95%Cl: 0.99, 1.01), and the pooled RR estimate for a 10 pg/m3
increase in 3-month preconception exposure to PM1g and PM5 5 were 0.99 (95% CI: 0.94,
1.04) and 0.99 (95% CI: 0.96, 1.02), respectively. However, three studies found that O3 was
negatively associated with low birthweight, with a pooled RR of 0.98 (95%Cl: 0.95, 1.00)
per 10 ppb increase of 3-month preconception O3 exposure (Ha et al., 2017; Nobles et al.,
2019; Williams et al., 2021). The pooled results of O3 on the low birthweight also showed
heterogeneity across three studies (12 = 69.6%, P = 0.037). Two studies investigated fetal
growth restriction (Nobles et al., 2019) and childhood obesity (Mao et al., 2017). Nobles
et al. found that preconception exposures to SO, NOx, NO,, CO, PMy 5 and PM1q were
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positively associated with fetal growth restriction, while O3 showed a negative association
(Nobles et al., 2019). Mao et al. found that increasing 3-month preconception exposure to
PM, 5 was associated with an increased risk of childhood obesity (Mao et al., 2017). We
characterized the quality of evidence linking air pollution exposure and low birthweight as
generally low. However, we upgraded the quality for PM, 5 to moderate (Table S6) because
we found four studies that assessed this association in both China and United States with
consistent findings (12 = 23.7%, P = 0.269) despite not achieving statistical significance.
Additionally, there are several animal experimental studies providing mechanistic evidence
linking preconception PM> 5 exposure and birthweight, which further increased the quality
of this evidence (Xu et al., 2019; Veras et al., 2008).

We found three studies that assessed effects of preconception NO,, O3, PM4g and

PM, 5 exposure (Jo et al., 2019; Kalkbrenner et al., 2015; McGuinn et al., 2020) on

autism spectrum disorder (ASD). The pooled associations between preconception air
pollutant exposure and ASD did not reach statistical significance (Figure 5), therefore we
characterized the quality evidence as low in GRADE assessment (Table S7). Besides ASD,
other neural developmental outcomes including psychomotor development index (PDI) and
mental development index (MDI) were assessed (J. Li et al., 2021). It was found that average
3-month preconception exposure to PMs 5 was significantly associated with a lower risk of
PDI and not significantly associated with MDI by age 2 (J. Li et al., 2021).

Lastly, we found five studies that analyzed associations of preconception air pollution
exposure with children’s respiratory and allergic outcomes, including respiratory disease
syndrome, transient tachypnea, asphyxia, childhood pneumonia, asthma, and eczema (Deng
etal., 2016; Lu et al., 2021, 2017; Seeni et al., 2018; Williams et al., 2021). For respiratory
distress syndrome (RDS), one study found an inverse association between 3-month CO
preconception exposure and the risk of RDS (Seeni et al., 2018); while two studies found
inverse associations between preconception PM, 5 exposure and RDS (Seeni et al., 2018;
Williams et al., 2021). No significant association was found with other air pollutants (NO»,
O3, PM1g, or SO,) and RDS (Lu et al., 2021; Seeni et al., 2018; Williams et al., 2021). For
childhood pneumonia, only one study found a positive association of 3-month preconception
PM1g and SO, exposure (Lu et al., 2021). Two studies found positive associations of
3-month preconception exposure to NO, with asthma, allergic rhinitis, and eczema (RR
=1.19 (95% CI: 1.04, 1.37) per 1 IQR increase), but not consistently for PM4g and SO,
exposures (PM1g: RR = 1.05 (95% CI: 0.90, 1.23) per 1 IQR increase; SO,: RR = 1.12 (95%
Cl: 0.97, 1.29) per 1 IQR increase).

