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Abstract

Purpose of Review—Review how to use metabolomic profiling in causal mediation analysis to
assess epidemiological evidence for air pollution impacts on birth outcomes.

Recent Findings—Maternal exposures to air pollutants have been associated with pregnancy
complications and adverse pregnancy and birth outcomes. Causal mediation analysis enables us to
estimate direct and indirect effects on outcomes (i.e., effect decomposition), elucidating causal
mechanisms or effect pathways. Maternal metabolites and metabolic pathways are perturbed by air
pollution exposures may lead to adverse pregnancy and birth outcomes, thus they can be
considered mediators in the causal pathways. Metabolomic markers have been used to explain the
biological mechanisms linking air pollution and respiratory function, and of arsenic exposure and
birth weight. However, mediation analysis of metabolomic markers has not been used to assess air
pollution effects on adverse birth outcomes. In this article, we describe the assumptions and
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applications of mediation analysis using metabolomic markers that elucidate the potential
mechanisms of the effects of air pollution on adverse pregnancy and birth outcomes.

Summary—The hypothesis of mediation along specified pathways can be assessed within the
structural causal modeling framework. For causal inferences, several assumptions that go beyond
the data—including no uncontrolled confounding—need to be made to justify the effect
decomposition. Nevertheless, studies that integrate metabolomic information in causal mediation
analysis may greatly improve our understanding of the effects of ambient air pollution on adverse
pregnancy and birth outcomes as they allow us to suggest and test hypotheses about underlying
biological mechanisms in studies of pregnant women.

Keywords

Air pollution; Adverse birth outcomes; Metabolomics; Causal mediation analysis; 4-way
decomposition

Introduction

Maternal exposures to air pollutants and their mixtures from various sources have been
associated with pregnancy complications and adverse birth outcomes including preterm birth
and low birth weight [1-4]. In addition, these complex exposures have also been shown to
affect fetal development and neurodevelopment in offspring [4—7]. Since air pollution is
widespread and increasing in certain countries, the substantial public health impacts of
adverse birth outcomes and their long-term health sequelae will have to be addressed if these
associations are deemed causal [8]. Determination of a causal relationship would have
implications for the burden of disease measures and require strategies to mitigate these
health effects of air pollution exposure. Experimental studies suggested that endocrine
disruption, oxidative stress, inflammatory response, and DNA damage may be contributing
to adverse pregnancy and birth outcomes associated with maternal air pollution exposures
[9-11]. Yet, while little mechanistic insight has thus far been gained from studies of human
pregnancy, if statistical tools combined with omics data to identify causal (biological)
pathway from air pollution to reproductive health become feasible and available for
epidemiologic studies, results based on these approaches may not only increase plausibility
but also help establish causality.

In 2005, Christopher Wild proposed the concept of the exposome, which highlighted the
need for comprehensive environmental exposure assessment tools to better understand
causal links between complex exposures and disease [12]. The concept of the “exposome”
has further evolved to not only encompass more sophisticated characterizations of the
external environment through measurement and modeling but has been further defined to be
the “cumulative measure of environmental influences and associated biological responses
throughout the lifespan, including exposures from the environment, behavior, diet, and
endogenous processes” [13]. The exposome definition that incorporates the biological
responses to exposures was made possible through the rapid development of high-
dimensional analytical platforms that provide researchers with opportunities to conduct
omic-level biological response profiling of biofluids and tissues, facilitating an improved
understanding of how the environment interacts with or disturbs human physiology, and
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leaves biological signatures that ultimately predict human health imbalances and adverse
outcomes [14¢¢]. The metabolome includes all low molecular weight (< 2000 Da) chemical
species present in biological matrices and represents a functional measure of interactions
between the genome, diet, environment, and biochemical processes required for life [15].
Current high-resolution metabolomics (HRM) platforms have the capability to accurately
measure more than 20,000 endogenous and exogenous chemical signals [14, 16]; of which
the alterations in endogenous metabolites can be assembled into biological pathways and
tested for their association with exposures or disease. Thus, metabolomics is beginning to be
adopted more frequently in epidemiologic research to identify exposure signatures, disease
risk traits, and biological pathways linking them.

