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Executive Summary

EPA released the Integrated Review Plan for the Ozone National Ambient Air Quality (External Review
Draft) (herein referred to as the "draft IRP") in October 2018. The draft IRP reviews key findings from
EPA's prior ozone assessment and outlines its approach for the forthcoming Integrated Science Assessment
(ISA) and Health Risk and Exposure Assessment (REA). The draft IRP also refers to the Preamble to the
ISAs, which outlines the general process used by EPA for developing the ISAs, including the overall
framework for evaluating evidence and making causal conclusions (US EPA, 2015).

The draft IRP has a useful summary of several important overarching principles; however, the draft IRP
and the Preamble do not provide sufficiently specific instructions for all phases of the analysis. As they
currently stand, these documents do not have sufficient detail to ensure that studies are identified and
reviewed in a systematic and consistent manner or integrated in a way that considers study quality and the
coherence of results across studies, both within and across disciplines. Further, the current causal
framework is biased in the direction of affirmative causal determinations.

The draft IRP should be revised to include the following:
= A detailed, objective, and transparent systematic review protocol for the ISA that includes details

for each step of the review process;

* A more objective and robust causality evaluation system, ideally the Institute of Medicine (IOM)
framework upon which the existing framework is based;

= (lear study selection criteria and a thorough, well-described study quality evaluation system;

* An a priori methodology for evidence integration that includes a detailed process for integrating
evidence included in the 2013 ISA with new evidence, including a consideration of new evidence
that may impact the previous causal determinations; and

= Methods for evaluating at-risk factors (i.e., effect modifiers, such as pre-existing disease) with the
same rigor as those for evaluating studies of ozone health effects.

With respect to the potential forthcoming REA, the draft IRP provides very little detail. It should:

= Explain how it will determine whether new information, tools, or methods address uncertainties
discussed in the last review.

= Better characterize the uncertainty surrounding controlled exposure studies, and all aspects of
uncertainty should be quantitatively addressed in risk estimates.

= Indicate that it will consider a threshold concentration-response function when modeling the risk
of ozone-induced health effects, if data allow.

The Clean Air Scientific Advisory Committee (CASAC) should recommend that EPA provide a more
detailed, objective, and transparent methodology in the ozone IRP, as laid out in the bullets above. This
will limit potential biases in the ISA and REA, help ensure that the analyses can be reproduced by others,
and increase confidence in the causal determinations regarding ozone-associated effects.
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1 Introduction

EPA released the Integrated Review Plan for the Ozone National Ambient Air Quality (External Review
Draft) (herein referred to as the "draft IRP") in October 2018 (US EPA, 2018). The draft IRP reviews key
findings from EPA's prior assessment, outlines its approach for the forthcoming Integrated Science
Assessment (ISA) and Health Risk and Exposure Assessment (REA), and briefly discusses plans for the
Policy Assessment and Proposed and Final Decisions. The draft IRP has a useful summary of several
important overarching principles; however, as discussed in more detail below, it should provide a more
explicit methodology for the ISA to ensure that it is conducted in a robust, transparent, and reproducible
manner. It should also better describe how EPA plans to evaluate and resolve any discrepancies in evidence
published before versus after the previous ISA review. In addition, the IRP should provide more detailed
information on specific approaches and methods for a potential REA.

I have prepared these comments on the draft IRP with funding from the American Petroleum Institute;
however, the opinions expressed are my own. The sections that follow are arranged in the order of
discussion in the draft IRP. Section 2 includes comments on the Science Assessment, as presented in draft
IRP Chapter 4. In Section 3, we provide brief comments on the quantitative risk and exposure assessments,
as presented in draft IRP Chapter 5. Finally, in Section 4, we provide specific recommendations for the
Clean Air Scientific Advisory Committee (CASAC) to consider as it provides feedback to EPA on the draft
IRP.
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2 Science Assessment

The draft IRP (and ISA) need to provide a more detailed protocol.

The draft IRP presents the ISA development steps in Figure 4-1 and indicates the steps are described in
greater detail in the Preamble to the ISAs. The Preamble, which is intended to serve as a companion
document to ISAs, outlines the general process used by EPA for developing the ISAs, including the overall
framework for evaluating evidence and making causal conclusions (US EPA, 2015). The Preamble
discusses several important considerations for robust scientific review, including an analysis of strengths
and limitations of the available evidence. However, both the Preamble and the draft IRP primarily discuss
overarching principles; neither provides specific instructions with sufficient detail. The Preamble should
be thought of as a standard operating procedure for [ISAs, and the IRP as the pollutant-specific protocol for
the ISAs and other assessments. In both cases, step-by-step instructions are necessary. As they currently
stand, these documents do not have sufficient detail to ensure that studies are identified and reviewed in a
systematic and consistent manner, or integrated in a way that considers study quality and the coherence of
results across studies within and across disciplines. In addition, the National Ambient Air Quality Standards
(NAAQS) causal framework tends to bias determinations in the direction of causality (see Section 2.7).
Finally, the current framework is not detailed enough for replication by others.

We understand that these documents need to maintain some flexibility to allow for pollutant- and discipline-
specific issues and an iterative process, but a certain degree of prescriptiveness is required to facilitate a
transparent, objective assessment. The IRP should include a protocol that includes well-developed methods
for the literature search strategy (including keywords and databases to be used'); study inclusion/exclusion
criteria’; the process for data extraction and quality control; specific, prescriptive criteria for evaluating
study quality; potential analyses (e.g., pooling results across studies, as in a meta-analysis); and ozone-
specific methods for evidence integration and causality determinations (including plans for assessing data
gaps, limitations, and uncertainties in the evidence and the overall systematic review). While the draft IRP
contains information for some of these steps, others are undeveloped or lack critical details. Given that this
assessment is informed by the 2013 ISA, many of the challenges and critical issues surrounding ozone-
related health effects have already been identified (i.e., problem formulation is well developed), so
providing a detailed protocol in the IRP should be achievable. Developing a detailed a priori protocol for
the systematic review will limit potential biases in the review and help ensure that its results can be
reproduced by others.

Below we provide several examples for considerations that should be included in both the IRP and the ISA,
based on a review of several systematic review/weight-of-evidence approaches, including another EPA
office (e.g., EFSA, 2017; TCEQ, 2017; US EPA, 2018; Goodman et al., 2013, 2015; Rhomberg et al.,
2013). In addition, we have attached a recent analysis by Zu et al. (2018) on long-term exposure to ozone
and asthma that shows how these aspects should be laid out in the IRP and applied in the ISA and REA.

! These are provided in the draft IRP, but keywords are far too general ("ozone") and should be further tailored.

2 The draft IRP contains only exclusion criteria regarding study type. The IRP should also include other exclusion criteria. For
example, animal toxicity studies of mixed pollutant exposures that do not conduct statistical analyses on the independent effects of
ozone should be excluded.
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2.1 Scope of the ISA (4.3.2)

All existing and new studies should be evaluated and weighed based on their relative quality.

The draft IRP states that the focus of the forthcoming ISA will be studies published since 2011, and new
evidence will be synthesized and integrated in the context of the conclusions from the previous review.
EPA indicates it will more fully evaluate any effects in which conclusions were less certain (i.e., "likely to
be causal," "suggestive," or "inadequate," as described below), and new information has become available.
For those health effects for which the 2013 ISA concluded that evidence was sufficient to infer a causal
relationship, EPA "will integrate and synthesize the new evidence, placing emphasis on policy-relevant
considerations, such as the concentrations at which effects are observed, and characterizing the extent to
which new studies address key uncertainties and limitations identified in the previous review or provide
insight on new issues."

There are a few issues with this approach. Perhaps most importantly, study quality was not sufficiently
considered in the 2013 ISA, which resulted in conclusions that were not based on the true weight of
evidence. It is not clear how new evidence and that previously considered will be integrated if study quality
is not considered in a consistent manner across all studies. In addition, the draft IRP does not explain what
will be done if new evidence adds uncertainty (i.e., is contradictory) to existing conclusions. New evidence
will need to be assessed for quality, and all studies (existing and new) should be weighed according to their
relative study quality to determine whether the 2013 ISA causal conclusions should be revised.

2.2 Literature Search and Selection of Relevant Studies (4.3.3)

The IRP should provide more detail regarding its literature search strategy.

The draft IRP describes a literature search strategy, but it does not provide specific search terms other than
"ozone" and, as noted before, provides limited specific study inclusion and exclusion criteria. The IRP
should be updated to include more refined search terms and additional clarity with regard to some of the
automated literature search and selection tools EPA plans to use, such as the SWIFT-Active Screener
software. All of this should be determined a priori, with any changes documented and discussed in the
ISA. EPA should consider closely following the Cochrane Review process, which serves as a basis for
several weight-of-evidence (WoE) frameworks, such as the Office of Health Assessment and Translation
within the National Toxicology Program (The Cochrane Collaboration, 2011; NTP OHAT, 2015). EPA
should also consider the methods of EPA/OPPT outlined in the new Toxic Substances Control Act (TSCA)
systematic review guidance (US EPA, 2018). For example, the TSCA framework recommends conducting
a pilot study to test the search screening and inclusion criteria for full text screening and tagging, and
suggests stipulations regarding conflict resolution strategies. This allows a place to stop and revise
processes that may not be working as well in practice as anticipated. As long as process modifications are
documented, these iterative search and selection methods will ensure the most relevant and useful data are
identified in a consistent manner for inclusion in the ISA.

The draft IRP notes that study inclusion and exclusion decisions will be documented in the HERO database
but does not state what these criteria are. This is a critical step, and it should be stated in the IRP. A specific
example of a list of criteria is provided in Zu et al. (2018):

We included peer-reviewed observational studies of humans that evaluated the associations
between long-term ozone exposure (defined as approximately 30 d or longer induration;
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US EPA, 2013a) and incident asthma (i.e. incidence, incidence rate or lifetime prevalence
of asthma). We excluded studies that met any of our exclusion criteria: laboratory animal
or in vitro studies; experimental studies; reviews; editorials; commentaries;
correspondence/communications; letters to the editor; studies that were not published in
English; studies that did not evaluate long-term exposure to ambient ozone (e.g. studies
that evaluated short-term exposure or indoor exposure); studies that did not evaluate
incident asthma (e.g. studies that evaluated prevalence of asthma or asthma exacerbation);
and studies that did not report specific results on the associations between long-term ozone
exposure and incident asthma.

It is also important that the process of study screening and selection for a systematic review is clearly
presented. An example summary of this information is shown in Figure 1 of Zu ef al. (2018). This is
expected of all systematic reviews to ensure that no relevant study is ignored, and so that the literature
searches and study selection can be reproduced by others.

Finally, it is standard systematic review practice to have two independent reviewers conduct the literature
search and study selection and have a third person resolve disagreements (see, for example, discussion of
this process in the TSCA framework [US EPA, 2018] and Goodman et al., 2015). The IRP should indicate
whether this is the case for the I[SA.

2.3 Discipline-specific Scoping, Searching, and Screening (4.3.4)

Statistical significance and biological significance should be considered.

The draft IRP outlines the scope of the ISA using PECOS (i.e., populations, exposures, comparators,
outcomes, study designs) statements for each realm of evidence. The main components of PECOS
statements are generally clearly written. However, included at the end of each PECOS statement is the
following note: "Also of interest is the lowest concentration that produces a measureable change in risk."
It is unclear what is meant by "measureable." The IRP should more fully describe how EPA will evaluate
this critical issue (which is essentially the point of departure for each identified endpoint). EPA should go
beyond simply determining whether an effect was measureable at all and take into account statistical
significance and biological relevance when evaluating effects. More specifically, the IRP should articulate
how statistical significance is considered when evaluating studies of different designs and in different
disciplines, and it should specify the criteria that define adversity, i.e., when a measurable change reflects
a true increase in disease risk, rather than a homeostatic response. This is because a biological effect may
be upstream of an adverse, apical effect, but the occurrence of such an effect does not necessarily mean that
apical effect will occur (e.g., see Goodman and Lynch, 2017).

2.4 Identification of Policy-relevant Studies (4.3.5)

Study quality should not be a criterion for study inclusion.

