
  Abstract 

 We conducted a weight-of-evidence (WoE) analysis to assess whether the current body of 
research supports a causal relationship between long-term ozone exposure (defi ned by EPA as 
at least 30 days in duration) at ambient levels and cardiovascular (CV) eff ects. We used a nov-
el WoE framework based on the United States Environmental Protection Agency ’ s National 
Ambient Air Quality Standards causal framework for this analysis. Specifi cally, we critically 
evaluated and integrated the relevant epidemiology and experimental animal data and classi-
fi ed a causal determination based on categories proposed by the Institute of Medicine ’ s 2008 
report,  Improving the Presumptive Disability Decision-making Process for Veterans . We found that 
the risks of CV eff ects are largely null across human and experimental animal studies. The few 
positive associations reported in studies of CV morbidity and mortality are very small in mag-
nitude, mainly reported in single-pollutant models, and likely attributable to bias, chance, or 
confounding. The few positive eff ects in experimental animal studies were observed mainly 
in  ex vivo  studies at high exposures, and even the  in vivo  fi ndings are not likely relevant to 
humans. The available data also do not support a biologically plausible mechanism for the 
eff ects of ozone on the CV system. Overall, the current WoE provides no convincing case for a 
causal relationship between long-term exposure to ambient ozone and adverse eff ects on the 
CV system in humans, but the limitations of the available studies preclude defi nitive conclu-
sions regarding a lack of causation; thus, we categorize the strength of evidence for a causal 
relationship between long-term exposure to ozone and CV eff ects as  “ below equipoise. ”   
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 Introduction 

 The United States Environmental Protection Agency (EPA) 

periodically reviews the literature regarding the eff ects of 

ozone and fi ve other  “ criteria ”  air pollutants on health, as part 

of the process for setting health-based National Ambient Air 

Quality Standards (NAAQS). Ozone is not directly emitted 

into the air from specifi c sources, but is a secondary air pol-

lutant that is formed by the photochemical reactions between 

precursor gases, primarily nitrogen oxides (NO 
x
 ) and volatile 

organic compounds (VOCs), in the presence of ultraviolet 

(UV) rays from the sun. Ozone formation and degradation are 

complex and depend on many factors, including the relative 

concentrations of precursor gases and meteorological factors 

(e.g. sunlight intensity and atmospheric mixing) (Figure 1). 

The chemical reactivity of VOCs can be quite variable, and the 

relative concentration of specifi c VOCs and NO 
x
  is important 

for ozone formation because, under some conditions, forma-

tion of ozone is VOC-limited, whereas under other conditions, 

it is NO 
x
 -limited (NRC 1991). Because NO 

x
  is involved in both 

the formation and degradation of ozone, reducing NO 
x
  may 

increase ozone concentrations under some conditions, and this 

must be considered when developing ozone control strategies. 

The critical role of UV intensity as a driver of ozone formation 

results in a distinct diurnal pattern for ambient ozone concen-

trations. Typically, ozone concentrations begin increasing as 

the sun rises, reach a peak near mid-day, and decrease mark-

edly after sunset (see Figure AX3-42 in US EPA 2006). The 

net UV fl ux can be increased by the refl ection of UV rays on 

snow cover, giving rise to unexpected, high ozone episodes 

in the winter (Carter and Seinfeld 2012). As a result of the 

variable factors infl uencing ozone formation and degradation, 

ambient ozone concentrations vary widely both spatially and 

temporally (USEPA 2013a). 

 Each NAAQS has four elements: (1) an indicator (for pho-

tochemical oxidants, it is ozone), (2) an averaging time, (3) 

a numerical level or concentration, and (4) a statistical form 

(US EPA 2013a). Any discussion of a NAAQS for ozone is 

incomplete without stating the averaging time and statistical 

form of the standard. Until 1997, the primary (health-based) 

ozone standard was a daily 1-h maximum concentration of 120 

parts per billion (ppb) that was not to be exceeded more than 

once a year. This standard was problematic because attainment 

of the 1-h standard could vary from year to year in a given 

area, depending primarily on meteorological conditions (NRC 

1991). Therefore, in 1997, EPA determined that a longer aver-

aging time for ozone (i.e. 8 h) would provide greater stability 

for meeting the standard. With the change in the averaging 

time from 1- to 8-h, the concentration of the standard was 

reduced from 120 ppb to 80 ppb (equivalent to 84 ppb using 

standard rounding conventions). In 2008, the ozone NAAQS 

was revised so that the annual fourth-highest daily maximum 

8-h concentration of ozone, averaged over three years, should 

not exceed 75 parts per billion (ppb). 

 In the latest ozone review, EPA developed an Integrated 

Science Assessment (ISA) in which it evaluated the weight of 

evidence (WoE) for causal relationships between exposure to 

ozone and its eff ects on human health and welfare, based on 

the available scientifi c literature (US EPA 2013). The WoE 

framework EPA used for its evaluation is referred to as the 

 “ NAAQS causal framework. ”  

 Among the health eff ects evaluated in the ozone ISA, the 

EPA used the NAAQS causal framework to review the potential 

cardiovascular (CV) eff ects of long-term exposure (defi ned by 

the EPA as at least 30 days in duration) to ozone and concluded 

that the limited evidence is suggestive of a causal relationship 

(US EPA 2013). Goodman et   al. (2013) described an updated 

causal framework (referred to herein as the  “ Goodman WoE 

framework ” ) based on WoE best practices gleaned from a sur-

vey of more than 50 WoE frameworks, including the NAAQS 

causal framework (Rhomberg et   al. 2013). In this analysis, we 

use the principles of the Goodman WoE framework (Good-

man et   al. 2013) to evaluate studies of long-term exposure 

to ozone and CV morbidity and mortality, to assess whether 

ozone may be a causal factor for adverse CV eff ects. We con-

trast our analysis to that conducted by the EPA in the ISA, and 

consider whether and how diff erences between the NAAQS 

causal framework and the Goodman WoE framework led to 

diff erent conclusions. While this analysis focuses on eff ects 

  

  Figure 1.     Overview of the photochemical processes infl uencing ozone 

formation.  Source:  US EPA, 2013a.  