From the epidemiological perspective, one of the major challenges of an “exposome” study
is assigning causality to an exposure mixture-disease association that would eventually allow
us to identify or design prevention approaches and modulate specific biological pathways
found to be affected. For example, linking air pollution to adverse pregnancy and birth
outcomes requires identifying intermediate metabolites that belong to a causal pathway
between air pollution and adverse pregnancy and birth outcomes: “Meet-in-the-middle’
(MITM) is one of the approaches to effectively identify such intermediate metabolites
related to the exposure and the outcome [17]. Causal mediation analysis or effect
decomposition, first popularized by Baron and Kenny [18], is a widely used epidemiological
method to assess the role of intermediate variables or “mediators” that lie along the causal
path(s) from the exposure (mixtures) to the outcome. Substantial advances in this method
have been made by allowing for nonlinearity and interactions [19-22], as well as multiple
mediators with path-specific effects (i.e., characterizing the mediation effect of a pathway
via mediators) [23-25]. For ethical and feasibility reasons, in many cases, we cannot
conduct large clinical trials in pregnant women in which we would experimentally vary
exposures to potentially toxic air pollutants. The application of mediation analysis to inform
this topic is a reasonable approach allowing for causal interpretations from observational
studies. Furthermore, finding causal (biological) mediators might offer intervention targets
(such as diets or medications) when it is difficult to intervene on the primary exposure in a
timely manner. This is important when it is not easy to develop feasible interventions or in
order to choose between alternative interventions as we develop strategies for mitigating
risks for exposed mothers and infants. To date, mediation analysis has rarely been applied in
environmental epidemiology studies that link air pollution and adverse pregnancy and birth
outcomes, especially for mediators that represent metabolic changes.

In this article, we will first briefly discuss the current state of epidemiological findings for
air pollution and adverse pregnancy and birth outcomes. Then, we will describe causal
mediation analysis in general, followed by a discussion of how metabolomics can be used to
generate an “omics-* type mediator in pregnancy outcome research. The integration of
causal inference into an omics approach may facilitate the discovery of causal biomarker
pathways and improve our knowledge of the pathophysiology involved in air pollution—
related adverse pregnancy outcomes. Finally, we also discuss the potential limitations and
challenges of implementing mediation analysis in general and also specifically with “omics”
data.
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Air Pollution and Adverse Pregnancy and Birth Outcomes: Implementing
Mediation Analysis

Why Is This Topic Important?

