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a b s t r a c t

When identifying standards for air pollutants based on uncertain evidence, both science and policy judg-
ments play critical roles. Consequently, critical contextual factors are important for understanding the
strengths, limitations, and appropriate interpretation of available science, and potential benefits of risk
mitigation alternatives. These factors include the relative magnitude and certainty of the risks posed
by various factors and the impacts of other risk factors on air pollutant epidemiology study findings.
This commentary explores ozone’s status as a risk factor for cardiovascular mortality in contrast with
decades of strong and consistent evidence for other established risk factors. By comparison, the ozone
evidence is less conclusive, more heterogeneous, and subject to substantial uncertainty; ozone’s potential
effects, if any, are small and challenging to discern. Moreover, the absence of a demonstrated causal
relationship calls into question efforts to quantify cardiovascular mortality risks attributed to ozone
exposures on a population level and highlights the need to explicitly acknowledge this uncertainty if such
calculations are performed. These concerns are relevant for other similar policy contexts – where multi-
ple established risk factors contribute to the health impact of interest; exposure-effect associations are
relatively small, weak, and uncertain; and a causal relationship has not been clearly established.
� 2015 The Authors. Published by Elsevier Inc. This is an open access article under the CC BY-NC-ND license

(http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

When identifying health-protective standards for air pollutants
based on uncertain evidence, both science and policy judgments
play critical roles. For example, while the process of setting
National Ambient Air Quality Standards (NAAQS) for criteria air
pollutants includes developing ‘‘a concise review, synthesis, and
evaluation of the most policy-relevant science to serve as a scien-
tific foundation’’ for determining the NAAQS, the decision regard-
ing the level and form of the NAAQS ‘‘is a policy choice left
specifically to the Administrator’s judgment’’ (U.S. EPA, 2013). As
detailed in McClellan (2012), it is particularly important to distin-
guish among those aspects of the standard setting process that
reflect scientific determinations and those that are policy judg-
ments. Moreover, it is important to ensure that the standard set-
ting process compiles contextual information relevant for the
necessary policy choices (McClellan, 2012).

Consequently, critical contextual factors can and should play an
important role in understanding both the strengths and limitations
of the available science and the implications of policy choices. For
example, to fully evaluate whether proposed changes to air quality
standards will improve health, it is useful to consider not only how
air pollutant exposures might contribute to specific health effects,
but also to compare these potential impacts with those of other
known risk factors. In making this comparison, policy decision
makers should consider both the relative magnitude of the risks
and the relative strength of the evidence supporting associations.
Placing potential health risk estimates from air pollution exposures
in a more complete context for policy decisions becomes increas-
ingly important as air quality standards are reduced to levels that
are near background levels and difficult to meet, and are based on
scientific evidence reflecting greater degrees of uncertainty regard-
ing the nature and magnitude of potential health impacts.
Comparing the estimated magnitude and certainty of ozone health
impacts to that of other known risk factors provides a useful per-
spective on the potential benefits of risk mitigation alternatives.
Similarly, insights regarding appropriate uses of available evidence
can result from reviewing the relative strength of the evidence for
a causal relationship between the health effect of interest and
ozone versus that for other risk factors. As a case study of these
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issues, this commentary explores the status of ozone as a risk fac-
tor for cardiovascular mortality and reviews the information avail-
able for ozone in the context of that for other well-established risk
factors.

The US Environmental Protection Agency (US EPA) is mandated
by the Clean Air Act to develop NAAQS for six air pollutants
(including ozone), using a process that integrates numerous types
of scientific evidence. In a recent re-evaluation of the NAAQS for
ozone, US EPA reviewed studies addressing a broad range of poten-
tial health effects, reflecting a variety of study types and both
short- and long-term exposures (defining short-term exposures
as those occurring over a period of hours, days, or weeks, and
long-term exposures as those occurring over periods of months
to years; US EPA, 2013). Of the six categories of health effects
explored, US EPA determined that the evidence for only one is
reflective of a ‘‘causal’’ relationship – i.e., respiratory morbidity fol-
lowing short-term ozone exposures – and focused primarily on
respiratory effects and overall mortality in its discussion of health
effects of concern for ozone. For all of the other health effects cate-
gories, US EPA assigned categories indicating greater uncertainty in
the underlying evidence. For example, based in part on data lim-
itations and the lack of coherence between results observed in epi-
demiology and animal toxicology studies (which US EPA identified
as ‘‘an important uncertainty’’ p.2–29), US EPA characterized the
evidence of cardiovascular or mortality effects following short-
term exposures as ‘‘likely’’ to reflect a causal relationship.
Indicating an even greater degree of uncertainty in the limited
available data, US EPA characterized the evidence of cardiovascular
or mortality effects following long-term exposures as only ‘‘sug-
gestive’’ of a causal relationship.