C
ri

tic
al

 R
ev

ie
w

s 
in

 T
ox

ic
ol

og
y 

D
ow

nl
oa

de
d 

fr
om

 in
fo

rm
ah

ea
lth

ca
re

.c
om

 b
y 

74
.9

2.
23

.2
50

 o
n 

09
/2

6/
14

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.



  Long-term ozone and cardiovascular eff ects  793DOI 10.3109/10408444.2014.937855

of long-term ozone exposure, we used the same methods to 

evaluate studies of short-term exposure to ozone and adverse 

CV eff ects in a companion analysis (Goodman et   al. 2014).   

 Methods 

 We used the principles of the Goodman WoE framework 

(Goodman et   al. 2013, Table 1), which consists of four phases, 

to evaluate the potential eff ects of long-term exposure to ozone 

on the CV system. We describe the methods of this analysis in 

our companion paper (Goodman et   al. 2014) and summarize 

them briefl y below. 

 In Phase 1, we defi ned the causal question and inclusion/

exclusion criteria for selecting the studies to evaluate. We 

assumed that study identifi cation in the ISA (US EPA 2013) 

was likely to be fairly comprehensive, as those processes 

involved literature searches by the EPA and input from expert 

scientists, advisory committees, and the public. Because of 

this, we initially used the ISA to identify studies for evalua-

tion. We also conducted an independent literature search to 

identify additional relevant studies published between January 

1, 2006 and November 4, 2013, as described in detail below 

in the Phase 1 section. We included the epidemiology and 

experimental animal studies of CV-related morbidity, mortal-

ity, and biomarkers in our analysis. 

 In Phase 2, we extracted the study characteristics and data 

into tables and assessed individual study quality and relevance. 

In addition to evaluating each study individually, we used a 

crude scoring method (described in detail in the Phase 2 sec-

tion below) to compile information and roughly categorize 

each study based on quality. This method made it possible to 

assess study quality in a consistent manner across studies (by 

making sure that the same factors were considered for each 

study) and to get a general sense of study quality across met-

rics. The resulting scores were used to roughly divide studies 

into two categories, but were not used to rank studies. We want 

to emphasize that these scores were not thought of as check-

lists, but rather a way of getting an overall sense of quality, in 

addition to the detailed, qualitative assessment of quality that 

we conducted for each study. We considered several factors for 

each study type. For the epidemiology studies, we considered 

the study design, potential for selection bias and exposure and 

outcome misclassifi cation, statistical approach, control for 

confounding, and sensitivity analyses. For the experimental 

animal studies, we considered the assignment to and size of 

experimental groups, use of appropriate controls, animal hus-

bandry and housing conditions, exposure methods, outcome 

assessment, attrition bias, and statistical approach. 

 In Phase 3, we evaluated and integrated the data within and 

across realms of evidence (i.e. epidemiological, experimen-

tal animal). Within each realm, we assessed individual study 

results, as well as the consistency of results across studies for 

each endpoint, considering the strength of association, internal 

consistency, temporality, biological plausibility, exposure-

response, and random error (chance) when feasible. For the 

evaluation and integration of data across realms of evidence, 

we considered the strength of association, consistency of asso-

ciation, coherence, biological plausibility, biological gradient, 

experimental evidence, temporality, specifi city, confounding, 

bias, mechanistic evidence, and the adversity of eff ects. We 

compared alternative accounts of the evidence and formulated 

WoE conclusions, noting data gaps. In forming our conclusions, 

we assigned more weight (i.e. relied on to a greater extent) to 

studies that we considered to be of higher quality in Phase 2. 

 In Phase 4, we used the WoE conclusions from Phase 3 to 

categorize the potential causal relationship between long-term 

ozone exposure and CV eff ects. We relied on the categories 

of causal determination proposed in the Institute of Medicine 

(IOM) report  Improving the Presumptive Disability Decision-
making Process for Veterans  (hereafter,  “ the IOM framework ” ) 

(IOM 2008). The IOM framework is the basis for the NAAQS 

causal framework, and use of its four-level categorization 

scheme is consistent with WoE best practices (Goodman et   al. 

2013). We contrasted our conclusions with those of the EPA 

in the ISA, and we assessed how the diff erences between the 

NAAQS causal framework and the Goodman WoE framework 

aff ected the conclusions.   

  Table 1. Weight-of-evidence best practices from the Goodman WoE framework.  

 Phase  Steps 

 Phase 1 
Defi ne the causal question and develop 

criteria for study selection

Frame the purpose of the evaluation and the causal questions to be evaluated, and defi ne the criteria for 

selecting the studies relevant to the evaluation to ensure transparency
 Phase 2 
Develop and apply criteria for review of 

individual studies

Conduct and present a systematic and consistent review of available studies relevant to the causal 

question. Evaluate the rigor and quality of individual study results using pre-defi ned criteria applied 

uniformly across studies
 Phase 3 
Integrate and evaluate evidence Make sound and defensible scientifi c judgments about the existence and nature of causative processes 

for the health outcome under consideration. This is one of the more challenging phases for any WoE 

framework; no matter how one lays out procedures and methods for synthesizing across studies, in 

the end, the question is about how studies in one setting (e.g. animal or  in vitro  assays) should aff ect 

our assessment of potential causality or risks in another (e.g. the general human population exposed 

environmentally)
 Phase 4 
Draw conclusions based on inferences Apply the results of the WoE evaluation from Phase 3 to make conclusions that can be used to inform 

regulatory decision-making. Although this phase is not risk management itself, it can be infl uenced 

by risk management considerations. In a regulatory setting, decisions about WoE categories ( “ known ”  

causative agent, or  “ likely ”  causative agent,  etc .) or fi ndings about the science (suffi  cient evidence for a 

mode of action or to replace a default assumption for developing a toxicity value) are infl uenced in this 

stage by policy questions and regulatory consequences for those decisions and, ultimately, by policies and 

judgments about the suffi  ciency of evidence to support those decisions
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 Phase 1  –  Explanation of the causal question and 
study selection 

 In this analysis, we addressed the question of whether long-term 

exposure to ozone is a causal factor for adverse, CV-related 

health eff ects in humans. To do this, we assessed the studies of 

arrhythmia, blood pressure, carotid artery intima-media thick-

ness (CIMT), ischemic heart disease (IHD), cardiovascular 

disease (CVD), heart failure, stroke, and myocardial infarction 

(MI). We also assessed the experimental animal studies of 

heart rate, aortic staining for atherosclerosis, and ventricular 

function, as well as the epidemiology and animal studies of 

CV-related biomarkers. We identifi ed studies of these end-

points from the literature reviewed in the most recent ISA (US 

EPA 2013) and we conducted an independent literature search 

to identify additional relevant studies. 