Over the past two decades, numerous epidemiological studies have reported associations for
maternal exposure to air pollutants including nitrogen oxides (NO,, NOXx), particulate matter
(PM1q, PM5 5), carbon monoxide (CO), and ozone (Og), and pregnancy complications such
as preeclampsia, hypertension, and gestational diabetes and adverse birth outcomes
including preterm birth and low birth weight [1-3, 26-31]. The literature has been
strengthened considerably by data-rich birth cohort studies such as studies that pooled data
across 14 birth cohorts from 12 European countries showing that associations of PM, 5 with
term low birth weight did not change after adjustment for many potential confounding
variables [5, 6]. Even though the overall evidence for adverse impacts of air pollution on
pregnancy is now substantial, the heterogeneity of results still fuels debates and nurtures
doubts about causality. This is the case even though inconsistencies may be attributable to
differences in exposure levels, pollution sources (from traffic to coal burning), and their
toxic components and mixtures, or differences due to vulnerable gestational windows for
outcomes. For example, one birth cohort study located in a low exposure area—the
Norwegian MOBA study [32]—did not observe positive associations overall between
modeled traffic-related air pollution (NO>) and preeclampsia (OR = 0.89; 95% CI 0.74-
1.08); however, for women living in Oslo, the city with the highest exposures, an association
was suggested (OR = 1.27; 95% CI 0.83-1.95). A three times larger study conducted in
Southern Sweden, an area with similar air pollution levels as in Oslo, estimated relatively
strong increases in preeclampsia (OR = 1.51; 95% CI 1.32-1.73) for the highest quartile of
NOy derived from a complex multiple source emissions model, and weaker effects for a
simple measure of high traffic density within 200 m of a home (OR = 1.10; 95% CI 0.94—
1.30) [30]. The same Swedish study also reported an increased risk for gestational diabetes
both with the emissions model for NOx (OR = 1.69; 95% CI 1.41-2.03) and their simple
traffic density measure (OR = 1.23; 95% CI 1.01-1.51). Meanwhile, an earlier study from
the Netherlands did not find an association between residential proximity to traffic and
preeclampsia (OR = 1.14; 95% CI 0.71-1.82) or gestational diabetes (OR = 0.79; 95% ClI
0.35-1.81) but was only a tenth of the size of the Swedish study with less than half the
gestational diabetes prevalence [33]. Thus, differences in air pollution levels and mixtures as
well as differences in air pollution measurement approaches may contribute to
inconsistencies in results. Also, weak exposure contrasts may require unrealistically large
sample sizes or a very high disease prevalence to allow for the reliable estimation of air
pollution effects in epidemiologic studies. Here, we suggest that some of these limitations
preventing us from causally interpreting results from observational epidemiology studies can
be overcome by using approaches that allow us to gain insights into biological pathways
affected by air pollutants in human pregnancy.

Causal Mediation Analysis: a Causal Inference Tool in Environmental Epidemiology

Applying causal inference methods in environmental epidemiology is important for
advancing the field as it is often challenging to generate experimental data in pregnant
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women for environmental toxicants such as air pollution or many chemicals. Also, for
pregnancy-related disorders, laboratory (animal or cell) model systems are rather limited in
terms of generalizability to human conditions. Causal mediation analysis is one of the causal
inference methods that allow us to decompose the total effect into indirect and direct effects.
Estimating mediated effects through biomarkers for a system’s response to exposure has
received great interest in environmental health as these markers may reveal underlying
biological mechanisms. These markers establish biological plausibility if they are indicative
of alterations to endogenous pathways related to the health outcome under investigation and
are associated with the studied exposure. In fact, they may represent biologically relevant
mechanisms linking air pollution and adverse pregnancy and birth outcomes. However, the
simple comparison of the models with and without adjusting for such intermediate
biomarkers may not provide either an indirect or direct effect particularly due to the
potential “collider-stratification” bias when we fail to fully adjust for confounders between
the intermediate variables and outcomes [34, 35]. Thus, a growing literature in
environmental epidemiology has used modern mediation analysis approaches that allow us
to investigate causal effect mechanisms in terms of mediation and interaction [36, 37].

How Causal Mediation Analysis Works

Modern causal mediation analysis has been formalized under the structural causal model
(SCM) and the potential outcomes framework to allow for identification and estimation of
the indirect and direct effects of an exposure on an outcome [36]. The indirect effect refers
to the effect of the exposure on the outcome that is mediated by the specified mediator. The
direct effect refers to the effect of the exposure on the outcome through all other unspecified
mechanisms. We can also estimate the proportion mediated—the proportion of the total
effect that is due to the effect through a specific mediator on the causal path from the
exposure to the outcome—Dbased on the estimated indirect and total effect sizes. Here, we
used directed acyclic graphs (DAGs)—a graphical tool to represent causal relationships
among variables by linking them through arrows [38, 39]—to briefly introduce causal
mediation analysis. In Fig. 1, we let X denote the exposure, Y denote the outcome, M denote
the mediator, and C denote a set of confounders. Each arrow represents each causal effect of
one variable on another. For example, the arrow X=>M=>Y represents the indirect effect of
X on'Y mediated through M, and the arrow X=>Y (not through M) represents the direct
effect of X on Y not mediated through M.