The draft IRP indicates that study quality should not be the sole criterion for study inclusion. Study quality
is extremely important when evaluating study results and integrating evidence, but it should not have any
role in determining study inclusion. Study inclusion should be based on relevance alone, so that all studies
that contain relevant information are included. Study quality should be evaluated in a later step in the
process.
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2.5 Evaluation of Individual Study Quality (4.3.6)

The IRP and Preamble should provide explicit details regarding study quality metrics.

On page 4-17, the draft IRP states:

After selecting studies for inclusion, individual study quality is evaluated by considering
the design, methods, conduct, and documentation of each study, but not the study results.
In the ISA for the current review, conclusions about the strength of inference from study
results will be made by independently evaluating the overall quality of each study.

This is extremely important for a systematic review—an evaluation of study quality should be independent
of the results and funding source of that study; it should be based purely on the reported methods, in a
consistent manner across studies. Further, studies with more robust methods should receive more weight
in causal determinations. Currently, the draft IRP provides no explicit rationale for why certain studies are
considered key evidence while others of similar quality are not.

The draft IRP discusses several metrics for evaluating study quality and states that additional considerations
are discussed "in detail in the Preamble to the ISAs." However, these issues are not actually discussed in
detail in either document. Rather, a set of seven general considerations are provided. Notably, criteria are
not specific to each type of evidence (e.g., animal, epidemiology, controlled human exposure). The IRP and
the Preamble should both specify criteria for assessing these metrics and ensure they are applied in a
consistent manner across studies. Further, these quality criteria should be specific to each discipline and
study design. For example, the Integrated Science Assessment for Oxides of Nitrogen — Health Criteria
(US EPA, 2016) includes specific criteria for different disciplines (i.e., epidemiology, controlled human
exposure, animal toxicity). Although these criteria are not entirely comprehensive, sufficiently detailed, or
specific to different study designs, they can be used as a starting point for the ozone ISA. For example, the
IRP should discuss all of the ways in which ozone exposure can be measured, the strengths and limitations
of each method, the potential for exposure measurement error, and which methods carry the most weight.
There should also be a discussion of statistical methods used among all studies evaluated and which specific
methods are more robust and why (e.g., whether multiple comparisons have been addressed or whether the
assumption for the Cox proportional hazard model has been tested and satisfied). The IRP should address
specific confounders (e.g., co-pollutants, socioeconomic status, age, weather) in terms of how they are
handled in different studies and their likely impact on results. Other factors the IRP should consider in
detail include measurement bias, measurement precision, replicability of observations, data reliability,
outliers, selective outcome reporting, and fraudulent studies.

It is critical that the ISA evaluates these quality measurements in the same way across studies. For example,
if EPA considers a particular statistical model a limitation for one study, it must consider it a limitation in
all studies that use the same model (unless there is a reason to conclude otherwise; if this is the case, the
ISA should state the reason clearly).

There are numerous study quality evaluation systems, some of which include all lines of evidence (see, for
example, the NTP OHAT and ScriRAP systems [NTP OHAT, 2015; Beronius et al., 2018). Several good
examples of peer-reviewed study quality criteria and evaluations can be found in LaKind ef al. (2018)
Goodman et al. (2018) (in Sections S1.2 in each of the three supplements) and Zu et al. (2018) (Study
Quality Evaluation in Methods and Results and Table 2). These systematic reviews explicitly state the
metrics used to determine study quality for each discipline, and what constitutes higher and lower quality
is also explicitly stated. Quality considerations for each study are tabulated, with studies in rows and study
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quality aspects in columns. All low-quality metrics are highlighted or color-coded, so that the quality of
the literature is clear.

It should be evident from these papers that several study quality metrics are specific to the realm of evidence
(i.e., epidemiology, controlled exposure studies, animal toxicity studies), individual study design, and also
to the exposure and outcome. Quality criteria should not (and cannot) be the same for everything. The IRP
should specifiy what these criteria are for the studies the ISA will review, so that the public and CASAC
can review the criteria and make recommendations.

Study quality criteria need to be applied to every study reviewed in the ISA, including animal toxicity and
in vitro studies and studies evaluating "at-risk" factors. By precisely defining and applying study quality
criteria to all studies, the ISA will be more transparent and balanced.

In addition, the past ISAs did not sufficiently address study quality when evaluating exposure-response
data. While the lack of a thorough, systematic study quality evaluation is an issue for determining causation,
it is even more problematic in the context of concentration-response relationships. For causal
determinations, studies need to establish the presence of an effect following an exposure, but for
concentration-response relationships, studies need to not only establish the presence of an effect, but also
the magnitude of an effect in relation to the level of the exposure. The draft IRP should articulate detailed
and more stringent quality considerations for the concentration-response data, because they will have the
most impact on the level of the ozone NAAQS.

Finally, a related, but separate, issue to study quality is study relevance. This can be an issue for
epidemiology studies (e.g., generalizability, relevance to the US population), but it is a critically important
consideration for toxicity and mechanistic studies. The IRP should explicitly state criteria that must be met
for study results to be considered relevant.

2.6 Integration of Evidence and Determination of Causality (4.3.7)

Evidence integration and causal determination methods should be more robust and explicit.

The draft IRP indicates that EPA will use a structured framework to integrate and classify the weight of
available evidence, as described in the Preamble to the ISAs (US EPA, 2015). Specifically, EPA will
classify the weight of available evidence for health and welfare effects according to the NAAQS causal
framework, based on a five-level hierarchy: (1) causal relationship; (2) likely to be a causal relationship;
(3) suggestive of, but not sufficient to infer, a causal relationship; (4) inadequate to infer the presence or
absence of a causal relationship; and (5) not likely to be a causal relationship. This hierarchy is similar to
the Institute of Medicine (IOM) report Improving the Presumptive Disability Decision-making Process for
Veterans (I0M, 2008), except that the IOM recommended four levels of evidence categories for causation.
Unlike the IOM determinations, however, the exact process whereby causal conclusions are reached in the
ISA are not entirely clear in either the IRP or the Preamble. Both documents provide only high-level
guidance on the methodology for the ISAs.

The draft IRP notes that the key issues considered in evaluating causality include "consistency of findings
for an endpoint across studies, coherence of the evidence across disciplines and across related endpoints,
and biological plausibility." As indicated in the Preamble, this is based on EPA's modified Bradford Hill
aspects. Both the original and modified Bradford Hill aspects (i.e., strength of association, consistency and
coherence, biological plausibility, biological gradient or exposure-response, specificity, temporality of
effect, and adversity) are useful tools for evaluating causation. This is because it may be difficult to ascribe
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observations to causation if these aspects are not met, whereas it may be difficult to ascribe observations to
anything other than causation if they are met. However, as discussed in Goodman et al. (2013), EPA's
application of the causal framework for NAAQS reviews is not congruent with the judgments based on the
original or modified Bradford Hill aspects. For example, the NAAQS framework claims to rely heavily on
the aspect of consistency across studies in its categorization scheme, but, in practice, it does not always
fully evaluate consistency or fully incorporate aspects such as coherence, biological plausibility, biological
gradient, and strength of association.

The draft IRP indicates that "studies in which chance, confounding, and other biases could be ruled out
with reasonable confidence are sufficient to infer a causal relationship." However, "reasonable confidence"
is not explicitly defined; it is unclear how one can determine what is reasonable, particularly considering
all studies have at least some methodological limitations and some uncertainties in results (e.g., the
possibility for residual confounding and other issues). Any WoE evaluation, by definition, involves a
consideration of all lines of evidence in a consistent manner. It is not about resolving all uncertainty but,
rather, determining whether the evidence as a whole supports causation more than it supports a lack of
effect. If co-pollutants cannot be addressed or results are inconsistent, the WoE may indicate a lack of
causality or inadequate evidence to assess causation. If positive effects in well-conducted, high-dose animal
studies cannot be extrapolated to humans, this does not constitute suggestive evidence; instead, these effects
are essentially uninformative regarding causation in humans. Not every study evaluating a criteria pollutant
is informative for evaluating human health risk, and EPA should not place undue weight on studies that are
not relevant or informative.

With regard to the process of evidence integration, the draft IRP indicates that all types of evidence may
not be given equal consideration in the ISA. For example, the draft IRP states, "Other information including
mechanistic evidence, toxicokinetics, and exposure assessment may be drawn upon if relevant to the
evaluation of health effects and if of sufficient importance to affect the overall evaluation." Mechanistic
information, in particular, should be considered concurrently with the other bodies of evidence during the
evidence integration process. Well-conducted, relevant mode-of-action studies, if their results are relevant
to humans, should be given equal weight to well-conducted controlled human exposure studies, for
example.

It is notable that the NAAQS causal framework requires only one high-quality study for evidence of causal
relationship to be deemed suggestive. Using this definition, high-quality studies that are inconsistent with
evidence of an association may exist but—as long as one high-quality study demonstrates an effect—there
would still be enough evidence to constitute a suggestive relationship. Instead, all studies (including
positive, null, and negative evidence) should be reviewed using the same criteria. Then, the evidence should
be evaluated as a whole—not only based on how much evidence supports (or counters) the hypothesized
causal effect, but how separate lines of evidence support (or contradict) one another. That is, it is critical
to determine the most likely explanation for discrepancies across studies by evaluating all of the evidence
and not selectively considering evidence that supports or counters a given hypothesis. In situations where
there are multiple, but inconsistent, high-quality studies, the appropriate conclusion is that the evidence is
inadequate to determine causality.

Many of the issues noted above could be resolved if EPA revises the NAAQS framework to make categories
for causal determination more similar to the IOM framework on which it was based originally (See Table
2.1, below). As noted above, the IOM framework does not have a "suggestive" category; the presence of
suggestive animal studies but weak or inconsistent human evidence, for example, warrants a "below
equipoise" determination. This translates to a conclusion that "the evidence is not sufficient to conclude
that a causal relationship is at least as likely as not, or is not sufficient to make a scientifically informed
judgment." Using the NAAQS framework in this same example would likely lead to a "suggestive of a
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causal relationship" determination. This demonstrates how the NAAQS causal framework biases
conclusions toward causality.

Fully adopting the IOM approach would allow EPA to evaluate all evidence in a consistent manner using
well-specified criteria and determine whether, as a whole, it constitutes evidence for causation or is more
likely indicative of an alternative hypothesis. EPA should proceed with a risk assessment on a particular
health effect only if the evidence is clearly supportive of causation (i.e., equipoise and above in the IOM
framework). With regard to evidence integration methodology, EPA should consider reviewing and
drawing from the recent European Food Safety Authority (EFSA) Guidance on the Use of the Weight of
Evidence Approach in scientific assessments (EFSA, 2017).

Regardless of whether the overarching framework is revised for the purposes of the forthcoming ISA, the
ozone IRP should be revised to provide a detailed description of how EPA will evaluate causality in a
consistent manner, considering these critical issues. As discussed above, while it is necessary for the IRP
to maintain some flexibility to allow for chemical- and study-specific issues and an iterative process, a
certain degree of prescriptiveness is required to facilitate a clear, objective assessment. Descriptions of the
evidence integration methods and the process of causal determinations require the highest level of detail,
so that the basis for EPA's conclusions is clear.

Table 2.1 I0M's Recommended Categories for the Level of Evidence for Causation

Causal Determination Evidence

Sufficient The evidence is sufficient to conclude that a causal relationship exists. For
example: (a) replicated and consistent evidence of an association from several
high-quality epidemiologic studies that cannot be explained by plausible noncausal
alternatives (e.g., chance, bias, or confounding); or (b) evidence of causation from
animal studies and mechanistic knowledge; or (c) compelling evidence from animal
studies and strong mechanistic evidence from studies in exposed humans,
consistent with (i.e., not contradicted by) the epidemiologic evidence.

Equipoise and Above The evidence is sufficient to conclude that a causal relationship is at least as likely
as not, but not sufficient to conclude that a causal relationship exists. For
example: (a) evidence of an association from the preponderance of several high-
quality epidemiologic studies that cannot be explained by plausible noncausal
alternatives (e.g., chance, bias, or confounding) as well as animal evidence and
biological knowledge consistent with a causal relationship; or (b) strong evidence
from animal studies or mechanistic evidence that is not contradicted by human or
other evidence.