 We focused our literature search on papers published since 

the previous ozone review by the EPA in the 2006 Air Quality 

Criteria Document (AQCD) (US EPA 2006), as the EPA did in 

the ISA. We used PubMed and Scopus databases and included 

studies published between January 1, 2006, and November 4, 

2013. The search terms for the PubMed database were ozone 

AND (cardiovascular diseases OR myocardial infarction OR 

heart attack OR blood pressure OR stroke OR hypertension 

OR hypotension OR prehypertension). The search terms for 

the Scopus database were (ABS (ozone) AND TITLE-ABS-

KEY (cardiovascular OR heart OR cardiac OR  “ myocardial 

infarction ”  OR aneurysm OR hypertension OR  “ blood pres-

sure ”  OR stroke OR cerebrovascular OR hypotension OR 

prehypertension)). We reviewed the reference lists of relevant 

reviews and key studies to identify additional studies. 

 We included epidemiology, experimental animal, and 

biomarker studies in our analysis. We included papers that 

evaluated ozone exposures of at least 30 days in duration, to be 

consistent with the EPA ’ s defi nition of  “ long-term ”  in the ISA 

and to facilitate the comparison of our conclusions to those of 

the EPA. We excluded studies that evaluated exposures less 

than 30 days in duration. We also excluded experimental ani-

mal studies that reported results only for exposures to ozone 

combined with one or more other chemicals, because we were 

interested in eff ects attributable to ozone alone. While some of 

the studies identifi ed by our literature search were cited in the 

ozone ISA, we identifi ed several additional relevant studies 

that we included in our analysis (Table 2).   

 Phase 2  –  Review of individual study quality and 
relevance 

 To evaluate the quality of the epidemiology and experimental 

animal studies selected for analysis in Phase 1, we categorized 

the study quality using a crude quantitative scoring method. 

Although changes in the levels of circulating biomarkers may 

be informative for elucidating potential mechanisms for the 

eff ects of ozone on the CV system, we did not consider them 

to be specifi c CV morbidity endpoints. Thus, we evaluated 

studies of CV-related biomarkers separately from those of CV 

morbidity endpoints.  

 Epidemiology studies 

 Several studies have evaluated the associations between 

long-term ozone exposure and various CV morbidity end-

points (e.g. arrhythmia, stroke, MI) and CV mortality. As 

we describe in our companion paper (Goodman et   al. 2014), 

to aid in the critical review of individual studies, we used 

a scoring system that was based on several similar systems 

(Goodman et   al. 2004, Rothman and Greenland 1998, Hig-

gins et   al. 2011, Nichols et   al. 2013). This scoring method has 

not been validated externally, but it incorporates commonly 

recognized methodological issues in studies. We scored stud-

ies based on study design, potential for selection bias, poten-

tial for exposure and outcome misclassifi cation, statistical 

approach, control for confounding, and sensitivity analyses. 

We did not score studies based on sample size because all 

studies had several hundred to tens of thousands of partici-

pants. We developed the scoring criteria before evaluating any 

studies, and two investigators independently used the criteria 

to develop scores for each study. If there was a discrepancy 

in scoring between the investigators, it was discussed, and if 

necessary, a third investigator was consulted to resolve any 

scoring issues.  

 Study design.   We considered most prospective and retrospec-

tive cohort studies to be robust for making causal inferences 

and assigned them each a study design score of 1. We assigned 

cohort studies that estimated ozone exposures after informa-

tion on health outcomes was collected (thus, temporality of 

eff ect was a concern) a score of 0. We assigned cross-sectional 

studies a score of 0 because within-subject variation can aff ect 

the validity of results.   

  Selection bias .   We assigned a selection bias score of 1 to 

studies that had large, well-defi ned cohorts with little loss to 

follow-up ( �    20%) or that were based on a random sample of 

the underlying population. We assigned a score of 0 to stud-

ies where the inclusion of study participants might be related 

to ozone exposures or health outcomes (e.g. studies that 

restricted participants based on how close they lived to an air 

monitoring station, studies where response rates varied across 

communities, or studies that reported a loss to follow-up of 

  Table 2. Studies identifi ed for inclusion in the analysis.  

 Realm of evidence 

 Number of studies 

identifi ed from ISA 

 Number of additional studies 

identifi ed from literature search 

 Total number of 

studies in analysis 

Epidemiology  –  CV Morbidity 1 6 7
Epidemiology  –  CV Mortality 6 6 12
Epidemiology  –  Biomarkers 3 0 3
Experimental Animal  –  

CV Morbidity

2 3 5

Experimental Animal  –  

Biomarkers

2 3 5
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greater than 20%). For studies that recruited participants 

from a single clinic or hospital, we considered that selection 

bias was likely; these cases may be related to socioeconomic 

factors that could also be correlated with ozone exposure or 

health outcomes. We assigned a selection bias score of    �    1 to 

these studies.   

  Outcome assessment .   We considered studies to be of higher 

quality if (where applicable) the outcomes were verifi ed by 

a trained technician or a physician, multiple measurements 

were taken, and automatic devices were used. In these cases, 

we assigned studies an outcome assessment score of 1. When 

CV outcomes were obtained from hospital records or health 

registries and no independent review of medical records or 

death certifi cates was performed, we considered that outcome 

misclassifi cation was likely and assigned a score of 0.   

  Exposure measurement .   The potential for exposure measure-

ment error is common in studies of ozone because most studies 

rely on measures of ambient concentrations that fl uctuate over 

time. We assigned an exposure measurement score of 1 to stud-

ies that used personal monitors to measure individual exposures. 

For studies that relied on central-site monitors, we assigned a 

score of 0 to those that employed statistical modeling to account 

for spatial variation, or used measurements from local moni-

tors ( �    1 km to participants ’  residences), to estimate individual 

exposure. To some extent, the use of data from air monitoring 

stations in such close proximity to people ’ s homes as surrogates 

for individual exposures may have reduced exposure assessment 

errors, but it could not completely account for individual mobil-

ity and indoor and workplace exposures. We assigned a score of 

   �    1 to studies that estimated exposure using simple averages of 

measurements from several ambient monitors or measurements 

from a single ambient monitor for a large area.   