Within the causal mediation analysis framework, there are several approaches to decompose
the total effect including natural decomposition (where the mediator is set to the individual-
specific value that it would attain under a specific exposure intervention), controlled
decomposition (where the mediator is set to a fixed value for all individuals in the study
population), and mixed decomposition (notably, the 4-way decomposition). Mediation
analysis supports 2-, 3- or 4-way decomposition of the total effect into 2, 3, or 4
components, respectively. The 2-way decomposition is commonly used and yields the
natural direct and indirect effects [36, 40]. A 4-way decomposition goes further and
estimates (A) the effect of X on Y due to neither mediation by M nor interaction between X
and M (controlled direct effect), (B) the effect of X on Y due to interaction between X and
M only (reference interaction effect), (C) the effect of X on Y due to both mediation by M
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and interaction between X and M (mediated interaction effect), and (D) the effect of X on Y
due to mediation by M only (pure indirect effect). Figure 2 represents each effect using
DAGs. In these DAGS, we let X x M denote the interaction between X and M. The 4-way
decomposition approach is general in the sense that certain combinations of these four
components correspond to other decompositions [41, 42]. For example, we can estimate the
proportion attributable to interaction by summing the reference interaction effect and the
mediated interaction effect. Further examples can be seen in Table 1 and elsewhere [41, 42].
Counterfactual expressions, empirical analogues, and each step of how to estimate these
effects can be found in [41¢]. Examples of SAS and SPSS macros [43], R packages [44, 45],
and Stata command [46] that allow for exposure-mediator interactions are also available.

To causally interpret the estimated indirect and direct effects, causal mediation analysis
requires rather strong assumptions [36e¢]. One of these assumptions is conditional
exchangeability: (i) the causal path from the exposure (X) to the mediator (M) is not
confounded given the covariates (C) controlled for; (ii) the causal path from the exposure
(X) to the outcome () is not confounded given the covariates controlled for; (iii) the causal
path from the mediator (M) to the outcome () is not confounded given the covariates (C);
and (iv) there should not be a mediator-outcome (M-Y) confounder that is affected by the
exposure (X). We need assumptions (iii), and (iv) even when using randomized controlled
trials (RCT) because the RCT only assures no confounding between the exposure (X) and
the outcome (), and between the exposure (X) and the mediator (M), i.e., the mediator (M)
is not randomized. Bias analysis approaches have been proposed in the context of causal
mediation analysis to assess the robustness of the findings to the assumption of unmeasured
confounding [48, 49]. Other causal modeling assumptions needed are positivity, consistency,
no model misspecification, and no other sources of bias.

Several approaches have been developed to conduct mediation analysis such as a regression-
based approach [21, 42], a weighting-based approach [50], a g-computation approach [41,
51], a simulation-based approach [52], and a generalized mixed-effect model approach [53].
These models are flexible and allow us to conduct mediation analysis for complex situations
including time-to-event outcomes, longitudinal data, and multiple mediators [23-25]. More
details about each approach including counterfactual interpretations for each estimated effect
can be found in cited papers and/or methodological reviews [36, 54].

Previous Examples Using Mediation Analysis for the Association Between Air Pollution
and Adverse Pregnancy and Birth Outcomes

Very few studies to date have applied mediation analysis to answer research questions
related to air pollution and reproductive health. One of these is a European study that
examined whether placental mitochondrial DNA (mtDNA) changes implicate biological
pathways leading from prenatal ambient nitrogen dioxide (NO5) exposure to infant birth
weight [55]. Using a regression-based mediation formula, the researchers found that changes
in placental mtDNA content mediated 10% of the association between prenatal NO»
exposure and birth weight and these observations suggested mitochondrial damage of
placental tissue as one biological mechanism for adverse effects of early pregnancy exposure
to air pollution on birth weight. Another example is a study that examined maternal thyroid
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hormone levels (free thyroxine [fT4]) as mediators for inverse associations seen between
maternal exposure to air pollution (particulate matter [PM, 5], black carbon [BC], and
ammonium [NH 4*]) and birth weight [56]. Using a regression-based mediation approach,
this study found that maternal fT4 levels explained 15-20% of the estimated effects of these
air pollutants (i.e., PM2 5 BC, NH 4*) on birth weight Z-score. If this is confirmed in
additional studies and since maternal thyroid function is clinically manageable [57], the
findings from this mediation analysis not only revealed a potential underlying biological
mechanism, but will have public health implication if it is possible to improve birth weight
by intervening on maternal thyroid function among highly exposed mothers for whom a
reduction of air pollution exposures—the intervention of choice—is not possible.