Cardiovascular disease is the leading cause of morbidity and
mortality in the US, and health organizations such as the
American Heart Association (AHA) have led large nationwide ini-
tiatives to reduce the overall burden of this disease in the US
population (Lloyd-Jones et al., 2010). Strong temporal and geo-
graphic variations in cardiovascular disease mortality have been
observed. For example, Fig. 1 illustrates how the US death rate
for cardiovascular disease has steadily declined since 1979, while
Fig. 2 shows how recent (2005–2007) US death rates for cardio-
vascular disease vary by geographic region (NIH, 2012).
Temporal and geographic differences in the death rates are
attributed to changes in population levels of various established
risk factors for cardiovascular disease and mortality (discussed
further below), as well as increasing use of more effective treat-
ments and changing population demographics (e.g., the growth
in the proportion of older individuals in the US population)
(Lloyd-Jones et al., 2010).

A number of factors have been identified as risk factors for mor-
tality related to cardiovascular health. These factors include mod-
ifiable factors (i.e., factors that potentially can be changed by
individuals) such as body mass, and certain disease states, dietary
habits, activity patterns, and other behaviors (e.g., smoking). The
scientific support for the role of these recognized factors in cardio-
vascular disease mortality is considered sufficiently strong that
public health practitioners, policy makers, clinicians, and individu-
als routinely make or recommend making changes to these factors
to reduce risks of cardiovascular system-related disease and mor-
tality. Non-modifiable factors such as family history, age, race,
socioeconomic status, and exposures to extreme temperatures
are also well-recognized as playing an important role in cardio-
vascular mortality. Although these factors either cannot be chan-
ged or are less amenable to change, they also are considered
important in understanding cardiovascular mortality risks.

In contrast, a causal role for ozone in cardiovascular mortality
has not been established. As noted above, in its review of the scien-
tific literature for ozone health effects, US EPA recognized a

number of fundamental limitations and inconsistencies in the
available information regarding cardiovascular and mortality
effects. Moreover, two recent comprehensive weight-of-evidence
evaluations concluded that the strength of the evidence was not
sufficient to conclude that short- or long-term ozone exposures
play a causal role in cardiovascular morbidity and mortality
(Goodman et al., 2014; Prueitt et al., 2014). Using an approach
based on one developed by the Institute of Medicine (IOM, 2008),
these evaluations instead categorized the evidence as ‘‘below equi-
poise,’’ indicating that ‘‘[t]he evidence is not sufficient to conclude
that a causal relationship is at least as likely as not, or is not suffi-
cient to make a scientifically formed judgment.’’ Other studies have
also called into question the causal role of ozone in mortality
(including cardiovascular mortality) and other cardiovascular
health impacts such as myocardial infarction (e.g., Smith et al.,
2009; Mustafic et al., 2012).

Below, we review the strength of evidence and magnitude of
risk for factors traditionally recognized as contributors to cardio-
vascular mortality risk. This information is then compared to the
evidence available regarding the role of ozone in cardiovascular
mortality. We then discuss the role that established risk factors
may play in studies of ozone cardiovascular risks (e.g., as residual
confounders) and approaches for exploring the implications of
individual-level risk estimates for populations.

2. Available evidence regarding cardiovascular mortality risk
factors

2.1. Established risk factors

Many decades of biomedical research have contributed to the
current state of knowledge regarding cardiovascular disease and
mortality. A number of established risk factors for cardiovascular
mortality have been well-described in the literature, including
modifiable risk factors (e.g., diet and smoking) as well as non-mod-
ifiable personal characteristics (e.g., family history of cardio-
vascular disease) (Berry et al., 2012; Danaei et al., 2009;
Mittleman and Mostofsky, 2011). Fig. 3 displays relative risk (RR)
estimates for cardiovascular mortality associated with two broad
categories of risk factors: those analyzed as long-term/chronic risk
factors that occur over long periods of time, and short-term risk
factors (i.e., triggers), evaluated in epidemiology studies as events
that may precipitate an acute cardiovascular event immediately
following exposure. Additional information regarding the studies
in this figure is summarized in Table 1.

This case study focuses on mortality rather than morbidity
because cardiovascular disease often results in death, and mortal-
ity as a health endpoint can be measured in a relatively straightfor-
ward manner (van der Maas, 2003). Epidemiology studies of
cardiovascular disease mortality commonly use coding systems
such as the International Classification of Diseases (ICD) to
characterize the causes of death reflected in their study datasets
(NIH, 2012).1 As a consequence, the various categories and subcate-
gories of mortality considered in such studies are well-defined and
consistent across studies.

In selecting a RR estimate for each risk factor included in this
figure and table, we conducted a literature search to identify the
most recent and comprehensive perspectives on the evidence.
When available, we included results from recent pooled or meta-
analyses that present an integrated summary of results from multi-
ple high-quality research investigations. Preference was given to

1 Cardiovascular disease is typically defined by ICD-9 codes 390-405, 410-449, 451-
459, and 745-747; and ICD-10 codes of I00-I99 and Q20-Q28 (NIH, 2012 being
catalogued).
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