4. Discussion

In this systematic review, we found a large heterogeneity for studies in terms of air pollutant
types, exposure assessment methods, and health outcomes. We found that birth defects,

birth weight (low birth weight and small for gestational age), preterm birth, and autism
spectrum disorder have been investigated in more than two studies, while other health
outcomes were only investigated in one or two studies. Other health outcomes included
perinatal mortality (Williams et al., 2021), transient tachypnea, asphyxia (Seeni et al., 2018),
fetal growth restriction (Nobles et al., 2019), termination of pregnancy, pregnancy loss
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(Sun et al., 2021), childhood obesity (Mao et al., 2017), eczema (Deng et al., 2016; Lu
etal., 2017), psychomotor development index (PDI), mental development index (MDI)

(J. Lietal., 2021), asthma, eczema (Deng et al., 2016; Lu et al., 2017) and childhood
pneumonia (Lu et al., 2021). In addition to heterogeneity of health outcomes assessed in
these studies, we also found heterogeneities in levels of air pollutants across studies. Due to
the small number of studies and large heterogeneity among studies, we have not conducted
an analysis to assess biases of the studies. We found moderate quality of evidence for PM1q
and PM5, 5 preconception exposure on birth defect and PM, 5 preconception exposure on
birthweight, while other air pollution — outcome associations were of low quality. There is
an evidence base supporting associations of maternal preconception air pollution exposure
and children’s health outcomes, specifically preconception particulate matters (PM1q and
PM, 5) exposure on birth defects and birth weight. However, we are not able to conclude
direction of associations between preconception exposure and health outcomes because

the reviewed studies were observational in design and there were large heterogeneities in
exposure assessment methods and effect estimates across the studies.

Previous systematic reviews and meta-analyses have been conducted for the associations
between maternal air pollution exposure during pregnancy and birth outcomes and children’s
health outcomes (Li et al., 2017; Stieb et al., 2012). Compared to a high number of studies
of prenatal gestational air pollution exposure, fewer studies have examined the effects of
preconception exposure. Therefore, we were not able to provide reliable pooled estimates of
associations between preconception air pollution and children’s health outcomes.

Most of the studies in this review used air pollution exposure data from fixed air pollution
stations that were closest to residential addresses of participants (Liu et al., 2020; Lu et al.,
2021; Sun et al., 2021; Yao et al., 2016; Zhang et al., 2020) or the hospital where children
were born (Zhu et al., 2015) to represent individual air pollution exposure. Other studies
applied exposure models to extrapolate monitoring station measurements to participants’
residential address (Chen et al., 2021a, 2021b; Ha et al., 2017; Jo et al., 2019; J. Li et

al., 2021; Mendola et al., 2016; Nobles et al., 2019; Ren et al., 2018; Seeni et al., 2018;
Williams et al., 2021). These exposure assessment methods based on outdoor air pollution
monitoring stations could be biased from individual air pollution exposure (Steinle et al.,
2013; Xie et al., 2017). As a result, future studies should consider more precise exposure
assessment methods, such as personal exposure assessment, spatial-temporal model with
activity patterns, and better time-solved exposure assessment. Additionally, future studies
should treat air pollution as a mixture of various air pollutants and use exposure mixture
analysis to assess the preconception effects of multiple air pollution exposures. There may
be a synergistic effect from co-pollutants or interactions between co-pollutants in terms of
exerting adverse health effects, so it is important to research this in the future.

The majority of the studies used pollutant concentrations averaged over 3 months prior to
conception date to represent preconception air pollution exposure. Only one study (Sun et
al., 2021) applied a distributed lag model (DLM) to assess the daily critical time window
of exposure to PMy 5, PM1g and O3 during the preconception period on termination of
pregnancy, pregnancy loss, and birth defect. Three months before conception, however,
may not represent the most susceptible time window for air pollution exposure, considering
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the different maturing process of gametes in father and mother and how air pollution

may uniquely affect each (Sharma and Agarwal, 2011). Female gametes are susceptible

to environmental pollution in the critical window of 2 weeks before conception (Sharma
and Agarwal, 2011), while male gametes (sperm cells) have a critical window of 3 months
before fertilization of the zygotes. Therefore, future studies of air pollution preconception
exposure should consider these critical windows of exposure and provide separate maternal
and parental exposure assessments that align with the biological process of gametes that may
be affected by epigenetics leading long-term effects on fetus development and children’s
health. Considering air pollution during preconception can have varying effects depending
on the gender of the parent and in those with preexisting disease such as asthma (Tiotiu

et al., 2020), future studies are needed to separately investigate both maternal and paternal
effects and populations with comorbidities.