Air Pollution and Adverse Pregnancy and Birth Outcomes Using Mediation

Analysis: Metabolome as the Mediator

Utilizing Metabolites as Mediators

HRM is an ideal tool to study environmental exposures and biological responses to these
exposures in human tissues. With untargeted approaches using high-resolution mass spec-
trometry, it is possible to greatly expand coverage of the metabolome (from several hundred
to several thousand chemical signals) and increase our ability to gain insights not only based
on a few well-studied metabolites, but to integrate across many metabolites and biological
processes. This presents us with the opportunity to more robustly identify general alterations
of metabolic pathways that are implicated by changes in multiple metabolites.

The metabolome provides a central measure linking exposure to internal dose, biological
response, and disease patho-biology. Specifically, if ambient air pollution perturbs
exogenous and endogenous metabolites, the dysregulation identified for specific metabolic
pathways may provide hints about disease etiology. The metabolome response patterns can
also be considered intermediate factors, and it now becomes important to integrate causal
inference method in the analyses in order to quantify the amount of variation in birth
outcomes that are explained by ambient air pollution through pathways implicated by
metabolomic disturbances. Specifically, using mediation analysis (i.e., by treating
metabolites measured on metabolomic platforms as mediators), we can delineate
quantitatively elements of the metabolome that appear to mediate how ambient air pollution
affects adverse birth outcomes.

In the next section, we review current studies of ambient air pollution that used untargeted
metabolomics approaches, with a focus on the pregnancy exposome. Then, we discuss
potential metabolites/metabolic pathways that lie between air pollution exposure and adverse
birth outcomes. Finally, we propose potential applications for mediation analysis on this
topic.

Air Pollution Exposure During Pregnancy and Metabolomics Related to Adverse
Pregnancy and Birth Outcomes

The pregnancy period is especially vulnerable to the impact of environmental exposures as
the fetus not only develops and grows rapidly but organs change in terms of susceptibility to
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stressors and their metabolic maturity [58]. Special efforts have recently been made to
advance the role of the exposome in pregnancy and early life. For example, in Europe, the
Human Early-Life Exposome (HELIX) project provides exposure and biological response
data for more than 1000 mother-child pairs from 6 European birth cohorts [59]. In the USA,
the Children’s Health Exposure Analysis Resource now supports collaboration between
laboratories with different analytic capabilities for assessing biological responses to
exposure in pregnancy and early childhood samples available from different cohorts.

However, less than a handful of metabolomic studies focused on air pollution during
pregnancy and adverse birth outcomes. One study targeted 37 oxylipins reflecting the
cyclooxygenase (COX), lipoxygenase (5-LOX and 12/15-LOX), and cytochrome P450
(CYP) pathways in 197 cord blood samples, and found that exposure to particulate matter
in-utero was associated with lipoxygenase pathways indicative of an inflammatory response
to exposure in the newborn [60].

Our group recently conducted one of the first untargeted metabolomics studies of traffic-
related air pollution exposure during pregnancy [61¢]. We retrieved stored mid-pregnancy
serum samples from 160 mothers who lived in the Central Valley of California known for its
high particulate levels, and estimated traffic-related air pollution exposure (carbon
monoxide, nitric oxides, and particulate matter less than2.5 um) during the first trimester
using the CALINE4 dispersion model. Using liquid chromatography high-resolution mass
spectrometry to obtain untargeted metabolic profiles, we conducted feature selection and
pathway analyses to identify biological pathways related to air pollution exposure. Maternal
exposure to traffic-related air pollution affected oxidative stress and inflammation-related
pathways, including linoleate, leukotriene, and prostaglandin pathways, and these results are
further supported by in vitro and in vivo studies [62-66].