  Statistical modeling .   We evaluated whether the appropriate sta-

tistical analyses were conducted based on the study design and 

research question. We considered Cox regression appropriate 

for long-term survival analysis because, under the assumption 

of proportional hazards, Cox regression does not specify base-

line hazard and can account for time-varying exposure and 

covariates. We considered logistic regression appropriate for 

estimation of relative risks for binary outcomes if the preva-

lence/incidence of the outcomes was less than 10%. When the 

outcome was common (prevalence/incidence    �    10%), Poisson 

or log-binomial regression was considered appropriate for the 

estimation of relative risks. We considered generalized addi-

tive models to be appropriate statistical approaches to evaluate 

the associations between continuous predictors and outcomes, 

because generalized additive models incorporate nonlinear 

forms (smooth functions) of the predictors. Though considered 

appropriate in our study quality rating system, these statistical 

models are not without limitations. For example, a departure 

from the assumption of proportional hazard in Cox regression 

or over-fi tting in generalized additive models may severely 

undermine the validity of the fi ndings. 

 We also considered whether analyses were conducted using 

both single- and bi- or multi-pollutant models. Air pollutants 

tend to be highly correlated with each other and the outcome 

of interest, and this may be particularly true for CV eff ects 

(Barath et   al. 2013). Analyses of several pollutants in the same 

statistical model may cause instability because of collinear-

ity among the pollutants. However, when single-pollutant 

models indicate an association with a health eff ect that is in 

the same direction and of the same magnitude for both ozone 

and another pollutant that is correlated with ozone, unless 

bi- or multi-pollutant models are used, it is unclear whether 

the eff ect is due to ozone or whether ozone is a surrogate 

for eff ects from the other pollutant. Thus, we considered 

studies that used bi- or multi-pollutant models to be of higher 

quality than those that did not. For studies that used appropri-

ate statistical models as defi ned above, we assigned a score of 1 

to those that included bi- or multi-pollutant models and a score 

of 0 to those that only considered single-pollutant models. We 

assigned a score of    �    1 to the studies that used inappropriate 

statistical models.   

  Control for confounders .   We also assessed the degree to which 

studies considered key potential confounders. For cohort stud-

ies and individual-level cross-sectional studies, we assigned 

a score of    �    1 for inadequate control for confounding if only 

age and sex were included. We assigned a score of 0 to studies 

that included age and sex, plus at least two of the following: 

body mass index (BMI), smoking, and socioeconomic status 

(SES). To obtain a score of 1, studies had to meet the criteria 

for a score of 0 and also had to have considered at least two 

of the following: diet, alcohol consumption, physical activ-

ity, second-hand smoking, family history of CVD conditions, 

pre-existing morbidities such as hypertension and diabetes, 

and use of medication such as antihypertensives and aspirin. 

For the ecological studies, we assigned a score of    �    1 if no 

confounders were considered. We assigned a score of 0 if tem-

poral trend (calendar time) and area SES indicators, such as 

employment rate and deprivation index, were controlled for, 

and we assigned a score of 1 if area smoking rate was addi-

tionally adjusted for. Although some studies with a score of 

1 adjusted for a number of potential confounders, these were 

usually assessed only once at baseline and not updated during 

a long period of follow-up. Thus, residual confounding was 

still an issue for these studies.   

  Sensitivity analysis .   Lastly, we considered whether analyses were 

carried out to assess the sensitivity of study fi ndings to various 

assumptions. We considered studies that conducted sensitivity 

analyses (including an evaluation of the impact of restricting anal-

yses to certain population groups, or the validation of the statisti-

cal or exposure model) to be the most robust; thus, we assigned 

these studies a score of 1. We assigned a sensitivity analysis score 

of 0 to studies that did not conduct any sensitivity analyses.   

  Overall quality score .   We added the scores in each category to 

obtain an overall study quality score for each CV endpoint for 

each study; if a study evaluated more than one endpoint, it is 

possible that study has a diff erent score for diff erent endpoints. 

Based on the overall study quality score, we grouped the stud-

ies into two tiers: Tier I (with a score    �    0) and Tier II (with a 

score    �    0). We consider Tier I studies to be of a higher quality 

but, because these are crude rankings, we do not diff erentiate 

individual studies by their scores in our analysis; rather, we dif-

ferentiate them by tiers.   
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studies that used inverse distance-weighted (IDW) or disper-

sion modeling to account for spatial variation (Lipsett et   al .  
2011, Beckerman et   al .  2012, Breton et   al .  2012, Atkinson 

et   al. 2013). We also assigned a score of 0 to two Chinese stud-

ies that used measurements from local air monitoring stations 

(within 1 kilometer of participants ’  residences) (Dong et   al .  
2013a, b). We assigned a score of    �    1 to one study in Taiwan 

that used area-level ozone concentrations as surrogates for 

personal exposures (Chuang et   al. 2011). 

 For the evaluation of whether the data analyses employed 

adequate statistical approaches, we assigned a score of 1 to 

four studies that used appropriate statistical regression models 

(as defi ned above in our scoring criteria) and included co-

pollutants, such as particulate matter PM [including fi ne (up 

to 2.5 micrometers in diameter) and coarse (up to 10 microm-

eters in diameter) PM, i.e. PM 
2.5

  and PM 
10

 ] or nitrogen diox-

ide (NO 
2
 ), in the models (Lipsett et   al .  2011, Beckerman et   al .  

2012, Breton et   al .  2012, Atkinson et   al .  2013). We assigned 

a score of 0 to two studies that used appropriate regression 

models, but only considered single pollutant models (Chuang 

et   al .  2011, Dong et   al .  2013b). We assigned a score of    �    1 

to a Chinese study in which the authors inappropriately used 

logistic regression to evaluate hypertension because the preva-

lence was greater than 10% and the relative risk was not well 

estimated by the odds ratios yielded from logistic regression 

(Dong et   al. 2013a). 

 Regarding whether the statistical analyses considered 

potential confounders (other than co-pollutants), we assigned 

a score of 1 to three studies with adequate adjustment for con-

founders, as defi ned above in our scoring criteria (Lipsett et   al. 