Currently, a few cohort studies have been designed and developed to study various risk
factors during the preconception period (Harville et al., 2019; Wang et al., 2019). They

are enrolling both maternal and paternal participants during the pre-pregnancy period to
investigate health effects of nutritional factors, tobacco use, and substance use. Exploring
the role of air pollution and other environmental factors in these prospective preconception
cohort studies will help identify potential independent or synergistic effects of air pollution
exposures in both parents. Therefore, more long-term follow-up of the outcomes such as
trajectories of phenotypes and biomarkers are needed to ascertain the effect of preconception
exposure to air pollution on disease development and progression.

Based on the Developmental Origins of Health and Disease (DOHaD) hypothesis (Mandy
and Nyirenda, 2018), exposure to environmental risk factors such as air pollution

during critical prenatal periods could affect the plasticity of development, leading to

the development of diseases in children and adults. Several animal experimental and
toxicological studies have provided evidence showing critical windows of preconception
air pollution exposure. One study found that exposure to concentrated ambient particles
(CAP) for 6 weeks decreased male offspring birth weight, yet increased growth trajectory
and adipose mass in adulthood (Xu et al., 2019). A second study found that ambient
levels of PM generated by urban traffic affected the maternal side of the placental interface
between the mother and fetus causing reduced fetal weights (\Veras et al., 2008). Another
study found that preconception exposure to un-filtered ambient air, compared with filter
air exposure, resulted in morphological changes in the placenta and uterine environment,
suggesting the decreases in fetal weight correlated to decreased maternal blood space and
volume due to air pollution exposure (Veras et al., 2008). In addition, an animal study
suggested that preconception exposure to PM> 5 resulted in global cardiac dysfunction

in adult offspring (Tanwar et al., 2018). These toxicological studies implied biological
mechanisms of preconception air pollution exposure and children’s health.

Although the animal studies provided mechanistic insights, human studies incorporating
pathophysiological pathway assessments are needed to confirm whether these findings can
be translated to humans and to improve the causal evidence to support the observational
associations between exposure and outcomes. For example, urine and blood sample
collections can be incorporated into future human health studies (Harville et al., 2019),
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although it’s challenging due to these samples needing to be collected during the
preconception period. Leveraging cohort resources with banked biospecimens can be

a workable strategy. In addition, epidemiological study designs such as randomized
intervention trials (e.g., indoor air purification or wearing N95 facemask) can be used to
support causal inference. We acknowledge that it would be difficult for interventions to
target the population during the preconception period, however, marriage-based intervention
study could provide an example to causally study health outcomes of air pollution exposure
during preconception (Pillarisetti et al., 2020).

Since we found that existing studies that have been conducted in cohorts and populations in
China or the United States, there is minimal geographical diversity. Different air pollution
levels between China and United States provide evidence for high and low air pollution
levels, yet this difference may also result in heterogeneity of findings. In the future, studies
on geographical areas such as South Asia, Europe, and Africa are needed to provide

more globally relevant evidence with larger generalizability on the adverse effects of
preconception air pollution exposure.

5. Conclusions

This systematic review identified 22 studies that have examined the association between
preconception maternal air pollution exposure and children’s health outcomes. Air pollutants
examined included PM5 5, PM1g, NO,, SO,, O3 and CO. Health outcomes assessed included
birth defects, preterm birth, autism, respiratory and allergic outcomes. We concluded that
while there is an evidence base supporting associations of maternal preconception air
pollution exposure and children’s health outcomes, variations in effects and sources of
heterogeneity across studies should be explored further. Future studies should consider the
effect of paternal preconception exposure in relation to the effect of maternal preconception
exposure. To support the causality of the epidemiologic associations, future studies should
investigate biological mechanisms using pathophysiologic biomarkers and control for
potential confounding factors using novel study designs such as randomized intervention
trials.
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Highlight

. 22 studies from 2 countries assessed preconception air pollution on children’s
health

. Birth defects show most significant association with preconception air
pollution

. Preterm birth, birthweight and respiratory outcomes show large
heterogeneities

. Studies of critical preconception window with improved exposure method are

needed
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Figure 1.