Our study also supports findings observed in other metabolomic studies of air pollution
exposure. In a randomized, crossover trial that enrolled 55 healthy college students and used
the same untargeted metabolomics approach, short-term (9 days) exposure to particulate
matter less than 2.5 pm (PM5 5) induced metabolic changes in serum associated with stress
hormone levels, insulin resistance, and markers of oxidative stress and inflammation [67].
Two other experimental studies using a crossover design identified a variety of metabolic
features associated with short-term traffic-related air pollution exposures including various
acyl-carnitines, which are metabolites from fatty acid oxidation [68, 69]. Recently, a study
measured traffic-related pollutants at multiple ambient and indoor sites at varying distances
from a major highway artery for 12 weeks and collected plasma and saliva samples from 54
healthy college students living near (20 m) or far (1.4 km) from a highway. This research
also identified metabolites and pathways associated with oxidative stress and inflammation,
as well as with nucleic acid damage and repair [70].

Fewer studies focus on long-term air pollution exposure. A cross-sectional study conducted
within the TwinsUK cohort found that oxidative stress and inflammation-related metabolites
such as a-tocopherol, benzoate, and glycine were associated with both long-term air
pollution (annual average PM> 5 concentration) and lung function [71]. Another cross-
sectional study with 59 healthy participants linked year-long ultrafine particle exposure that
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was adjusted for time and activity with metabolic variations related to antioxidant pathways
and endothelial function [72]. In addition, untargeted metabolomics approaches were used in
two case-control studies nested within cohorts to apply the MITM concept; this study also
implicated several oxidative stress and inflammation-related pathways mediating the effect
of air pollution on two health outcomes, i.e., adult-onset asthma and cardio-cerebrovascular
diseases [73].

It is important to note that oxidative stress in pregnancy may cause damage to all major
cellular elements and affect the placenta and its function, therefore contributing to adverse
birth outcomes such as spontaneous abortion, preeclampsia, intrauterine growth restriction,
low birth weight, and preterm delivery [74—77]. Previous studies also have shown
associations between elevated circulating levels of inflammatory markers and preterm birth
and low birth weight [78-80]. Given the contribution of oxidative stress and inflammation-
related pathways to adverse birth outcomes and their central role with air pollution exposure,
these pathways are logical mediators (biomarkers) for the adverse effect of ambient air
pollution on birth outcomes. Thus, it would be valuable to conduct a formal mediation
analysis to quantify the contributions of these pathways for different outcomes.

Current Literature

A literature search using the electronic database MEDLINE (through November 30, 2019)
did not identify any study that investigated air pollution and adverse birth outcomes as being
mediated through individual metabolites or metabolic pathway-level alterations. This
approach has however been introduced for other health outcomes. For example, a Dutch
study focused on short-term ambient air pollution exposure changes (e.g., PM, NO,, NOy,
O3) by exposing 31 volunteers to ambient air pollution at five different locations for 5 h and
collecting blood for untargeted metabolic profiling before and after exposure (493 blood
samples and 3873 metabolic features) [69]. They employed causal mediation analyses for
the effects of air pollutants on respiratory health outcomes (e.g., forced vital capacity (FVC),
forced expiratory volume in 1s (FEV1)) through a change in metabolic features that were
associated with both the exposure and the outcome. This study serves as a proof of principle
for the feasibility of conducting formal mediation analysis with complex air pollution
exposures and untargeted metabolomics data even with a relatively small sample size.
Despite the challenging issues of mediation analysis including the above-mentioned strong
assumptions and statistical power issues, we believe that this causal inference tool may be
useful in metabolomic studies to disentangle causal pathways from ambient air pollution to
adverse pregnancy and birth outcomes. In the next section, we comment on potential
challenges.