2011, Atkinson et   al. 2013, Dong et   al. 2013a, b), and a score 

of 0 to three studies with incomplete adjustment (Chuang et   al. 

2011, Beckerman et   al. 2012). We assigned a score of    �    1 to a 

study that examined the association between long-term ozone 

exposure and development of atherosclerosis that inappropri-

ately adjusted for intermediates [i.e. low-density lipoprotein 

(LDL) cholesterol and high-density lipoprotein (HDL) choles-

terol] in the causal pathway (Breton et   al. 2012). 

 Lastly, we assigned a score of 1 to three studies with 

sensitivity analyses (Breton et   al. 2012, Lipsett et   al. 2011, 

Atkinson et   al. 2013) and a score of 0 to those that did 

not conduct any sensitivity analyses (Chuang et   al. 2011, 

Beckerman et   al. 2012, Dong et   al. 2013a, b). 

 Overall, we classifi ed four studies of CV morbidity as Tier 

I and three as Tier II (Table 4).   

 Cardiovascular mortality 

 We identifi ed six studies of long-term ozone exposure and CV 

mortality from the ISA (Abbey et   al. 1999, Pope et   al. 2002, 

Chen et   al. 2005, Jerrett et   al. 2009, Smith et   al. 2009, Wang 

et   al. 2009) and six studies from our literature search (Jerrett 

et   al. 2005, Janke et   al. 2009, Krewski et   al. 2009, Lipsett 

et   al. 2011, Spencer-Hwang et   al. 2011, Carey et   al. 2013) 

(Table 5). We did not include the study by Zanobetti and 

Schwartz (2011) that was cited in the ISA, as this study exam-

ined all-cause mortality, not CV-specifi c mortality, in individ-

uals with pre-existing CV conditions. Although this study was 

mentioned in the CV mortality section of the ISA, the EPA did 

not rely on it for its causal determination. 

 Cardiovascular morbidity 

 We identifi ed seven studies that examined the associations 

between long-term ozone exposure and CV morbidity end-

points. One study (Chuang et   al. 2011) was from the ISA; 

we identifi ed the other six studies (Atkinson et   al. 2013, 

Beckerman et   al. 2012, Breton et   al. 2012, Dong et   al .  2013a, 

b, Lipsett et   al. 2011) from our literature search. These stud-

ies examined arrhythmia, blood pressure, CIMT, prevalence 

of IHD and CVD, heart failure, stroke, and MI (Table 3). We 

evaluated the quality of these studies by using the rating crite-

ria described above. 

 Table 4 summarizes the study quality scores for the CV 

morbidity studies. We assigned a score of 1 to two large 

cohort studies (Lipsett et   al .  2011, Atkinson et   al. 2013) and 

a score of 0 to fi ve cross-sectional studies (Chuang et   al .  
2011, Beckerman et   al. 2012, Breton et   al. 2012, Dong et   al .  
2013 a, b) for study design. 

 In our evaluation of the potential presence of selection bias, 

we assigned a score of 1 to a recent study conducted in Taiwan 

that included a random sample of participants in a large-scale 

national survey (Chuang et   al .  2011), as we considered that 

selection bias was unlikely. Three studies had populations 

restricted to people who lived within a certain distance from an 

air monitoring station (Lipsett et   al .  2011, Dong et   al .  2013a, 

b), and one study included patients from 205 selected English 

clinical practices that were linked to hospital admission and 

mortality databases and was deemed to have high quality data 

(Atkinson et   al .  2013). As it is unclear whether the selection 

of study populations from certain areas or selected clinical 

practices may be associated with exposure or outcome, we 

considered that selection bias in these studies was possible, 

and assigned a score of 0. A Canadian study recruited patients 

from a single pulmonary clinic (Beckerman et   al. 2012), and a 

US study consisted of students from a single university (Breton 

et   al. 2012). We assigned these two studies a score of    �    1, as 

we considered that selection bias was likely to be present in 

the study populations. 

 Regarding the outcome assessment, we assigned a score of 

1 to a British study that used a broadly defi ned endpoint, IHD, 

to avoid potential errors and misclassifi cation (Beckerman 

et   al. 2012). We assigned a score of 0 to studies in which 

outcome misclassifi cation was likely to be present, including 

two studies that relied on databases linking participants to 

hospital admission records and mortality, with no independent 

review of medical records or death certifi cates (Lipsett et   al. 

2011, Atkinson et   al. 2013); we also assigned a score of 0 to 

two studies in China that relied on self-reported diagnoses or 

medication use (Dong et   al. 2013a, b). In addition, three stud-

ies investigated the eff ects of long-term ozone exposure on 

CV health using surrogate outcomes such as blood pressure 

and CIMT (Chuang et   al. 2011, Breton et   al .  2012, Dong et   al. 

2013a). These outcomes were measured manually in these 

studies and thus subject to random or systematic errors that 

could result in the misclassifi cation of CV outcomes. Because 

of these limitations, we assigned a score of 0 to these three 

studies. 

 None of the studies used personal ozone exposure mea-

surements and thus, none of the studies received a score of 

1 for exposure measurement. We assigned a score of 0 to the 
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 Although some of the studies we included in this analysis 

evaluated mortality from all CV or cardiopulmonary condi-

tions combined, several investigated specifi c CV mortality 

endpoints, such as MI or coronary heart disease (CHD) (Chen 

et   al. 2005, Jerrett et   al. 2005, 2009, Krewski et   al. 2009, 

Lipsett et   al. 2011, Spencer-Hwang et   al. 2011). All of the 

studies analyzed mortality in healthy adults, with the excep-

tion of one study that evaluated the eff ect of ozone on mor-

tality in kidney transplant recipients (Spencer-Hwang et   al. 

2011). Thus, these results are specifi c to this susceptible popu-

lation. To evaluate studies of long-term ozone exposure and 

CV mortality, we used the same study quality scoring system 

described above for the studies of CV morbidity. 