Below Equipoise The evidence is not sufficient to conclude that a causal relationship is at least as
likely as not, or is not sufficient to make a scientifically informed judgment. For
example: (a) consistent human evidence of an association that is limited by the
inability to rule out chance, bias, or confounding with confidence, and weak animal
or mechanistic evidence; or (b) animal evidence suggestive of a causal relationship,
but weak or inconsistent human and mechanistic evidence; or (c) mechanistic
evidence suggestive of a causal relationship, but weak or inconsistent animal and
human evidence; or (d) the evidence base is very thin.

Against The evidence suggests the lack of a causal relationship. For example: (a) consistent
human evidence of no causal association from multiple studies covering the full
range of exposures encountered by humans; or (b) animal or mechanistic evidence
supportive of a lack of a causal relationship.

Notes:
IOM = Institute of Medicine.
Source: I0M (2008).
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2.7 Causality Determination from the 2013 ISA (4.4.1)

The IRP should indicate the ISA will evaluate evidence in an unbiased manner.

The draft IRP indicates in this section that it plans to address this question: "Does the evidence base from
recent studies contain new information to support or call into question the causality determinations made
for relationships between Oz exposure and various health and welfare effects in the 2013 ISA?"

It is notable that the question is phrased such that it is not biased towards information strengthening a causal
conclusion but rather objectively looking at the state of the science as a whole. This phrasing should be
used throughout the IRP. For example, two questions below the previous question, the draft IRP indicates
the ISA will address: "Does new evidence confirm or extend biological plausibility of Os-related health
effects?", which implicitly omits the possibility that new evidence may refute biological plausibility of
ozone-related health effects. Instead, the ISA should evaluate whether new evidence supports or calls into
question the biological plausibility of ozone-related health effects.

2.8 Health Effects (4.4.4)

The IRP should indicate the ISA should determine whether experimental studies support or call
into question causal relationships.

In Section 4.4.4, the draft IRP indicates the ISA will address whether recent controlled human exposure
and toxicity studies "continue to provide support for biologically plausible relationships" between short-
term and long-term ozone exposures and respiratory health effects and whether recent studies report ozone-
attributable effects at lower ozone exposure concentrations or for different durations or patterns of exposure
than indicated by studies available in the last review.

These are very important issues to address. However, as discussed above, as phrased, this implies a bias
toward finding effects. EPA should also consider whether scientific evidence supports the occurrence of
health effects from ozone exposure only at higher concentrations than previously observed. For example,
it is possible high-quality studies have emerged that support a threshold for ozone-related health effects that
is higher than previously thought.

The IRP should describe how the ISA will determine when evidence calls into question a causal association.
For example, it is often the case that evidence indicates a lack of causation to be as likely, or even more
likely, than causation (e.g., if confounders cannot be totally accounted for or if exposure misclassification
causes false positive results). In other cases, mechanistic data should be considered when actual adverse
effects have been established. As discussed above, a biological effect may be upstream of an adverse,
apical effect, but the occurrence of such an effect does not necessarily mean that apical effect will occur
(e.g., see Goodman and Lynch, 2017). When true adverse effects do not occur, it is not appropriate to
conclude that mechanistic data support causality because of the possibility for causation. Instead, one
should conclude the mechanistic evidence alone is non-informative.

2.9 At-Risk Life Stages and Populations and Public Health Impact (4.4.5)

EPA should evaluate "at-risk" factors with the same rigor as it evaluates ozone exposures.
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The draft IRP indicates that the evaluation of recent evidence will build on the conclusions from the 2013
ISA, where application of the at-risk framework to classify evidence demonstrated that these populations
are at increased risk of ozone-related health effects. In the footnote on page 4-29, the draft IRP states

In recent reviews, the term “at-risk” has been used to define populations and lifestages
potentially at increased risk of an air pollutant-related health effect (e.g., see 2013 O3 ISA
and 2016 NOx ISA; U.S. EPA, 2013; U.S. EPA, 2016). At-risk populations can include
those with intrinsic factors that make them more susceptible to pollutant-related effects
(e.g., pre-existing disease, genetic characteristics) or that increase pollutant dose (e.g.,
breathing patterns), and extrinsic factors that could increase pollutant exposures (e.g.,
activity patterns; proximity to sources) (U.S. EPA, 2016, pp. 1xiii to 1xiv).

An "at-risk" factor is more accurately described as an effect modifier, which is a technical term defined in
epidemiology as a variable that modifies the observed effect of an exposure (in this case, ozone) on disease
risk. To the extent that "at-risk" factors are evaluated in the ISA based on epidemiology studies, it may be
more appropriate for EPA to refer to them as effect modifiers, as we do herein.

Setting that aside, as noted in Section 4.3.7 of the draft IRP, EPA's frameworks for both causal
determination and classification of evidence for potential effect modifiers are based IOM framework, but
the former has five categories and the latter four, and the criteria for classification are not the same. It
appears that, although defined differently, the four categories in the IOM framework for effect modifiers
are roughly equivalent to causal relationship, suggestive of a causal relationship, inadequate to infer a
causal relationship, and not likely to be a causal relationship in the NAAQS causal framework; there does
not appear to be an equivalent to the likely to be a causal relationship category. Although one is an
assessment of direct causation and the other an assessment of factors that can contribute to (or prevent)
causation, in both cases, the goal is to critically, systematically, and transparently review the weight of
scientific evidence, paying particular attention to study quality and relevance, and the consistency and
coherence of effects across studies. Ideally, the same rules should be applied for both types of analysis; if
not, there needs to be justification for using different rules to conduct the same type of analysis. As
discussed above, the IRP and ISA should adopt the IOM-recommended categories for the level of evidence
for causation, which consider whether the WoE is above or below equipoise (I0OM, 2008).

We also note that issues with the WoE for causal determination apply to the effect modifier classifications
as well (see Goodman et al., 2013). For example, the ISA defines evidence for an effect modifier to be
suggestive if it "is limited due to some inconsistency within a discipline or, where applicable, a lack of
coherence across disciplines." If an inconsistency or a lack of coherence is large enough, it should lead to
a conclusion that the WoE is below equipoise. In these circumstances, the evidence is inadequate to make
a determination as to whether a factor is an effect modifier for an ozone-health endpoint association.
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3 Quantitative Risk and Exposure Assessments

EPA should clarify the REA methods.

The Quantitative Risk and Exposure Assessments Section outlines overarching principles of the risk and
exposure assessment and defines the populations and pollutant concentrations of most interest to public
health for the purpose of policy decision-making. Generally, EPA is most concerned with the nature and
magnitude of exposure and potential risk associated with air quality conditions that just meet the current
standard, particularly in at-risk populations.

With regard to the specific plans outlined for the REA, the draft IRP provides very little detail. EPA
indicates that it plans to focus on key uncertainties and limitations of the analyses conducted for the last
ozone review, considering whether and to what extent new information, tools, or methods could address
these issues. However, the specific methods for identifying and evaluating the value of these new resources
is not discussed.

Further, there is very little discussion on how EPA will decide on the specific analyses most appropriate
for the forthcoming REA. For example, on page 5-18, the draft IRP states, "Given the rapid timeline for
this review, we would expect to focus on a streamlined set of study areas and air quality scenarios compared
to the expansive set assessed in the last review." It is not clear what type of study areas will be assessed,
and thus the IRP should be revised to include this information. It appears as though only urban areas have
been studied in the past, and EPA should consider exploring rural and suburban areas, as well.

The IRP should properly characterize the uncertainty surrounding controlled human exposure
studies.

The draft IRP indicates that for quantitative purposes, EPA will continue to rely upon exposure-based risk
analyses, particularly the analyses used in the last three ozone reviews, which involve comparisons of
estimated population-based ozone exposures while at elevated exertion to benchmark concentrations in the
controlled human exposure studies.

The draft IRP states that the decision to focus on exposure-based analyses is largely based on the many
issues and uncertainties with the epidemiology-based risk analysis, and EPA concludes that it is unlikely
sufficient new information would be available to improve upon issues with the epidemiology risk-based
approach. Overall, this focus on the exposure-based risk analyses is well supported, but the draft IRP should
stipulate that the ISA provide a discussion of how any new epidemiology studies are or are not sufficient
to use such an approach. Further, in general, the description of the way in which the IRP will conduct the
exposure-based risk approach is too general (although there is some indication that the focus will remain
on benchmark concentrations). With regard to the controlled human exposure studies, EPA simply re-
emphasizes conclusions from previous reviews, including "effects reported in controlled human exposure
studies are due solely to O3 exposures, and interpretation of study results is not complicated by the presence
of co-occurring pollutants or pollutant mixtures (as is the case in epidemiologic studies)."

There are numerous controlled human exposure studies of ozone and respiratory outcomes. These studies
are unique in that they involve controlled, experimental conditions with specific ozone exposure levels.
Participants typically also serve as their own controls. As such, we agree that these studies are superior to
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many epidemiology studies on ozone-associated respiratory effects. However, the draft IRP does not
discuss the implications of the limitations of controlled human exposure studies—most notably, that these
studies by design can only induce temporary, reversible effects that may or may not be clinically significant
under real-world conditions, and that the small, homogenous participant populations in these studies limit
the extrapolation of results to the US population. Interestingly, the draft IRP notes the latter issue in Section
4.3.5 but does not mention it in Chapter 5. Therefore, it is unclear how EPA plans to consider issues with
extrapolation of these small studies. The IRP should be revised to include a focus on detailing the specific
methods and tools for addressing these very critical issues when relying on controlled human exposure
studies.

Finally, with regard to the risk assessments, as noted above, the draft IRP suggests that it will again assess
the response to exposure at "elevated exertion." In the previous analysis, ozone exposure and risk were
overestimated because EPA focused on children with "moderate or greater exertion level at the time of
exposure" (and thus, very high ventilation rates) who do not exhibit averting behavior (i.e., staying indoors
when there are high ozone concentrations) (US EPA, 2014, p. 5-2). In addition, in the previous REA,
APEX-modeled FEV| decrements greater than 10%, greater than 15%, and greater than 20% showed a large
degree of both statistical and model uncertainty. The IRP should provide more detail with regard to EPA's
plans to address some of these critical issues from the prior ozone review.

The REA should consider exploring the use of a threshold concentration-response function.

The word "threshold" is not mentioned in Section 5 of the draft IRP. Given that the proposed MoAs for
ozone-induced health effects are likely to operate only above a threshold, the IRP (and the REA) should
consider using a threshold concentration-response function, if data allow.

Uncertainty should be addressed in the risk estimates.

The IRP should include plans to address uncertainties in the risk estimates. To reduce uncertainty overall,
quantitative risk estimates should focus on endpoints for which there is strong evidence of a causal
association, with robust data for both air quality evaluations and concentration-response functions. To the
extent possible, quantitative estimates of uncertainty should be incorporated into the confidence bounds
around risk estimates provided in the REA. If it is not possible to quantify certain aspects of uncertainty,
then the REA should indicate whether the uncertainty is likely to over- or underestimate risks and provide
a qualitative indication of the magnitude of the uncertainty (e.g., high, medium, or low). The IRP should
indicate that, if an aspect of uncertainty could produce both outcomes, the REA should provide examples
of when and how the uncertainty would lead to an under- and overestimate of risks.
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Table 3.1 10M Recommended Categories for the Level of Evidence for Causation

Causal Determination

Evidence

Sufficient

The evidence is sufficient to conclude that a causal relationship exists. For
example: a) replicated and consistent evidence of an association from
several high-quality epidemiologic studies that cannot be explained by
plausible noncausal alternatives (e.g., chance, bias, or confounding); or b)
evidence of causation from animal studies and mechanistic knowledge; or c)
compelling evidence from animal studies and strong mechanistic evidence
from studies in exposed humans, consistent with (i.e., not contradicted by)
the epidemiologic evidence.

Equipoise and Above

The evidence is sufficient to conclude that a causal relationship is at least as
likely as not, but not sufficient to conclude that a causal relationship exists.
For example: a) evidence of an association from the preponderance of
several high-quality epidemiologic studies that cannot be explained by
plausible noncausal alternatives (e.g., chance, bias, or confounding) as well
as animal evidence and biological knowledge consistent with a causal
relationship; or b) strong evidence from animal studies or mechanistic
evidence that is not contradicted by human or other evidence.