Implications for Future Studies and Challenges

Given the above-mentioned potential for assessing causal mechanisms between air pollution,
metabolomics, and adverse birth outcomes, more research is needed that uses mediation
analysis and metabolomics profiling. Figure 3 shows examples of causal diagrams for
mediation analysis using metabolomic markers/profiles as a single or multiple mediator(s).
Figure 3a is a simple setting that defines a single metabolomic pathway as a mediator on the
causal pathway between air pollution and adverse birth outcome. However, this simple
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situation may not be appropriate given the multi-factorial interaction between metabolites.
Figure 3b represents a multiple mediator setting that requires more advanced methods (e.g.,
ordered or sequential mediation analysis) to identify mediation effects across multiple
metabolic pathways. Figure 3c represents an alternate multiple mediator setting that does not
require us to assume an order for mediating pathways. One of the approaches to estimate
such a combined mediation effect is to consider multiple mediators (i.e., pathway 1, 2, ... &)
as a single set of mediators and estimate an indirect effect through at least one of the
mediators without having to disentangling them. More details and discussions of how to use
multiple mediators are described elsewhere [23].

One of the hurdles of using mediation analysis with omics data is the necessity of dealing
with high-dimensional data. For example, some but not all metabolites included as potential
mediators may be associated with the exposure and/or the outcome (after adjusting for the
exposure). To overcome this problem, variable pre-selection may be needed to identify
metabolites that do best represent a pathway using statistical approaches such as “sure
independence screening” [81] and marginal association tests based on false discovery rate
[82] in addition to prior knowledge about metabolites and pathways. Another solution is a
transformation model using spectral decomposition [83], where mediators are transformed
based on a principal component analysis and become uncor-related given exposure, and we
can estimate mediation effects using a series of low-dimensional models. Further details on
strategies for addressing these issues can be found elsewhere [83, 84].

In addition to the high-dimensionality problem, we need to consider the following issues
when applying mediation analysis to address this research topic:

Confounding: As described above, we need fairly strong exchangeability assumptions for
mediation analysis, i.e., the exposure-outcome, exposure-mediator, and mediator-outcome
associations should not be confounded by unmeasured variables [36+¢]. To overcome this
limitation and make causal claims, sensitivity analyses to assess the potential strengths of
such a bias are recommended [22]. Moreover, as multiple pathways may contribute to the
effects of air pollution on adverse birth outcomes, the assumption that no mediator-outcome
confounder is being affected by exposure needs to be carefully considered.

Measurement error: Personal air pollution exposure measures are—on the surface—the
most accurate exposure measures. However, collecting a personal measure is neither feasible
in large populations nor over long periods of time and they are not necessarily the exposure
of interest, in contrast to ambient air pollution and its sources that are subject to regulation.
Ambient air pollution exposure is often estimated via complex spatial modeling based on
emissions, land use, or monitoring data. This exposure assessment may be affected by
measurement error due to the spatial misalignment of the monitoring data [85, 86]. On the
other hand, ambient exposure measures may not suffer from confounding by personal risk
factors and issues of reverse causation [87]. Measurement error may also affect the
mediators (i.e., metabolomics), as their measured levels may depend on dynamic reactivity,
structural diversity, and the timing of sample collection [88], such that it can be challenging
to measure intensities accurately or annotate metabolites correctly. Careful sample
preparation (quenching, extraction, etc.) is needed to reduce the inter-conversion among
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metabolites. Metabolic profiles measured by LC-MS are also subject to limitations of the
analytical platform in terms of limits of detection, dynamic ranges, and reproducibility [88].
However, these measurements are becoming more and more standardized and the use of
repeated measurements and authentic standards can mitigate these measurement errors.