 Table 6 summarizes the study quality scores for the studies 

of CV mortality. For study design, we assigned a score of 0 to 

the ecological and cross-sectional analyses and 1 to the cohort 

designs. For selection bias, because most of the studies were 

of large cohorts with high rates of verifi ed follow-up, or were 

ecological/panel studies that include all deaths in a particu-

lar area, we considered that selection bias was unlikely and 

assigned a score of 1 to these studies (Jerrett et   al. 2005, Janke 

et   al. 2009, Wang et   al. 2009, Lipsett et   al. 2011). We assigned 

a score of 0 to eight studies because they had some potential 

for selection bias, most often due to the study inclusion criteria 

(Abbey et   al. 1999, Pope et   al. 2002, Chen et   al. 2005, Jerrett 

et   al. 2009, Krewski et   al. 2009, Smith et   al. 2009, Spencer-

Hwang et   al. 2011, Carey et   al. 2013). For example, Spencer-

Hwang et   al. (2011) restricted the study population to patients 

who had their fi rst kidney transplant and lived within 50 km of 

an air monitoring station; it is possible that this populations ’  

ozone exposure and risk of mortality may have diff ered from 

those who were not included. Similarly, Carey et   al. (2013) 

only included patients of a select group of general practitio-

ners in England, and the selection may have been related to 

exposure or mortality risk. 

 For outcome assessment, we assigned a score of 1 to stud-

ies that used death certifi cates to identify deaths from CV 

disease (Abbey et   al. 1999, Pope et   al. 2002, Chen et   al. 2005, 

Krewski et   al. 2009, Smith et   al. 2009, Carey et   al. 2013). 

Other studies used registry data and did not verify the results 

using death certifi cates (Jerrett et   al. 2005, Janke et   al. 2009, 

Wang et   al. 2009, Lipsett et   al. 2011, Spencer-Hwang et   al. 

2011); thus, we assigned a score of 0 to these studies. Registry 

data can be unreliable; while some countries have complete 

death registries with the causes of death reported  via  physi-

cians, other countries have incomplete or inaccurate registry 

systems (Khosravi et   al. 2008). For example, China ’ s surveil-

lance system has no standard procedures or instruments for 

identifying and reporting causes of death (Wang et   al. 2007). 

Jerrett et   al. (2009) used death certifi cates to identify deaths 

through 1995 but used the National Death Index beginning in 

1996, so we assigned a score of 0 for outcome assessment to 

this study. 

 The majority of the mortality studies used area ambient 

monitoring data from either a single monitor or a small num-

ber of monitors within each city. We assigned these studies a 

score of    �    1 for exposure measurement. Several studies inter-

polated the available air monitoring data or utilized exposure 

modeling, which allowed more precise exposure estimates; we 

assigned these studies a score of 0 (Abbey et   al. 1999, Chen 

et   al. 2005, Jerrett et   al. 2005, Janke et   al. 2009, Wang et   al. 

2009, Spencer-Hwang et   al. 2011, Carey et   al. 2013). None of 

the studies used personal monitoring data, so we did not assign 

a score of 1 to any of the studies. 

 All studies used appropriate statistical models [e.g. Cox 

regression models for the cohort studies and a generalized 

estimating equations model for the ecological, cross-sectional 

studies]; however, not all studies performed bi- or multi-pol-

lutant analyses. Because certain co-pollutants may confound 

the ozone-mortality relationship, and numerous studies have 

reported an attenuation of mortality eff ect estimates for ozone 

when co-pollutants were included in statistical models (Pascal 

et   al. 2012, Tao et   al. 2012, Katsouyanni et   al. 2009, Yang 

et   al. 2012), we considered studies that included multi-pollut-

ant analyses as more robust than those that did not. Among the 

12 studies identifi ed, we assigned a score of 1 to those studies 

that performed bi- or multi-pollutant analyses and a score of 0 

to all others (Table 6). 

 All 12 studies controlled for at least some potential con-

founders. We assigned a score of 1 to studies with adequate 

adjustment for confounders, as defi ned above in our scoring 

criteria (Pope et   al. 2002, Jerrett et   al. 2005, 2009, Janke 

et   al. 2009, Krewski et   al. 2009, Smith et   al. 2009, Lipsett 

et   al. 2011), and a score of 0 to studies with incomplete adjust-

ment for confounders (Abbey et   al. 1999, Chen et   al. 2005, 

Wang et   al. 2009, Carey et   al. 2013). We assigned the study 

by Spencer-Hwang et   al. (2011) a score of    �    1, because the 

authors controlled for numerous kidney-related factors but not 

physical activity, BMI, diet, or other important CV disease 

risk factors. 

 Finally, all but two studies (Smith et   al. 2009, Wang et   al. 

2009) performed at least some sensitivity analyses to assess 

the validity of statistical assumptions and/or the robustness 

of results. We assigned a score of 0 to the studies with no 

sensitivity analyses and a score of 1 to those with at least one 

analysis. 

  Table 4. Study quality  ‒  epidemiology studies of cardiovascular morbidity.  *    

 Study 

 Study 

design 

 Selection 

bias 

 Outcome 

assessment 

 Exposure 

measurement 

 Statistical 

modeling 

 Control for 

confounders 

 Sensitivity 

analysis 

 Total 

score 

Breton et   al. (2012) 0  �    1 0 0 1  �    1 1 0
Chuang et   al. (2011) 0 1 0  �    1 0 0 0 0

Dong et   al. (2013a) 0 0 0 0  �    1 1 0 0

Beckerman et   al. (2012) 0  �    1 1 0 1 0 0 1

Dong et   al. (2013b) 0 0 0 0 0 1 0 1
Atkinson et   al. (2013) 1 0 0 0 1 1 1 4
Lipsett et   al. (2011) 1 0 0 0 1 1 1 4

    * The study quality scoring system used to determine these scores is described in the text.   
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 Overall, we classifi ed all 12 studies of CV mortality as 

Tier I (Table 6).   

 Cardiovascular biomarkers 

 There is currently no known biologically plausible mecha-

nism by which ambient ozone could cause CV eff ects. Ozone 

reacts on contact with the respiratory tract lining fl uids, so it 

is not transported to extrapulmonary sites (Hatch et   al. 1994, 

Medinsky 1996, Barath et   al. 2013); however, it is possible 

that the products of ozone reaction may enter the circula-

tion. Several studies have examined the circulating levels of 

biomarkers in humans and experimental animals after long-

term exposure to ozone, to determine potential biological 

mechanisms for an association between ozone exposure and 

CV eff ects. The most commonly studied biomarkers are those 

associated with infl ammation, coagulation, oxidative stress, 

blood lipids and glucose metabolism, and overall CV health. 