Below Equipoise

The evidence is not sufficient to conclude that a causal relationship is at
least as likely as not, or is not sufficient to make a scientifically informed
judgment. For example: a) consistent human evidence of an association
that is limited by the inability to rule out chance, bias, or confounding with
confidence, and weak animal or mechanistic evidence; or b) animal
evidence suggestive of a causal relationship, but weak or inconsistent
human and mechanistic evidence; or ¢) mechanistic evidence suggestive of
a causal relationship, but weak or inconsistent animal and human evidence;
or d) the evidence base is very thin.

Against

The evidence suggests the lack of a causal relationship. For example: a)
consistent human evidence of no causal association from multiple studies
covering the full range of exposures encountered by humans; or b) animal
or mechanistic evidence supportive of a lack of a causal relationship.

Source: 10M (2008).
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Table 3.2 EPA's Weight of Evidence for Causal Determination

Causal Determination

Health Effects

Causal relationship

Evidence is sufficient to conclude that there is a causal relationship with
relevant pollutant exposures (i.e., doses or exposures generally within
one to two orders of magnitude of current levels). That is, the pollutant
has been shown to result in health effects in studies in which chance,
bias, and confounding could be ruled out with reasonable confidence.
For example: a) controlled human exposure studies that demonstrate
consistent effects; or b) observational studies that cannot be explained
by plausible alternatives or are supported by other lines of evidence
(e.g., animal studies or mode of action information). Evidence includes
multiple high-quality studies.

Likely to be a causal relationship

Evidence is sufficient to conclude that a causal relationship is likely to
exist with relevant pollutant exposures, but important uncertainties
remain. That is, the pollutant has been shown to result in health effects
in studies in which chance and bias can be ruled out with reasonable
confidence but potential issues remain. For example: a) observational
studies show an association, but co-pollutant exposures are difficult to
address and/or other lines of evidence (controlled human exposure,
animal, or mode of action information) are limited or inconsistent; or b)
animal toxicological evidence from multiple studies from different
laboratories that demonstrate effects, but limited or no human data are
available. Evidence generally includes multiple high-quality studies.

Suggestive of a causal relationship

Evidence is suggestive of a causal relationship with relevant pollutant
exposures, but is limited. For example, (a) at least one high-quality
epidemiologic study shows an association with a given health outcome
but the results of other studies are inconsistent; or (b) a well-conducted
toxicological study, such as those conducted in the National Toxicology
Program (NTP), shows effects in animal species.

Inadequate to infer a causal
relationship

Evidence is inadequate to determine that a causal relationship exists
with relevant pollutant exposures. The available studies are of
insufficient quantity, quality, consistency, or statistical power to permit
a conclusion regarding the presence or absence of an effect.

Not likely to be a causal relationship

Evidence is suggestive of no causal relationship with relevant pollutant
exposures. Several adequate studies, covering the full range of levels of
exposure that human beings are known to encounter and considering
at-risk populations, are mutually consistent in not showing an effect at
any level of exposure.

Source: US EPA (2015, Table Il).
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4

Recommendation for CASAC

As it currently stands, the IRP does not have sufficient detail to ensure that studies are identified and
reviewed in a systematic and consistent manner or integrated in a way that considers study quality and the
coherence of results across studies, both within and across disciplines. This may result in causality
determinations that are not based on the weight of the scientific evidence. To address this, CASAC should
recommend that the draft IRP be revised to include the following:

A detailed, objective, and transparent systematic review protocol for the ISA that includes
details for each step of the review process. The IRP must include more detail regarding the
specific methodology EPA will employ for the literature search, literature selection, study quality
evaluation, evidence integration, and causality determinations (see Section 2).

A more objective and robust causality evaluation system, such as the Institute of Medicine
(IOM) framework upon which the existing framework is based. The draft IRP uses the NAAQS
causality framework, which is biased toward affirmative causality conclusions (see Section 2.7).
Reliance on a framework that more closely resembles the original IOM framework will lead to
more objective causal conclusions.

Clear study selection criteria and a thorough, well-described study quality evaluation system.
The draft IRP describes only general quality considerations, but not specific criteria (see Sections
2.2-2.5). Specific criteria, and what is required to meet them, are necessary for a systematic,
consistent review.

An a priori methodology for evidence integration that includes a detailed process for
combining evidence included in the 2013 ISA with new evidence. This should include a
description of how inconsistencies between new and existing evidence will be evaluated and the
potential implications for revised causal determinations (see Sections 2.6 and 2.7).

Methods for evaluating at-risk factors (i.e., effect modifiers, such as pre-existing disease) with
the same rigor as those for evaluating studies of ozone health effects. Study quality should be
considered in evaluations of effect modifiers, and conclusions regarding whether something is an
effect modifier should be made using the IOM framework (see Section 2.9).

More detail regarding methods for conducting a potential REA. This includes additional
discussion of new information, tools, or methods that will be used to address uncertainties in the
REA discussed in the last review (see Section 3).

Better characterize uncertainty. This includes uncertainty surrounding controlled exposure
studies. Also, all aspects of uncertainty should be quantitatively addressed in risk estimates (see
Section 3).

Explore the use of a threshold concentration-response function. The IRP should specify that
EPA explore the possibility of a threshold concentration-response function when modeling the risk
of ozone-induced health effects, if data allow. The available mode-of-action evidence suggests that
ozone-associated health effects have a threshold concentration under which they are not likely to
occur (see Section 3).
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Overall, CASAC should recommend that EPA provide a more detailed, objective, and transparent
methodology in the IRP, as laid out in the bullets above. This will limit potential biases in the ISA and
potential REA, help ensure that the analyses can be reproduced by others, and increase confidence in the
causal determinations regarding ozone-associated effects.
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ABSTRACT

Asthma, a chronic respiratory disorder with complex etiology and various phenotypes, is a considerable
public health concern in the USA and worldwide. While there is evidence suggesting ambient ozone
exposure may exacerbate asthma, information regarding the potential role of ozone in asthma develop-
ment is more limited. Thus, we conducted a critical review of observational epidemiology studies to
determine whether long-term ambient ozone exposure is a risk factor for asthma development. We
identified 14 relevant studies; 11 evaluated asthma development in children, while three studies, based
on a single cohort, assessed this outcome in adults. Studies of childhood asthma and long-term ozone
exposure - including exposure in utero, during the first year of life and during early childhood -
reported inconsistent findings, which were further weakened by critical methodological limitations in
statistical analyses and in exposure and outcome assessments, such as exposure measurement error
and a lack of adjustment for key confounders. For adult-onset asthma, long-term ozone exposure was
associated with an increased risk in men but not women. In addition to considerable uncertainties due
to potential exposure measurement error and a lack of adjustment for key confounders, this study has
limited generalizability to the US general population. While experimental evidence indicates that it may
be biologically plausible that long-term ozone exposure could contribute to asthma development, it
does not provide insight regarding an established mode of action. Future research is needed to address
the uncertainties regarding the role of long-term ambient ozone exposure in asthma development.
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Introduction adulthood) may be increased by allergic conditions, obesity,
family history of asthma, and exposures to environmental
allergens and irritants (Ilmarinen et al, 2015; Subbarao
et al., 2009).

Many observational and experimental studies have inves-
tigated the potential association between short-term expos-
ure to ozone and outcomes related to asthma severity, such
as emergency department visits and hospital admissions for
asthma, as well as respiratory symptoms and lung function
changes in asthmatics (reviewed by Goodman et al., 2018).
The evidence from these studies is suggestive of an associ-
ation between short-term exposure to ambient concentra-

Asthma is a common chronic disease and a considerable
public health concern in the USA, with an estimated preva-
lence of 7.7% in adults and 9.5% in children between 2008
and 2010 (Moorman et al., 2012). Globally, the prevalence
of asthma is increasing in many countries, particularly
among children (GINA, 2017). Asthma is a multifactorial,
heterogeneous disease with many clinical phenotypes, each
of which involves chronic airway inflammation, reversible
airway obstruction and airway hyperresponsiveness (AHR)
to various triggers, as well as airway remodeling in later
stages of the disease (Bates et al., 2009; Currie & Baker,

2012; Grainge & Davies, 2013; Myers & Tomasio, 2011;
Noutsios & Floros, 2014; Shin et al., 2009).

The etiology of asthma is complex, and a specific cause has
yet to be identified. For childhood asthma, genetics (e.g. par-
ental asthma), respiratory infections, prenatal exposure to
environmental tobacco smoke (ETS) and premature birth are
well-established risk factors (Bates et al, 2009; Myers &
Tomasio, 2011; Noutsios & Floros, 2014; Subbarao et al.,
2009); other putative risk factors include allergens, traffic-
related air pollution, breastfeeding, family size, and structure
and sex (Subbarao et al., 2009). In contrast, the risk of true
adult-onset asthma (i.e. not a relapse of childhood asthma in

tions of ozone and asthma severity (Goodman et al., 2018).
By contrast, the potential impact of long-term ozone expos-
ure on the development of asthma is unclear. The 2013
Integrated Science Assessment for Ozone and Related
Photochemical Oxidants (ISA; US EPA, 2013a) reviewed
observational epidemiology studies published through 2011
and concluded that the evidence supported long-term ozone
exposure as a risk factor for asthma development in adults
and as an effect modifier in children. Here, we conduct a
critical review that includes more recently published obser-
vational studies that evaluated the association between long-
term ambient ozone exposure and incident asthma.
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Methods
Literature search and study selection

We searched PubMed and Scopus for studies published
through October 2017 that evaluated long-term ozone
exposure and asthma development using the following
terms: (“ozone” OR “air pollution”) AND (“asthma devel-
opment” OR “development of asthma” OR “asthma onset”
OR “onset of asthma” OR “newly onset of asthma” OR
“incidental asthma” OR “incidence of asthma” OR “asthma
incidence” OR “airway hyperresponsiveness” OR “bronchial
hyperresponsiveness” OR “wheeze” OR “wheezing”) AND
(“prospective” OR  “cohort” OR “longitudinal” OR
“epidemiology” OR “epidemiologic” OR “epidemiological”
OR “risk factor” OR “risk factors”). In addition, we cross-
referenced the ozone ISA (US EPA, 2013a) and the bibliog-
raphies of review articles to identify any studies that were
not found in the literature searches.

We included peer-reviewed observational studies of
humans that evaluated the associations between long-term
ozone exposure (defined as approximately 30d or longer in
duration; US EPA, 2013a) and incident asthma (i.e. inci-
dence, incidence rate or lifetime prevalence of asthma). We
excluded studies that met any of our exclusion criteria:
laboratory animal or in vitro studies; experimental studies;
reviews; editorials; commentaries; correspondence/communi-
cations; letters to the editor; studies that were not published
in English; studies that did not evaluate long-term exposure
to ambient ozone (e.g. studies that evaluated short-term
exposure or indoor exposure); studies that did not evaluate
incident asthma (e.g. studies that evaluated prevalence of
asthma or asthma exacerbation); and studies that did not
report specific results on the associations between long-term
ozone exposure and incident asthma.

Data extraction

From each selected study, we extracted and tabulated infor-
mation on general and quality characteristics, such as study
design, location, study population/cohort, study period, sam-
ple size, various features of the exposure assessment (e.g.
metric, averaging time, estimation method), outcome ascer-
tainment and statistical approach (e.g. regression model,
confounders adjusted for, sensitivity analyses). We also
extracted and tabulated detailed study results and graphically
presented the study-specific results with the risk estimates
standardized to a 1 part per billion (ppb) increment in
ozone concentrations.

Study quality evaluation

We developed detailed study quality criteria to evaluate the
internal validity of selected studies. These criteria were tail-
ored specifically for long-term ozone exposure and asthma
development, and were based on several frameworks, includ-
ing the Integrated Risk Information System (IRIS) Risk of
Bias (RoB) evaluation (US EPA, 2013b, 2014), the National
Toxicology Program’s (NTP) Office of Health Assessment

and Translation (OHAT) approach (NTP, 2015a,b), the
Strengthening the Reporting of Observational Studies in
Epidemiology (STROBE) system (von Elm et al., 2007a-e),
the Navigation Guide (Koustas et al., 2013, 2014) and the
recent ISAs for oxides of nitrogen (NOy) and sulfur oxides
(SO,) (US EPA, 2016a,b). We did not conduct a quantitative
RoB evaluation (e.g. by categorizing studies into different
quality tiers like in the OHAT approach) because it was
extremely difficult, if not impossible, to delineate the magni-
tude and direction of the biases in the available observa-
tional studies. We also considered the external validity of
the studies in relation to the US general population.