Flowchart Showing the Study Selection and Screening Processing.

Environ Pollut. Author manuscript; available in PMC 2024 February 01.




1duosnuepy Joyiny 1duosnuely Joyiny 1duosnue Joyiny

1duosnue Joyiny

Blanc et al.

Name

co

Zhu, 2015*
NO,

Yao, 2016*

O3

Zhu, 2015*

PMjq

H. Li, 2021

Liu, 2020

Yao, 2016*

Zhang, 2020

Zhu, 2015*

Subtotal (I-squared =74.9%, p = 0.003)

Ren, 2018*
Zhu, 2015*
Subtotal (I-squared = 0.0%, p = 0.838)
SO,

Yao, 2016*

Zhu, 2015* €

L 4

Py
*
-

*
Y

&>

Subtotal (I-squared =0.0%, p = 0.575)

NOTE: Weights are from random effects analysis

for each pollutant

:v>
—_——
e
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ES (95% Cl)

1.35 (1.07, 1.69)
1.04 (0.69, 1.56)
0.62 (0.33, 1.16)

1.07 (1.02, 1.12)
1.04 (1.01, 1.07)
1.01 (0.95, 1.07)
1.10 (1.07, 1.13)
2.28 (1.19, 4.38)
1.06 (1.02, 1.11)

1.13 (0.80, 1.60)
1.29 (0.39, 4.31)
1.14 (0.82, 1.59)

1.61(1.25, 2.07)

> 4.18(0.15, 115.52)

1.62 (1.26, 2.08)

%
Weight

100

100

100

23.38
27.85
20.09
28.19
0.49
100

91.73
8.27
100

99.55
0.45
100

|
2

Figure 2.

Forest Plot Showing the Associations of Preconception Air Pollution Exposure with Birth
Defect per 10 ug/m3 (for PM, 5 and PM;) or 10 ppb (for NO», SO, and O3) or 100 ppb
(for CO) increase in 3-month Preconception Average Concentration. (ES: effect size; Cl:

confidence interval). *Indicating converted effect size from the original article
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Chen, 2021b*

Mendola, 2016*

Subtotal (l-squared = 98.4%, p = 0.000)

NO,

Chen, 2021b*

O3

Chen, 2021b*

Mendola, 2016* «—

Williams, 2021*
Subtotal (l-squared = 97.9%, p = 0.000)

PM;jo

Chen, 2021b*

Mendola, 2016*

Subtotal (l-squared = 98.5%, p = 0.000)

PMzs

Chen, 2021b*

Mendola, 2016*

Williams, 2021*

Subtotal (l-squared = 94.5%, p = 0.000)

SO,

Chen, 2021b*

Mendola, 2016*

Williams, 2021*

Subtotal (l-squared = 98.0%, p = 0.000)

NOTE: Weights are from random effects analysis

for each pollutant
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ES (95% Cl)

1.80 (1.56, 2.07)
1.00 (0.99, 1.02)
1.34 (0.76, 2.37)

3.85(2.06, 7.19)

0.07 (0.04, 0.12)
0.96 (0.94, 0.98)
1.00 (0.99, 1.01)
0.87 (0.76, 0.99)

1.80 (1.53, 2.10)
0.89 (0.85, 0.94)
1.26 (0.63, 2.50)

1.77 (1.41, 2.22)
0.83 (0.75, 0.91)
0.93 (0.91, 0.94)
1.06 (0.84, 1.34)

10.57 (6.30, 17.74)

0.51 (0.37, 0.72)
0.84 (0.81, 0.86)
1.61 (0.50, 5.18)

Weight

37.27
62.73
100

100

1.67
47.95
50.38
100

27.60
72.40
100

10.61
31.98
57.41
100

3.80
8.50
87.70
100

I
.0369

Figure 3.