Each biomarker was examined in only one or two studies, so it 

is not feasible to compare the eff ects of ozone on specifi c bio-

markers across studies in most cases; however, we evaluated 

the eff ects on biomarkers in the same biological pathway. 

 A limitation of biomarker studies is that some biomarkers 

may not be clinically relevant (i.e. associated with disease). 

Many of the biomarkers examined in the studies reviewed here 

are used as potential indicators of CV risk based on hypothe-

ses suggested from small, retrospective studies assessing CVD 

risk factors, but they require further evaluation before they can 

be utilized in clinical (i.e. diagnostic) practice (Lewington 

et   al. 2012, Ioannidis and Tzoulaki 2012, Sarwar et   al. 2009). 

It is possible that many of the biomarkers are not indicative 

of adverse CV eff ects but instead are indicative of nonadverse 

biological changes (e.g. homeostatic changes) that may or may 

not lead to adverse eff ects in a given individual. Many factors 

related to study design can infl uence the measured concentra-

tions of circulating biomarkers, including the time of day that 

blood is collected from participants (due to the infl uence of 

circadian patterns), their dietary intake patterns (such as after 

a high-fat meal), and their level of physical activity (Zhou 

et   al. 2010). 

 We identifi ed three epidemiology studies, each included in 

the ISA, that examined potential CV biomarkers (Chen et   al. 

2007, Chuang et   al. 2011, Forbes et   al. 2009) (Table 7). To 

evaluate these studies, we used the same study quality scoring 

system described above, but with diff erent criteria for scor-

ing outcome assessment. We assigned a score of 1 to studies 

that employed quality assurance/quality control procedures in 

sample storage and laboratory assays and reported high reli-

ability of the results (intraclass correlation coeffi  cient    �    75% 

or coeffi  cient of variation    �    10%), as we considered the infl u-

ence of measurement errors to be small in such settings. We 

assigned a score of 0 to studies that did not receive a score of 1, 

as we considered that the measurement errors and subsequent 

outcome misclassifi cations were likely to be substantial. 

 Table 8 summarizes the study quality scores for the studies 

of CV biomarkers. For study design, we assigned a score of 0 

to all three biomarker studies because of their cross-sectional 

design. For the potential presence of selection bias, we assigned 

a score of 1 to two studies that included representative samples 

of participants in large-scale national surveys (Forbes et   al .  
2009, Chuang et   al .  2011), as we considered that selection bias 

was unlikely in such settings. We assigned a score of    �    1 to the 

study by Chen et   al. (2007) that recruited participants from a 

single university, because selection bias was likely to be pres-

ent in the study population. 

 For outcome assessment, one study employed strict storage 

and analytical procedures for blood samples, performed qual-

ity assurance/quality control analyses, and had low variability 

(coeffi  cients of variation  �    10%) in biomarker assays (Chen 

et   al. 2007). Another study indicated good interlaboratory 

and intralaboratory reliability (intraclass correlations  �    75%) 

(Chuang et   al .  2011). We assigned a score of 1 to these two 

studies, as we considered measurement errors in the outcome 

assessment were likely to be small. Forbes et   al .  (2009) stored 

blood samples at room temperature and reported coeffi  cients 

of variation  �    10%. We assigned a score of 0 to this study, as 

we considered measurement errors in the outcome assessment 

were likely to be large. 

 For exposure measurement, we assigned a score of 0 to two 

studies that employed IDW and dispersion models to account 

for spatial variation and interpolate individual exposure (Chen 

et   al .  2007, Forbes et   al .  2009) and a score of  �    1 to the study 

by Chuang et   al. (2011), which used averaged area-level ozone 

concentrations as surrogates for individual exposure. 

 For statistical modeling, we assigned a score of 0 to all three 

studies for using appropriate statistical regressions (as defi ned 

  Table 6. Study quality  ‒  epidemiology studies of cardiovascular-related mortality.  *    

 Study 

 Study 

design 

 Selection 

bias 

 Outcome 

assessment 

 Exposure 

measurement 

 Statistical 

modeling 

 Control for 

confounders 

 Sensitivity 

analysis 

 Total 

score 

 Cohort Studies 
Smith et   al. (2009) 0 0 1  �    1 1 1 0 2

Spencer-Hwang et   al. (2011) 1 0 0 0 1  �    1 1 2

Abbey et   al. (1999) 1 0 1 0 0 0 1 3
Carey et   al. (2013) 1 0 1 0 0 0 1 3
Chen et   al. (2005) 1 0 1 0 0 0 1 3
Jerrett et   al. (2005) 0 1 0 0 0 1 1 3
Jerrett et   al. (2009) 1 0 0  �    1 1 1 1 3

Pope et   al. (2002) 1 0 1  �    1 0 1 1 3

Krewski et   al. (2009) 1 0 1  �    1 1 1 1 4

Lipsett et   al. (2011) 1 1 0 0 1 1 1 5
 Ecological studies 
Wang et   al. (2009) 0 1 0 0 1 0 0 2
Janke et   al. (2009) 0 1 0 0 1 1 1 4

    * The study quality scoring system used to determine these scores is described in the text.   
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previously above) but only single-pollutant models. We also 

assigned a score of 0 to all three studies for confounder adjust-

ment, as all three had incomplete control for potential con-

founders (as defi ned above in our scoring criteria). 

 For the sensitivity analysis, we assigned a score of 1 to two 

studies that performed a variety of sensitivity analyses (Chen 

et   al .  2007, Forbes et   al .  2009) and a score of 0 to one study 

that did not perform any (Chuang et   al .  2011). 

 Overall, we classifi ed all three of the studies of CV bio-

markers as Tier I (Table 8). 

 In our evaluation of study quality, we also considered addi-

tional factors that can infl uence biomarker measurements. The 

participants in all studies were healthy, although those in the 

study by Chuang et   al. (2011) were at least 54 years of age. 