The quality criteria include various methodological attrib-
utes, which we applied to individual studies to assess their
quality and risk of bias. We first considered the study
design: cohort or nested case-control studies had a lower
risk of selection bias than case-control studies.

Next, we considered various aspects of the exposure
assessment, including spatial and temporal variability, resi-
dential mobility, exposure validation, and temporality
between exposure and outcome. Studies that employed
inverse distance weighting (IDW) or modeling of monitor-
ing data better accounted for spatial variability of the ozone
exposure than the studies that only relied on monitoring
data. Studies that used time-varying ozone exposure esti-
mates or assessed multiple exposure windows in their analy-
ses better accounted for temporal variability than the studies
that only used time-invariant ozone exposure and assessed a
single exposure window. Studies that considered residential
mobility in the exposure estimates or validated the exposure
estimates likely had less exposure measurement error than
studies that did neither. Also, studies that clearly established
the exposure-outcome temporality (ie. the exposure
occurred before the outcome) had a lower risk of bias than
the studies that did not.

We considered two aspects of assessing asthma develop-
ment: the diagnostic accuracy in the study population and
the ascertainment of asthma diagnosis. Because it is difficult
to accurately diagnose asthma in small children (e.g.
younger than 6years of age; ATS, 2007; GINA, 2017), stud-
ies with participants aged 6 years or older had less potential
for outcome misclassification than studies that included
younger children. Studies that relied on medical records,
hospital discharge records, insurance claims, or adults’
reports of physician diagnoses had less potential for out-
come misclassification than the studies that used first
asthma hospitalization as the surrogate for incident asthma.
Asthma hospitalization, a serious exacerbation event, is a
poor surrogate for incident asthma because only a small
proportion of individuals with asthma are hospitalized
(Akinbami et al., 2012). Also, ozone exposure may be associ-
ated with asthma severity (Goodman et al., 2018; US EPA,
2013a); therefore, the use of first asthma hospitalization, a
severe exacerbation event, may bias the results regarding
ozone and asthma development.

We also considered the robustness of the statistical analy-
ses in each study. Studies that employed at least one of the
following measures likely yielded more robust results than
the studies that did not: used appropriate statistical models



(e.g. logistical regression models for incidence/lifetime
prevalence, Cox regression models for incidence rate) with
the model assumptions tested (e.g. the proportional hazard
assumption for Cox regression models); adjusted for poten-
tial confounders identified from the literature including age,
sex, race, socioeconomic status (e.g. income, education
attainment), maternal age, gestational duration, family his-
tory of asthma or allergy, smoking, indoor environment (e.g.
mold, dampness, pet ownership), traffic-related pollution
(e.g. NO,, PM,;s, distance to major roadway) and other
environmental covariates (e.g. surrounding greenness); eval-
uated non-linear dose-response relationships (e.g. quantiles,
splines); and conducted sensitivity analyses.

Last, we evaluated the external validity of the study rela-
tive to the US general population. We determined that the
results of childhood asthma from western populations (i.e.
North American and European cohorts) are more generaliz-
able to the USA, while results from Asian children popula-
tions are less so. For studies of adult-onset asthma, if the
characteristics of the study population were similar to those
of the US general population, we concluded that the findings
are generalizable to the USA.

Results
Literature search and study selection

The literature searches resulted in a total of 1279 publica-
tions, and we identified 28 potentially relevant epidemiology
studies by reviewing titles and abstracts. We did not identify
any additional publications from cross-referencing the ozone
ISA and review articles. After full-text review, we excluded
14 studies, resulting in 14 studies for review (Figure 1).

Table 1 presents the general characteristics of the selected
studies. The majority of the studies were conducted in the
USA and Canada in the past two decades. Out of the 14
studies, 11 evaluated asthma development in children, while
three studies based on a single cohort, assessed this outcome
in adults.
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1,251 citations excluded
October, 2017
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14 publications
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Figure 1. Selection of epidemiology studies for long-term ozone exposure and
asthma development.
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Study quality evaluation

We evaluated the internal and external validity of individual
studies based on criteria we developed (Table 2). Thirteen
out of the fourteen studies selected were cohort studies or
nested case-control studies, which had a lower risk of selec-
tion bias than the one population-based case control study
(Nishimura et al., 2013).

Regarding exposure assessment, there were considerable
uncertainties in all of the selected studies. Several studies did
not account for spatial variability or residential mobility
when estimating ozone exposures. The majority of the stud-
ies did not account for the temporal variability in ozone
exposure or validate the ozone exposure estimates. In add-
ition, a source of considerable uncertainty in most of the
studies with retrospective exposure assessment was a lack of
temporality between the ozone exposure and the develop-
ment of asthma (i.e. exposure windows covered time periods
after the development of asthma).

Most studies of childhood asthma included children
younger than 6years old, in whom asthma could not be
diagnosed accurately. However, these studies relied on med-
ical records, insurance claims and parental reports of phys-
ician diagnoses to ascertain a diagnosis of asthma, which
reduced the potential for outcome misclassification. Notably,
Lin et al. (2008) relied solely on hospital discharge records
to identify a child’s first hospitalization for asthma as a sur-
rogate for incident asthma, which, as discussed, is a poor
proxy for asthma development. All of the studies of asthma
development in adults ascertained incident asthma through
self-reported physician diagnosis and symptoms, and thus
had a low risk for outcome misclassification.

With regard to statistical analyses, most studies employed
suitable statistical models and tested model assumptions
when appropriate, except for those conducted by McConnell
et al. (2010) and Islam et al. (2008), who did not test the
proportional hazard assumption. Half of the 14 studies
assessed potentially non-linear dose-response relationships
by using quantiles or splines of ozone exposure in their
analyses, and most conducted some form of sensitivity ana-
lysis. We also found that, while the vast majority of the 14
studies adjusted for confounders, such as age, sex, socioeco-
nomic status and smoking, several studies did not account
for race, maternal age, gestational duration, or family history
of asthma or allergy, and few studies considered the
potential confounding effects of indoor environment, traffic-
related pollution or other environmental factors (e.g.
surrounding greenness).

Regarding external validity, the majority of the studies
were conducted in the USA, Canada and Europe, so their
findings are more generalizable to the US population, com-
pared to the three studies in Asia (Dong et al.,, 2013; Kim
et al., 2013; Wang et al., 2016).

Overall, while findings from most of the selected studies
are generalizable to the US population, limitations of ozone
exposure assessment and the lack of adjustment for several
key environmental confounders may impact the interpret-
ation of study results.



Table 1. General characteristics of epidemiology studies of long-term ozone exposure and asthma development.
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Study population® Ozone
Study Sample # of # of Age Exposure Exposure Averaging
Study Location period Cohort Population size cases  non-cases (years, mean + SD) metric window period Spatial scale Estimation method
Childhood asthma
Sbihi et al. (2016) Canada  1999-2009 Vancouver birth  Children 51,857 8659 43,198 Preschool: 2.6+ 1.4 NR In utero Months Postal code level Monitoring data
cohort School age: 7.0+ 1.2
Tetreault et al. (2016) Canada  1996-2011 Quebec birth Children 829,277 NR NR 60% of follow-up NR Early life Months Postal code level Monitoring data and
cohort occurred before the (June-August) land-use mixed-
age of 6 years effects model
Wang et al. (2016) Taipei 2010 CEAS cohort Children 2661 336 2325 55+1.1 8h average, Early life Years District level Monitoring data and
hourly distance to monitor-
ing station
Macintyre Canada,  Birth to CAPPS, LISA, Children 2671 534 2137 NR NR First year of life Annual Continuous spatial Monitoring data, IDW,
et al. (2014) Europe 8 years old GINI, PIAMA surface and
(residence level) APMoSPHERE
modeling
Dong et al. (2013) China 2008-2009 SNEC cohort Children 30,056 1963 28,093 84+27 8h average Early life Years District level Monitoring data
Range: 2-14 (daytime)
Kim et al. (2013) Korea 2005-2008 CHEER cohort Children 369 NR NR At enrollment: NR Early life Years Continuous spatial Monitoring data and
6.83+0.52 surface ArcGIS Modeling
(residence level)
Nishimura USA 2006-2011 GALA Il and Children 4320 2291 2029 Range: 8-21 8h max, 1h max Early life Years Continuous spatial Monitoring data
et al. (2013) SAGE Il surface and IDW
(residence level)
Clark et al. (2010) Canada  1999-2003 British Columbia  Children 37,401 3482 33,919 At end of follow-up: 24 h average In utero and Months Residential six-digit Monitoring data
birth cohort 4+06 first year of life postal code and IDW
range: 3-4.9
McConnell USA 2002-2006 CHS cohort Children 2497 120 2377 At enrollment: 8h average Early life Years Community level Monitoring data
et al. (2010) range: 4.8-9.0 (10 am-6 pm)
Islam et al. (2008) USA 1993-2004 CHS cohort Children 1701 160 1541 At enrollment: > 7 8h average Early life Years Community level Monitoring data
(10 am-6 pm)
Lin et al. (2008) USA 1995-2000 NYS birth Children 1,204,396 10,429 1,193,967 Range: 1-6 1h max Early life Years Region level Monitoring data
cohort (10 am-6 pm)
Adult-onset asthma
McDonnell USA 1977-1992 SDA cohort Adults 2758 1M 2647 Range: 27-87 8h average Adult life Years ZIP code level Monitoring data and
et al. (1999) (9 am-5 pm), interpolation
hourly
Greer et al. (1993) USA 1977-1987 SDA cohort Adults 3577 78 3499 Range: 26-95 Hourly Adult life Years ZIP code level Monitoring data and
interpolation
Abbey et al. (1991) USA 1977-1987 SDA cohort Adults 6058 80 5978 NR Hourly Adult life Years ZIP code level Monitoring data and

interpolation

APMOoSPHERE: Air Pollution Modeling for Support to Policy on Health and Environmental Risks in Europe; IDW: inverse distance weighting; NR: not reported; SD: standard deviation
*The characteristics of the study population are specific to the ozone-asthma analyses.



Table 2. Quality and generalizability of epidemiology studies of long-term ozone exposure and asthma development.

Statistical analysis

Exposure assessment Outcome assessment Confounders considered
Non-linear
Exposure- Appropriate dose-
Spatial  Temporal Residential Exposure outcome Physician statistical Traffic- Other response  Sensitivity Generalizability
variability variability ~mobility estimates temporality diagnostic model Maternal Gestational Family Indoor related environmental relationship ~ analysis to US
Study Study design considered considered considered validated established accuracy Ascertainment employed Age Sex Race SES  age duration history Smoking environment pollution  covariates assessed conducted  population
Childhood asthma
Sbihi et al. (2016)  Nested case-control Y N Y N Y High®  Physician billing, Y Y Y N Y Y Y N N N N Y Y Y High
hospital dis-
charge records
Tetreault Cohort Y Y Y N N Low  Hospital discharge, Y Y Y N Y N N N Y N N N Y Y High
et al. (2016) two phys-
ician claims
Wang et al. (2016)  Cohort Y N N N N Low  Parental report of Y Y Y Y Y N N Y Y Y N Y Y N Low®
physician
diagnosis
Macintyre Cohort Y N N N N Low  Parental report of Y N Y N N Y N Y Y N N N N N High
et al. (2014) physician
diagnosis
Dong et al. (2013)  Cohort N N N N N Low  Parental report of Y Y Y N Y N N Y Y N N N N N Low®
physician
diagnosis
Kim et al. (2013) Cohort Y N Y Y N Low Parental report of Y Y Y N Y N N Y Y N Y N N N Low®
physician
diagnosis
Nishimura Population-based case-control Y Y Y N Y High®  Physician diagnosis Y Y Y Y Y N N Y Y N N N N Y High
et al. (2013)
Clark et al. (2010)  Nested case-control Y Y Y N N Low Outpatient and hos- Y Y Y N Y Y Y N Y N N N N Y High
pital records
McConnell Cohort N N N N N Low  Parental report of N¢ Y Y Y Y N N Y Y Y Y N Y Y High
et al. (2010) physician
diagnosis
Islam et al. (2008)  Cohort N N Y N N High?  Parental report of N¢ Y Y Y Y N N Y Y Y N N N N High
physician
diagnosis
Lin et al. (2008) Cohort N Y Y N Y Low  Hospital dis- Y Y Y Y Y Y Y N Y Y Y Y Y Y High
charge records?
Adult-onset asthma
McDonnell Cohort Y N Y Y N High®  Self-reported phys- Y Y Y N Y NA NA N Y Y Y N Y Y Low®
et al. (1999) ician diagnosis
Greer et al. (1993)  Cohort Y N Y Y N High?  Self-reported phys- Y Y Y N Y NA NA N Y N N N N Y Low®

ician diagnosis
and symptoms,
medical records
Abbey et al. (1991) Cohort Y N Y Y Y High?  Self-reported phys- Y Y Y N Y NA NA N Y N N N N N Low®
ician diagnosis
and symptoms

SES: socioeconomic status

Grey shading indicates a higher potential for error and/or bias.