Forest Plot Showing the Associations of Preconception Air Pollution Exposure with Preterm
Birth per 10 pg/m3 (for PM, 5 and PM1) or 10 ppb (for NO,, SO, and Og) or 100 ppb

(for CO) increase in 3-month Preconception Average Concentration. (ES: effect size; Cl:
confidence interval). *Indicating converted effect size from the original article
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Ha, 2017*

Nobles, 2019*

Subtotal (I-squared =33.8%, p =0.219)
NO,

Nobles, 2019*

03

Ha, 2017*

Nobles, 2019*

Williams, 2021*

Subtotal (I-squared =69.6%, p = 0.037)

PM;q

Ha, 2017*

Nobles, 2019*

Subtotal (I-squared =61.8%, p = 0.106)

PM, 5

Chen, 2021a

Ha, 2017*

Nobles, 2019*

Williams, 2021*

Subtotal (I-squared =23.7%, p = 0.269)
SO,

Ha, 2017*

Nobles, 2019*

Williams, 2021*

Subtotal (I-squared =78.8%, p = 0.009)

NOTE: Weights are from random effects analysis

for each pollutant
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ES (95% Cl)

0.99 (0.98, 1.00)
1.00 (0.99, 1.02)
1.00 (0.99, 1.01)

1.03 (0.97, 1.08)

0.98 (0.95, 1.00)
0.92 (0.87, 0.98)
0.99 (0.99, 1.00)
0.98 (0.95, 1.00)

0.97 (0.94, 1.00)
1.02 (0.97, 1.07)
0.99 (0.94, 1.04)

1.08 (0.85, 1.37)
0.93 (0.86, 1.00)
1.00 (0.91, 1.10)
1.00 (1.00, 1.00)
0.99 (0.96, 1.02)

0.94 (0.86, 1.03)

s

L 2

1.31 (0.87, 1.97)
1.09 (1.06, 1.12)
1.04 (0.91, 1.19)

%
Weight

50.55
49.45
100

100

14.27
2.74
82.99
100

66.98
33.02
100

0.20
1.88
1.34
96.57
21.94

9.20
0.48
90.31
100

1
507

Figure 4.

Forest Plot Showing the Associations of Preconception Air Pollution Exposure with Small
for Gestational Age per 10 pg/m3 (for PM5 5 and PMyg) or 10 ppb (for NO,, SO,, and O3)
or 100 ppb (for CO) increase in 3-month Preconception Average Concentration. (ES: effect
size; Cl: confidence interval). *Indicating converted effect size from the original article
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%

Name ES (95% ClI) Weight
NO,
Jo, 2019 — 1.07 (0.99, 1.15) 100
O,
McGuinn, 2020* — 1.00(0.98, 1.02) 54.12
Jo, 2019* —_— 0.99(0.95,1.02) 45.88
Subtotal (l-squared =0.0%, p = 0.530) <> 1.00(0.98, 1.01) 100
PMio
Kalkbrenner, 2015 - 0.94 (0.82, 1.08) 21.79
Jo, 2019* —_— 1.03(0.97,1.09) 7821
Subtotal (l-squared = 33.4%, p=0.221) <> 1.01(0.93, 1.09) 100
PM, 5
Jo, 2019* g > 1.17(1.05,1.32) 48.02
McGuinn, 2020* 1.00(0.90, 1.12) 51.98
Subtotal (l-squared =74.5%, p=0.048) — — 1.08 (0.92, 1.27) 100
NOTE: Weights are from random effects analysis for
each air pollutant

|

I
.759 1 1.32

Figure 5.
Forest Plot Showing the Associations of Preconception Air Pollution Exposure with Autism

Spectrum Disorder per 10 pug/m3 (for PM5 5 and PMyg) or 10 ppb (for NO,, SO5, and O3)
increase during 3-month Preconception Period. (ES: effect size; Cl: confidence interval).
*Indicating converted effect size from the original article
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