Temporality: In mediation analysis employed to infer causation, it is critical to establish
temporality well such that the mediator (metabolomics measurement) occurs after exposure
(air pollution), and before outcome (adverse birth outcomes). Timing can be established in
longitudinal cohorts where the biosample extraction clearly precedes the diagnosis of a
disease. However, for rare outcomes such as gestational diabetes or birth defects, only case-
control data may be available, which makes it much more challenging to resolve the
temporal ordering from exposure to metabolite to outcome. One possible solution is using
stored biological samples that were collected early enough in pregnancy and prior to the
development of the disease in a nested case-control study design [89].

Time window: Specific to the research question, there may be a cumulative effect of air
pollution exposure and it might be challenging to identify the most relevant timing or period
of exposure for the outcome of interest. Biological knowledge may help to decide on the
critical window of exposure. Furthermore, the blood metabolome is dynamic and some of its
pathways are influenced by factors such as medications, exercise, or diet [90]. Thus, if these
pathways are of interest, it is critical to time and standardize the collection of biosamples for
all study participants as much as possible.

Statistical power: To perform mediation analysis and obtain a valid effect estimate, we
need a sufficiently large sample size. As with statistical power in general, the magnitude of
the estimated effects in each pathway (i.e., the pathway from the exposure to the mediator(s)
and the pathway from the mediator(s) to the outcome) is also important and may determine
whether we are able to identify the mediation effect. Although previous studies have
provided some first insights into issues of statistical power and sample size for mediation
analysis [91, 92], power is hard to determine particularly when multiple mediators and/or
interactions between exposure and mediator(s) need to be considered. Furthermore,
determining the sample size for metabolomic studies is particularly challenging due to the
high-dimensionality and multicollinearity of the variables. The number of measured
metabolites depends on the analytical platform and is often unknown a priori without
preliminary data. In addition, multiple comparison correction is required with tens of
thousands of metabolic features being tested [93]. In summary, the power calculations for a
mediation study that involves metabolic profiling depend on multiple factors including the
analytical platform and choice of exposure and outcome, and there is still no standard
method available.

Conclusion

Despite the substantial advances in formulating principles of mediation analysis and a
growing number of applications of such methods in environmental epidemiology over the
last decade, investigations into the causal relationship between ambient air pollution and
adverse birth outcomes mediated through biomarkers are currently rare. Studies that
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integrate metabolomic information in causal mediation analysis and carefully weigh
assumptions may greatly improve our understanding of the effects of ambient air pollution
on adverse pregnancy and birth outcomes. They may also allow us to suggest and test
hypotheses about underlying biological mechanisms in studies of pregnant women.
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C > X > M > Y

Fig. 1.
Causal diagram representing simple mediation. Legend: X: the exposure, M: the mediator,

Y: the outcome, C: a set of confounders.
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a Controlled direct effect b Reference interaction effect

C—X—M——Y C—X—>*M—>Y

Nt N~

C Mediated interaction effect d Pure indirect effect

C—X—/M —>Y C—»X—/—M——>Y

\XjM/ \‘XjM/

Fig. 2.

Cagusal diagram with the interaction representing a 4-way decomposition [47]. Legend: X:
the exposure, M: the mediator, X x M: the interaction between the exposure and the
mediator, Y: the outcome, C: a set of confounders. Red line shows each effect. a Controlled
direct effect. b Reference interaction effect. ¢ Mediated interaction effect. d Pure indirect
effect
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a

—

Confounders —— Air pollution Metabolomic Adverse birth outcome
pathway

Confounders — Air pollution —  Pathway 1 ——  Pathway 2 —— Adverse birth outcome

Confounders —— Air pollution Pathway 1 Adverse birth outcome
S E Pathway 2 7
Pathway k

Fig. 3.

E)?amples of causal diagrams of multi-omic research questions using mediation analysis. a
represents a single metabolomic pathway as a mediator on the causal pathway between air
pollution and adverse birth outcomes. b represents multiple ordered metabolomic pathways
as mediators on the causal pathway between air pollution and adverse birth outcomes. ¢
represents multiple metabolomic pathways treated as an unordered set of mediators on the
causal pathway between air pollution and adverse birth outcomes
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