*The study population did not include children younger than 6 years old, for whom physicians’ diagnoses of asthma may be inaccurate.
The study population is Asian, so the study results may not be generalizable to the US population.

“The proportional hazard assumption was not tested for the Cox regression model used.
Asthma hospitalization was ascertained, but this is a poor surrogate for incident asthma.

The Seventh-day Adventists have many lifestyle characteristics that differ from the general US population.
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Table 3. Detailed results of epidemiology studies of long-term ozone

exposure and asthma development.

Ozone Results
P value
Asth istical |
Study Stratum Metric Distribution Categories sthma Statistical models Effect measure Effect estimate 95% Cl for point f’value .for
. interaction
estimate
Childhood Asthma
Continuous OR per IQR (8.5 0.92 (0.87,097) | P<.05
pg/m’) increase
. Quartile 1 1
All study subjects Quartile 2 oR 0.88 (0.81,0.95) R NA
Quartile 3 0.95 (0.87,1.03)
. Mean £ 5D (IQR): Quartile 4 0.85 (0.77,0.94)
Gestational cases:
Preschool duration 2 37 In utero average 27.7+5.8 (8.6) pg/m’ Incidence Condmgnal logistic 091 (0.86,0.96)
weeks . regression models OR per IQR (8.5
Gestati I controls: Continuous /mz) incr NR NR
d f:ﬁ1n02837 27.9+5.8 (8.5) ug/m’ He e 1.01 (0.60,1.68)
sbihi et al. (2016) h : OO
weeks
Birth weight
0.9 0.86,0.95
>2,500 g . OR per IQR (8.5 (0.86,0.95)
Birth weight Continuous ug/m’) increase NR NR
<2,5008 0.59 (0.28,1.19)
Continuous OR per IR (8.5 118 (1.07,131) | P<.05
cases: ug/m’) increase
School ) 27.946.0 (8.7) ug/m’ Quartile 1 , Conditional logistic 1
age All study subjects In utero average controls: Quartile 2 Incidence regression models OR 1.02 (0.87,1.20) NR NA
28.3+5.9 (8.6) ug/m’ Quartile 3 1.19 (1.01,1.41)
Quartile 4 1.22 (1.01,1.48)
. . Mean: 32.07 ppb .
Using ozone estimates at the Annual average Range: 12.19-43.12 ppb Incidence rate Cox proportional hazard | HR per IQR (3.22 ppb) 1.06 (1.05,1.07) | P<.001 NA
birth address models increase
1QR: 3.22 ppb .
Tetreault et al. (2016) Mean: 31.97 ppb Continuous
Using ozone estimates for full Annual average Range: 12.19-43.39 ppb Incidence rate Cox proportional hazard | HR per IQR (3.26 ppb) 1.07 (1.06,1.08) | P<.001 NA
residential history models increase
1QR: 3.26 ppb
Hourly Mean # SD: Low 1 NR
- .50+0.! High 0.68 0.51,0.92 P<.05
Wang et al. (2016) Full cohort Long-term 2750 0,61 ppb 1 Lifetime prevalence | Logistic regression models OR ( : ) < NA
average Sh mean Median: Low 1 NR
27.62 ppb High 0.79 (0.59, 1.07) P>.05
Full cohort 0.86 (0.66, 1.13) P=.277 NA
GSTP1rs1138272 TT/TC 1.13 (0.57,2.21) NR
Mean # SD:
GSTP1 rs1138272 CC R R 0.84 (0.62,1.12) NR
36.8+6.5 pg/m . - - . OR per 10 pg/m NR
Maclntyre et al. (2014) GSTP1 rs1695 GG/GA Annual average IQR: 9.1 /m3 Continuous | Lifetime prevalence | Logistic regression models increase 0.89 (0.62,1.28) NR
GSTP1 rs1695 AA O H 0.73 (0.48, 1.12) NR
Range: 13.3-55.9 pg/m
TNF rs1800629 AA/AG 0.77 (0.49, 1.19) NR NR
TNF rs1800629 GG 0.91 (0.64, 1.29) NR
Normal weight . 1.25 (1.12, 1.40) NR
Dong et al. (2013) Overweight 3-year average RI\::a:‘. i:fsgg/n}fﬁ Continuous | Lifetime prevalence | Logistic regression models O'}rzae)riﬁ':e(:; 1.53 (1.26, 1.86) NR p=.167
Obesity ee: K8 K8 131 (1.08, 1.58) NR
. Lifetime prevalence 1.04 (0.83,1.30)
Kim et al. (2013) Full cohort 5-year average R Me?r;.;f._.%zzgpgé) b Continuous | logistic regression models | OR per 5 ppb increase NR NA
ange: 5. -06 pp Incidence 0.94 (0.61, 1.46)

(continued)
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Table 3. Continued

Ozone Results
P value
Asth istical |
Study Stratum Metric Distribution Categories sthma Statistical models Effect measure Effect estimate 95% Cl for point f’value for
. interaction
estimate
1-year 1h max Two stage analysis: 0.98 (0.89, 1.08) NR
. average 8h max . e Logistic regression models . 0.96 (0.87, 1.06)
All subjects 3year Th max Continuous | Lifetime prevalence and random-effects OR per 5 ppb increase 0.98 (0.84, 1.14) " NA
average 8h max models 0.95 (0.81,1.12)
1-year 1h max Two stage analysis: 0.98 (0.87, 1.10) NR
average 8h max . . Logistic regression models . 0.96 (0.85, 1.09)
Boys 3year h max Continuous | Lifetime prevalence and random-effects OR per 5 ppb increase 0.96 (0.78, 1.19) "
average 8h max models 0.93 (0.76,1.13) NR
1-year 1h max Two stage analysis: 0.95 (0.86, 1.05) NR
. average 8h max . o Logistic regression models . 0.93 (0.82, 1.04)
Girls 3-year Th max Continuous | Lifetime prevalence and random-effects OR per 5 ppb increase 0.96 (0.79, 1.18) "
average 8h max M 45D: models 0.94 (0.74,1.19)
1-year 1h max ean N Two stage analysis: 0.9 (0.77, 1.06)
average 8h max 1-h max average in 1996 Logistic regression models 0.9 (0.72,1.12) NR
Nishimura et al. (2013) Total IgE > 200 34.3+7.7 ppb Continuous | Lifetime prevalence e 8 OR per 5 ppb increase - S
3-year 1h max K and random-effects 0.87 (0.75,1.02)
8-h max average in 1996 NR
average 8h max 27.646.6 ppb models 0.85 (0.69, 1.04) NR
1-year 1h max T Two stage analysis: 1.03 (0.92, 1.15) NR
average 8h max X o Logistic regression models . 1.01 (0.90, 1.15)
<
Total IgE <200 3year Th max Continuous | Lifetime prevalence and random-effects OR per 5 ppb increase 1.04 (0.82, 1.32) "
average 8h max models 1.01 (0.77,1.32)
1-year 1h max Two stage analysis: 0.96 (0.76, 1.21) NR
o average 8h max . e Logistic regression models . 0.97 (0.73, 1.29)
L
Family history 3year h max Continuous | Lifetime prevalence and random-effects OR per 5 ppb increase 092 (0.60, 1.21) "
average 8h max models 0.9 (0.69, 1.18) NR
1-year 1h max Two stage analysis: 0.96 (0.82,1.11) NR
No family history a;’j:agf f: ::: Continuous | Lifetime prevalence Log;tldcrr:fézsr:irf\f;::els OR per 5 ppb increase gg: Eg;: ig; "
average 8h max models 0.92 (0.73,1.17)
In utero average L o 3 0.83 (0.77, 0.89)
Full cohort MeaniSP: Continuous Incidence Cr:ni:soigsl:ogéj: OR pi:‘r::;i!g/m NR NA
1-year average Asthma cases in utero 8 0.81 (0.74,0.87)
30.05+6.39 ppb
In utero average Controls in utero - - 3 0.86 (0.78,0.94)
Clark et al. (2010) Boys 30.48£6.32 ppb Continuous Incidence Condmgnal |0ch‘Sl'|IC OR per 10 pg/m NR
1-year average Asthma cases in 1st year regression models Increase 0.84 (0.76, 0.94)
27.64+4.94 ppb NR
' In utero average Controls in 1st year ) ‘ Conditional logistic OR per 10 ug/m3 0.79 (0.70, 0.89)
Girls 28.06+4.86 ppb Continuous Incidence regression model increa NR
1-year average egression models ease 0.74 (0.64, 0.84)
McConnell et al. (2010) Full cohort 2-year average Mean: 44.6 ppb Continuous Incidence rate Cox proportional hazard HR across the range 1.01 (0.49, 2.11) NR NA
models of ozone (30.3 ppb)
(continued)
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Table 3. Continued

of hours) > 100 ppb

increase

Ozone Results
P value
Stud Strat Asth Statistical del
udy ratum Metric Distribution Categories sthma atistical models Effect measure Effect estimate 95% CI for point f‘value for
. interaction
estimate
Mean (range):
. Low . 1
No short-allele Higher ozone Incidence rate Cox proport:jor:al hazard HR
communities: High modets 0.94 (0.36, 2.43) NR
Islam et al. (2008) Long-term average 55.2 (46.5, 64.9) ppb p=.003
Lower ozone Low i 1
Short-allele communities: Incidence rate Cox proportional hazard HR
' High models 2 (0.40, 10.17) NR
38.4 (28.6, 45.5) ppb i
Long-term average Mean: 41.06 ppb OR per 1 ppb increase 1.16 (1.15,1.17) NR
Long-term ozone-season . .
Full cohort average Mean: 50.62 ppb Continuous Incidence Logistic regression models OR per 1 ppb increase 1.22 (1.21,1.23) NR NA
Exceedance proportion Mean: 9.72% OR per IQR (2.51%)
(%) > 70 ppb Range: 1.66-26.27% increase 1.68 (1.64,1.73) NR
Lin et al. (2008) Low 1 NR
New York City Long-term average Mean: 37.51 ppb Medium Incidence Logistic regression models OR 1.43 (1.29, 1.58) NR
High 1.69 (1.52, 1.80) NR NR
Low 1 NR
Other NYS cities Long-term average NR Medium Incidence Logistic regression models OR 1.64 (1.48,1.82) NR
High 2.06 (1.87,2.27) NR
Adult-onset Asthma
Tertile 1 1 NR
] (1.32,
Long-term Tertile 2 OR 4.44 13.81) NR
average | Shmean Tertile 3 4.01 {23153) NR
Continuous OR per IR (27 ppb) 2.09 (1.03,4.16) | P<.05
) - . increase
Men D T Incidence Logistic regression models oR 1R (11.7 ppb)
ONELETM | pourly per /PP 2.46 (1.28,4.67) | P<.05
average increase
Exceedance frequency (# Mean: 46.5 ppb ) OR p(.er IQR (907 h) 1.90 (0.99,3.64) P< 05
McConnell et al. (1999) of hours) > 60 ppb Continuous increase NR
Range: 0-74.9 ppb
Exceedance frequency (#
of hours) > 80, 100, 120, OR per IQR increase NR NR P>.05
or 150 ppb
Long-term | g ean OR per IQR (27 ppb) 0.86 (0.58,1.26) | P>.05
average increase
Long-term Hourly ) i » 4 OR per.IQR (11.7 ppb) NR NR P> 05
Women average Continuous Incidence Logistic regression models increase
Exceedance proportion
(%) > 60, 80, 100, 120, or OR per IQR increase NR NR P>.05
150 ppb
Full cohort OR per 10 bob 1.31 (0.96, 1.78) NR NA
Greer et al. (1993) Men Long-term average NR Continuous Incidence Logistic regression models i:creassf)p 3.12 (1.61, 5.85) NR NR
Women 0.94 (0.65, 1.34) NR
Abbey et al. (1991) Full cohort Exceedance frequency (# NR Continuous Incidence Logistic regression models OR per 500 hours 1.40 (0.90, 2.34) 0.056 NA

Cl: confidence interval; GSTP: glutathione S-transferase P; HR: hazard ratio; IgE: immunoglobulin E; IQR: interquartile range; NA: not applicable; NR: not reported; OR: odds ratio; ppb: parts per billion; SD: standard devi-

ation; TNF: tumor necrosis factor
Bolded fonts indicate statistically significant results.
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Ozone exposure in utero
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Sbihi et al. (2016) Pre-school -0 0.98 (0.97-0.99)
Shihi et al. (2016) School-age —0— 1.04 (1.02-1.06)
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Figure 2. Study-specific results of long-term ozone exposure and childhood asthma development, by exposure window — the relative risks and their 95% confi-
dence intervals have been standardized to a 1 ppb increment in ozone exposure.

Study results evaluation

We identified 11 studies from 10 non-overlapping popula-
tions that evaluated childhood asthma development, and
three studies from one cohort that assessed asthma develop-
ment in adults. As discussed above, all of these studies had
considerable uncertainties and potential for bias with regard
to exposure and outcome assessments and confounder
adjustment. In light of the major methodological limitations
in these studies, although several studies conducted some
form of sensitivity analysis, we mainly focused on the study
findings from the primary and stratified analyses with a
focus on the within- and between-study consistency.
Detailed study results are presented in Table 3.

Childhood asthma

To aid the evaluation of study results regarding long-term
ozone exposure and childhood asthma development, we
graphically present the main findings from these studies in
Figure 2, with the risk estimates standardized to a 1ppb
increment in ozone exposure and grouped by expos-
ure window.

Ozone exposure in utero. Two studies, both of which were
birth cohorts in Canada, evaluated the association between
in utero ozone exposure and childhood asthma (Clark et al.,
2010; Sbihi et al., 2016). Sbihi et al. (2016) reported that
higher in utero ozone exposure was statistically significantly
associated with decreased incident asthma in preschool-age
children (OR=0.92, 95% CI: 0.87-0.97). When ozone
exposure was assessed as quartiles, the top three quartiles
were all associated with reduced asthma risks (quartile 2:
OR=0.88, 95% CI: 0.81-0.95; quartile 3: OR=0.95, 95%
CL: 0.87-1.03; quartile 4: OR=0.85, 95% CI: 0.77-0.94),
compared to the bottom quartile. This statistically significant
inverse association persisted among children with a gesta-
tional age of 37weeks or longer (OR=0.91, 95% CI:
0.86-0.96) or with a birth weight of 2500g or more
(OR=0.9, 95% CI: 0.86-0.95) but was null for children with
a gestational age less than 37 weeks or with a birth weight
less than 2500g. Clark et al. (2010), who assessed incident
asthma only in children aged younger than 5years, also
reported a statistically significant decrease in asthma devel-
opment in association with increases in in utero ozone
exposure (OR=10.83, 95% CI: 0.77-0.89). The observed stat-
istically significant inverse association persisted when the
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study population was stratified by sex (boys: OR =0.86, 95%
CI: 0.78-0.94; girls: OR =0.79, 95% CI: 0.70-0.89).

In contrast, Sbihi et al. (2016) found that higher in utero
ozone exposure was associated with a statistically significant
increase in incident asthma in school-age children
(OR=1.18, 95% CI: 1.07-1.31). The analyses with quartiles
of ozone exposure showed that the risk of asthma was only
increased in the top two quartiles, compared to the bottom
quartile (quartile 2: OR =1.02, 95% CI: 0.87-1.20; quartile 3:
OR=1.19, 95% CIL 1.01-1.41; quartile 4: OR=1.22, 95%
CI: 1.01-1.48).

Ozone exposure in the first year of life. Two studies
assessed the association between ozone exposure in the first
year of life and childhood asthma (Clark et al, 2010;
Maclntyre et al., 2014). MacIntyre et al. (2014), who con-
ducted a pooled analysis of four birth cohorts in Canada
and Europe, reported a null association between ozone
exposure in the first year of life and the risk of ever being
diagnosed with asthma up to 8years of age. Maclntyre et al.
(2014) also evaluated the potential effect modification by
several single-nucleotide polymorphisms (SNPs) in the gluta-
thione S-transferase P1 (GSTP1) and tumor necrosis factor
(TNF) genes and found that the null associations between
ozone exposure and asthma did not vary by any of the SNPs
examined. Similar to in utero ozone exposure, Clark et al.
(2010) observed a statistically significant inverse association
between ozone exposure in the first year of life and incident
asthma (full cohort: OR=0.81, 95% CI: 0.74-0.87; boys:
OR=0.84, 95% CL 0.76-0.94; girlss OR=0.74, 95%
CI: 0.64-0.84).

Ozone exposure in early life. Eight studies investigated the
relationship between ozone exposure in early life and risk of
developing asthma, and there is considerable between-study
heterogeneity in the direction of observed associations.

Four studies, from three non-overlapping populations in
the US and Korea, observed a null association between long-
term ozone exposure in early life and risk of developing
childhood asthma (Islam et al, 2008; Kim et al., 2013;
McConnell et al., 2010; Nishimura et al., 2013), and the null
associations did not vary by sex, family history of asthma,
total IgE level, functional polymorphisms tested, the metric
and averaging time of ozone exposure or measures of
asthma development (Islam et al, 2008; Kim et al., 2013;
Nishimura et al., 2013).

Conversely, Wang et al. (2016), a retrospective cohort
study in Taipei, reported a statistically significant decrease
in risk of asthma associated with higher ozone exposure
based on hourly measurements (OR=0.68, 95% CI
0.51-0.92). The association was no longer statistically signifi-
cant when the 8h mean ozone concentrations were used
(OR=0.79, 95% CI: 0.59, 1.07).

In addition, three studies reported statistically significant
positive associations between the risk of childhood asthma
and ozone exposure. Tetreault et al. (2016), in a birth cohort
study in Canada, found that higher ozone exposure during
summer months in early life was associated with increased

risk of developing childhood asthma (HR=1.07, 95% CI:
1.06-1.08). Tetreault et al. (2016) also evaluated the dose-
response relationship using cubic splines of continuous
ozone exposure but did not find any evidence for non-lin-
earity. Dong et al. (2013), who conducted a population-
based cohort study in China, observed statistically significant
increases in asthma development risk associated with
increases in ozone exposure, and this positive association
was not modified by body weight (normal weight:
OR=1.25, 95% CI: 1.12-1.40; overweight: OR=1.53, 95%
CL: 1.26-1.86; obese: OR=1.31, 95% CI: 1.08-1.58). Lin
et al. (2008), in a cohort study in New York State, reported
that higher ozone exposure in early life was associated with
a statistically significantly increased risk of asthma hospital-
ization (OR=1.16, 95% CI: 1.15-1.17). The results were
consistent when only exposure in ozone season
(April-October) was considered (OR=1.22, 95% CI:
1.21-1.23) or when the annual percentage of hourly ozone
measurements exceeding 70 ppb was considered (OR =1.68,
95% CI: 1.64, 1.73). These increases persisted in the top two
tertiles of ozone exposure when the study population was
stratified by location (New York City: tertile 2: OR=1.43,
95% CI: 1.29-1.58; tertile 3: OR=1.69, 95% CI: 1.52-1.80
versus other New York State cities: tertile 2: OR =1.64, 95%
CI: 1.48-1.82; tertile 3: OR =2.06, 95% CI: 1.87-2.27).

Adult-onset asthma

Three studies, all based on the Seventh-day Adventists
(SDA) Cohort in California, assessed the risk of developing
adult-onset asthma in association with long-term ozone
exposure (Abbey et al.,, 1991; Greer et al., 1993; McDonnell
et al., 1999).

For 6058 Seventh-day Adventists with a follow-up of
10years, Abbey et al. (1991) reported that higher ozone
exceedance frequency (i.e. annual average of greater than
500 hourly ozone measurements above 100 ppb) was associ-
ated with a borderline significant increase in asthma risk
(OR =1.40, 95% CI: 0.90-2.34). Greer et al. (1993) restricted
their analyses to 3577 nonsmokers, and also reported a bor-
derline significant increase in asthma risk associated with a
10 ppb increment in ozone exposure (OR=1.31, 95% CIL
0.96-1.78). The positive association between ozone and
asthma was more pronounced in men (OR=3.12, 95% CI:
1.61-5.85) but was null in women (OR=0.94, 95% CI:
0.65-1.34). McDonnell et al. (1999), who analyzed 2758
nonsmokers with a follow-up of 15vyears, also reported a
statistically significant association between 20-year cumula-
tive ozone exposure (based on daily 8h mean concentra-
tions) and asthma in men (OR=2.09, 95% CI: 1.03-4.16)
but a null association in women (OR=0.86, 95% CI:
0.58-1.26). The results did not change meaningfully when
daily hourly ozone measurements were used to calculate the
20-year cumulative ozone exposure. In addition, McDonnell
et al. (1999) assessed ozone exceedance frequencies above
various thresholds and found that higher exceedance fre-
quencies above 60 ppb were associated with statistically sig-
nificant increases in asthma risk among men (OR=1.90,
95% CI: 0.99-3.64) and that the statistical significance did



not persist with higher ozone thresholds (e.g. 80, 100, 120
and 150 ppb). Ozone exceedance frequencies were not asso-
ciated with asthma risk in women. When tertiles of ozone
exposure were considered, men in the top two tertiles had a
statistically significantly increased risk of asthma, compared
to men in the bottom tertile (tertile 2: OR=4.44, 95% CI:
1.32-13.81; tertile 3: OR=4.01, 95% CI: 1.15-13.00).

Discussion

Overall, there is substantial between-study heterogeneity in
the direction of observed associations between long-term
ozone exposure and asthma development. In addition, avail-
able epidemiology studies have considerable methodological
limitations, including potential exposure measurement error
and a lack of adjustment for several key confounders, which
further complicates the interpretation of the findings.

Childhood asthma

The observed associations between ozone exposure and
development of childhood asthma varied by exposure win-
dow assessed and the age of the study population.

Ozone exposure in utero

Consistent findings from two studies (Clark et al., 2010;
Sbihi et al., 2016) suggested that higher in utero ozone
exposure was associated with reduced risk of asthma in pre-
school-age children. However, the effect estimates for ozone,
though statistically significant, were small in magnitude. The
observed dose-response relationships appeared to be linear,
without any statistical evidence for non-linearity. Notably, in
these two studies, ozone exposure was inversely correlated
with traffic-related pollutants, a risk factor for childhood
asthma. The inverse correlation between ozone and traffic-
related pollutants might contribute to, at least partially, the
observed inverse association between ozone exposure and
asthma in preschool-age children. In addition, the diagnostic
accuracy in children aged 6years or younger (i.e. preschool)
is low, and neither of the studies relied on validated ozone
exposure estimates or adjusted for key confounders such as
a family history of asthma (Table 2).

In contrast, Sbihi et al. (2016) reported that higher in
utero ozone exposure was linearly associated with a small,
but statistically significant, increase in asthma risk among
school-age children. The observed association in school-age
children was the direct opposite of that in preschool-age
children in the same study, which is unlikely to be entirely
explained by the better diagnostic accuracy of asthma in
school-age children. Moreover, the methodological limita-
tions of this study discussed above also applied to the analy-
ses of school-age children (Table 2).

Ozone exposure in the first year of life

Clark et al. (2010) reported decreased risks of asthma devel-
opment associated with higher ozone exposure in the first
year of life, while MacIntyre et al. (2014) observed a null
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association. The magnitude of the effect estimates, based on
a linear dose-response relationship, was small. Both studies
suffered from a high risk of bias from the exposure and out-
come assessments, as well as from inadequate adjustment
for confounders (Table 2).

Ozone exposure in early life

The most examined exposure window in available epidemi-
ology studies was early life, but the results from these analy-
ses were inconsistent with regard to the direction of
observed associations. Most of the studies assumed a linear
dose-response relationship between ozone and asthma devel-
opment and reported ozone effect estimates that were small
in magnitude. The magnitude of the ozone effect estimates
observed in Lin et al. (2008) was considerably larger than
that in other studies (Figure 2). As discussed above, Lin
et al. (2008) assessed first asthma hospitalization, which
indicates severe exacerbation and is a poor surrogate for
incident asthma. Because ozone exposure may affect asthma
severity (Goodman et al., 2018; US EPA, 2013a), the use of
first asthma hospitalization in Lin et al. (2008) likely biased
the results away from the null.

In addition, considerable uncertainty stemmed from the
lack of ozone-asthma temporality in most of these studies,
with the exception of Nishimura et al. (2013) and Lin et al.
(2008). The ozone exposure periods evaluated overlapped
with the follow-up periods for asthma; therefore, for most, if
not all, of the children who developed asthma, part of their
estimated ozone exposures occurred after the outcome
occurred. Because of the continuing downward trend of
ambient ozone concentration in the USA between 1998 and
2010 (US EPA, 2013a), this lack of temporality might have
led to an overestimation of the association between early life
ozone exposure and asthma development.

Similar to studies that evaluated ozone exposures in utero
and in the first year of life, studies of early life ozone expos-
ure were also limited by considerable measurement error
and uncertainties in exposure and outcome assessments
(Table 2). Several studies did not adjust for key confounders,
such as a family history of asthma, and most did not control
for preterm birth, exposure to traffic-related air pollutants
or the indoor environment (Table 2). Findings from Asian
children populations were less generalizable to the USA than
those from the Western populations (Table 2).

Because the natural and anthropogenic sources of ozone
precursors differ in urban and non-urban areas (US EPA,
2013a), it is conceivable that urbanicity could modify poten-
tial associations between long-term ambient ozone concen-
trations and asthma development. However, more than half
of the studies of childhood asthma were conducted only in
urban areas (Clark et al,, 2010; Dong et al., 2013; Kim et al,,
2013; Nishimura et al., 2013; Sbihi et al., 2016; Wang et al.,
2016), while the rest of the studies included children living
in both urban and non-urban areas (Islam et al., 2008; Lin
et al., 2008; Maclntyre et al., 2014; McConnell et al., 2010;
Tetreault et al., 2016). There were no apparent patterns in
the observed associations between ozone and childhood
asthma development with regard to whether the studies
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were conducted only in urban areas or in urban and non-
urban areas combined. Because there were no studies con-
ducted only in non-urban areas, we were unable to examine
the association between long-term ozone exposure and
childhood asthma development in rural settings.

Adult-onset asthma

Adult-onset asthma was only evaluated in one population,
the California Seventh-day Adventists cohort (Abbey et al.,
1991; Greer et al., 1993; McDonnell et al., 1999). Long-term
ozone exposure was associated with increased asthma risk in
men but not women (Greer et al., 1993; McDonnell et al.,
1999). The magnitude of the observed association was large,
with the ORs greater than 2. The increased risk in men was
persistent when ozone exposure was analyzed linearly, in
tertiles, or with exceedance frequencies above vari-
ous thresholds.

The ozone ISA relied on these studies to conclude that
long-term ozone exposure is a risk factor for adult-onset
asthma. However, there does not seem to be a biologically
plausible reason for the different associations between men
and women. Men, on average, had more severe asthma, and
thus might have been more likely to get diagnosed with
asthma than women in this cohort. Because ozone exposure
may be associated with asthma severity, the observed associ-
ation between ozone and asthma development in men could
be partially attributable to the difference in asthma severity
(i.e. men appear to have an increased incidence, but it is
actually a reflection of men with more severe asthma being
diagnosed). Also, in the analyses by Greer et al. (1993) and
McDonnell et al. (1999), the exposure periods overlapped
with the follow-up periods for asthma (Table 2); as dis-
cussed above, this might have biased the results away from
the null. In addition, these studies did not consider temporal
varjability when estimating ozone exposure and did not
adjust for key confounders, such as a family history of
asthma and exposure to other environmental allergens and
irritants (Table 2).

It is notable that while the Seventh-day Adventists cohort
is in California, this population is characterized by markedly
lower risks of certain chronic diseases than the US general
population, which was hypothesized to be attributable to the
lifestyle and diet in the Seventh-day Adventists. The
observed association between ozone and asthma in Seventh-
day Adventist men, and the effect modification by sex may
not be entirely generalizable to the US general population.

Study quality evaluation

A study quality evaluation (i.e. assessing internal validity of
individual studies) is a key component in the systematic
review process (NRC, 2014). There are many study evalu-
ation frameworks available for most realms of evidence, sev-
eral of which formed the theoretical basis for our study
quality criteria (Koustas et al,, 2013, 2014; NTP, 2015a,b;
US EPA, 2013b, 2014, 2016a,b; von Elm et al., 2007a-e;).
However, while many of these frameworks provide guidance

on key considerations in study quality evaluation, they do
not stipulate detailed criteria specific to the exposure and
outcome of interest. For example the OHAT RoB approach
considers three key domains: exposure characterization, out-
come assessment and adjustment for confounding, and sev-
eral other RoB criteria for observational studies (NTP,
2015a,b). Studies with definitely or probably low risk of bias
in all three key domains are categorized in the Ist study
quality tier and those with definitely or probably high risk
of bias in any of the three key domains are categorized in
the 2nd or 3rd study quality tiers (NTP, 2015a,b). Studies
are then evaluated in tiers, but the impact of specific aspects
of study quality may not be considered when interpreting
study results.

In contrast, our quality criteria address more detailed and
distinct characteristics that are specific to long-term ambient
ozone exposure and asthma development, resulting in a
comprehensive and in-depth assessment of the quality of the
overall evidence. We found that all of the available studies
had substantial uncertainties in exposure and outcome
assessments and in adjustments for confounders, which is
consistent with categorizing these studies in 2nd and 3rd
tiers using the OHAT approach. The overall low quality of
the available studies reduces our confidence in the body
of evidence.

Biological plausibility

Some of the reported effects of ozone exposure on the
respiratory system are common features of asthma, provid-
ing biological plausibility for long-term ozone exposure as a
contributor to asthma development. For example when
ozone exposure concentrations are high enough and of suffi-
cient duration to overwhelm antioxidant defenses in the
respiratory tract, ozone reacts with macromolecules to form
secondary oxidation products that can induce respiratory
tract inflammation and epithelial cell injury with subsequent
airway remodeling (Mudway & Kelly, 2000; US EPA, 2013a).
Inflammation contributes to oxidative stress and reactive
oxygen species (ROS) generation, which may cause increased
bronchial reactivity (indicating AHR) observed as both an
immediate and persistent response to ozone exposure in
humans and experimental animals, respectively (US
EPA, 2013a).

Asthma development also involves alterations in the
immune system, and T-cells play a central role in asthma
pathogenesis (Wu et al., 2014). Development of the allergic
asthma phenotype is associated with a skewing of T-cell
responses toward a T helper 2 (Th2) immune response
instead of a T helper 1 (Thl) response. Th2 responses
include several features of asthma, such as increased produc-
tion of inflammatory cytokines, eosinophils and immuno-
globulin E (IgE) antibodies in the respiratory tract, which
induces a state of allergic sensitization (Bates et al., 2009;
Marino et al.,, 2015; Noutsios & Floros, 2014). Exposure of
children to ozone has been shown to increase eosinophils
and proinflammatory cytokines in the respiratory tract
(Noutsios & Floros, 2014) and short-term ozone exposure



studies in rodents and primates have reported enhanced IgE
production (US EPA, 2013a). Short-term ozone exposure
has also been shown to enhance antigen presentation in
humans, which contributes to exaggerated T-cell responses
and promotes Th2-mediated inflammation and an allergic
phenotype (US EPA, 2013a). The persistent nature of these
short-term responses contributes to the biological plausibil-
ity of an association between long-term ozone exposure and
development of allergic asthma (US EPA, 2013a). We note,
however, that although ozone exposure has been linked with
Th2-related responses in several studies, there are no direct
experimental studies associating ozone exposure with the
initial polarization of Thl1-Th2 responses (Auten &
Foster, 2011).

Studies in non-human primates exposed repeatedly to
ozone, with or without exposure to house dust mite antigen
(an inhaled allergen), provide a model of allergic asthma in
humans, as these studies reported reversible impaired air-
flow, elevated IgE levels in serum and airways, increased
eosinophils and other immune cells in the airways and
development of AHR (US EPA, 2013a). Long-term exposure
of infant rhesus monkeys to 0.5 parts per million (ppm)
ozone and an antigen-induced greater than additive changes
in airway resistance and AHR, and exposure to ozone alone
increased eosinophil levels and induced effects related to air-
way obstruction and AHR, including decreased growth of
the distal conducting airways that persisted at least six
months after cessation of ozone exposure (Fanucchi et al.,
2006; Plopper et al., 2007; Schelegle et al., 2003). This indi-
cates that long-term exposure to ozone and allergens in early
life can disrupt growth and differentiation processes in the
airways and provides plausibility that ozone could contribute
to asthma development in children.

Several genetic factors that confer susceptibility to asthma
development have been identified (Gowers et al., 2012; US
EPA, 2013a). Some of these factors may modify asthma risk
by affecting the internal dose of ozone reaction products or
their response in the respiratory tract, providing biological
plausibility for ozone exposure having a role in asthma
development. For example variation in genes for antioxidant
or anti-inflammatory enzymes could increase susceptibility
to ozone-induced oxidative stress, inflammation and subse-
quent airway remodeling (Gowers et al, 2012). Another
hypothesis is that in those with a genetic predisposition to
atopy (i.e. a tendency to develop allergic diseases, such as
asthma), there is a dominant Th2 inflammatory phenotype,
and continuous exposure to ozone and allergens could cause
atopic bronchial hyperresponsiveness and lead to asthma
(Gowers et al., 2012; Marino et al.,, 2015).

Variability of asthma phenotypes has also been hypothe-
sized to be attributable to epigenetic influences from early
life environmental exposures (such as to ozone). In in vitro
studies, histone modification and DNA methylation of Th
lymphocyte genes have been induced by perinatal exposure
to environmental insults, such as oxidative stress, leading to
polarization toward Th2 responses associated with develop-
ment of allergic asthma (Noutsios & Floros, 2014). Thus, it
is plausible that ozone exposure may induce epigenetic
changes associated with development of certain asthma
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phenotypes, although there are no studies available to sup-
port this directly.

Overall, the experimental evidence discussed above indi-
cates that ozone exposure can induce many persistent
respiratory effects that are also involved in asthma patho-
genesis, suggesting that long-term ozone exposure could
plausibly contribute to asthma development. However, the
underlying mechanisms of asthma development in humans
are poorly understood, so it is unclear whether the ozone-
induced effects are direct contributors to asthma onset.

Conclusion

Available epidemiology studies of long-term ozone exposure,
including in utero exposure, and development of childhood
asthma reported inconsistent findings, which were further
weakened by considerable methodological limitations in
exposure and outcome assessments, and in statistical analy-
ses. Epidemiology findings regarding long-term ozone
exposure and adult-onset asthma, from one unique popula-
tion with limited generalizability to the general population,
were also limited by considerable uncertainties due to expos-
ure measurement error and a lack of adjustment for key
confounders. While experimental evidence suggests that it
may be biologically plausible that long-term ozone exposure
could contribute to asthma development, it has not estab-
lished a definitive mode of action. Future research is needed
to address key uncertainties regarding the role of ambient
ozone exposure in asthma development.
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