None of the studies noted whether blood was collected from 

participants at the same time of the day to limit diurnal varia-

tions in biomarker levels. Non-fasting blood samples were col-

lected from participants in the study by Forbes et   al. (2009), 

whereas the other two studies did not state whether fasting or 

non-fasting samples were used; however, fasting glucose was 

measured in the study by Chuang et   al. (2011). All three studies 

were classifi ed as Tier I, but we considered studies to be more 

reliable if they measured biomarkers in fasting blood samples.    

 Experimental animal studies  

 Cardiovascular morbidity 

 We identifi ed two experimental animal studies of potential CV 

morbidity eff ects of long-term ozone exposure from the ISA 

(Chuang et   al. 2009, Perepu et   al. 2010) and three from our 

literature search (Perepu et   al. 2012, Gordon et   al. 2013, Sethi 

et   al. 2012). These studies examined the eff ects on heart rate, 

blood pressure, atherosclerotic lesion development, and vas-

cular function in rodents exposed to high ozone concentrations 

(500 – 800 ppb) (Table 9). 

 Many factors contribute to the quality of experimental animal 

studies. Recently, several investigators proposed guidelines for 

reporting animal data in primary studies to improve the qual-

ity of scientifi c publications (Macleod et   al. 2009, Hooijmans 

et   al. 2010, Kilkenny et   al. 2010, van der Worp et   al. 2010). 

We considered the information on study design and methods 

(including the number of animals, appropriate controls, and 

maintenance of the exposure concentration) proposed by these 

guidelines, as well as the use of appropriate statistical methods 

and replicability of observations, when assessing the quality of 

the ozone experimental animal studies. We used these factors 

to develop the criteria for our quantitative study quality scoring 

system, in order to classify the experimental animal studies as 

Tier I or Tier II. Table 10 summarizes the study quality scores 

for the experimental animal studies of CV morbidity. 

 Our criteria for exposure assignment were to assign a score 

of 1 to studies that explicitly stated that animals were random-

ized to treatment or control groups and a score of  �    1 to those 

that did not. None of the experimental animal studies of CV 

morbidity specifi ed how the treatment assignment was per-

formed; thus, we assigned a score of  �    1 to all fi ve studies. 

 We defi ned an adequate experimental group as having at 

least ten animals of each sex and a clear description of dif-

ferent treatment groups, as per the EPA guidelines for 90-day 

inhalation toxicity studies (US EPA 1998), unless otherwise   T
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justifi ed (e.g. with a power calculation). We chose to base 

these criteria on the EPA ’ s 90-day study guidelines because the 

studies reviewed here were of similar durations. We assigned 

a score of 1 when these conditions were met; otherwise, we 

assigned a score of  �    1 for this category. None of the experi-

mental animal studies met this criterion, so we assigned them 

all a score of    �    1. Similarly, we evaluated studies on whether 

appropriate controls were employed. We assigned a score of 

1 to studies that clearly indicated that treated animals were 

compared to a control group exposed to fi ltered air. If studies 

did not include a fi ltered air control group, or if controls were 

exposed to  “ room ”  or  “ ordinary ”  air (which could contain 

contaminants with the potential to alter results), we assigned a 

score of    �    1. All fi ve studies used a fi ltered air control group, 

so we assigned them a score of 1. 

 The validity of chamber study results depends on the experi-

mental conditions, maintenance of the chamber environment, 

the density of animals in each chamber (to minimize the eff ects 

of animal surface area or volume on exposure concentration), 

cleanliness, and control of potential animal stressors (e.g. 

temperature, humidity, air fl ow, atmospheric pressure, noise, 

and vibration) (Klaassen 2008, Dorato and Wolff  1991). We 

assigned a score of 1 to studies that explicitly mentioned the 

measures taken to ensure the accuracy and consistency of 

ozone exposure throughout the exposure period (e.g .  con-

tinuous monitoring of ozone concentration), type of exposure 

method used (e.g. chamber or nose-only), and maintenance of 

adequate environmental conditions. We assigned a score of    �    1 

if these parameters were not clearly mentioned in the study. We 

assigned all fi ve studies a score of 1 for exposure environment. 

  Table 8. Study quality  ‒  epidemiology studies of cardiovascular-related biomarkers.  *    

 Study 

 Study 

design 

 Selection 

bias 

 Outcome 

assessment 

 Exposure 

measurement 

 Statistical 

modeling 

 Control for 

confounders 

 Sensitivity 

analysis 

 Total 

score 

Chen et   al. (2007) 0  �    1 1 0 0 0 1 1
Chuang et   al. (2011) 0 1 1  �    1 0 0 0 1

Forbes et   al. (2009) 0 1 0 0 0 0 1 2

    * The study quality scoring system used to determine these scores is described in the text.   

  Table 9. Experimental animal studies of long-term ozone exposure and cardiovascular morbidity.  

 Study  Endpoint  n  Species  Exposure design 

 Age at start 

of study 

 Ozone 

conc. 

(ppb)  Result   p  value 

 Heart Rate 
Gordon et   al. (2013) * Heart rate (bpm) 7 – 8 exposed,

  7 – 8 control

Rat 6 hr/day, 1 day/wk, 

15 wks; chamber

4 mos 0 391.2    �    12  �    0.05
800 379.8    �    12

Senescent 

(20 mos)

0 379.0    �    3.9  �    0.05

800 350.1    �    11.4
 Cardiovascular Structure and Function 

Chuang et   al. (2009) * % oil red-O staining 

of aorta
 �    5 exposed,  �    5 

control

apoE  � / �  

mouse

8 hr/day, 5 days/

wk for 8 wks; 

chamber

6 wks FA 0.70    �    0.2

500  1.50    �    0.19   �    0.05 

Sethi et   al. (2012) * LVDP (mmHg) 4 exposed, 4 

control

Rat 8 hr/day for 56 days; 

chamber

Adult FA 152.3    �    3.8

800  69.0    �    15  �     0.05 

Perepu et   al. (2010) * LVDP (mmHg) 6 exposed, 6 

control

Rat;  ex vivo   †  8 hr/day for 56 days; 

chamber

Adult FA 72.2    �    4.9

800  26.1    �    1.1  �     0.05 
LVEDP (mmHg) FA 19.0    �    0.3

800  39.1    �    2.4  �     0.05 

 	    dp/dT (mmHg/s) FA 61.1    �    6.1
800  34.3    �    4.0  �     0.05 

 �    dp/dT (mmHg/s) FA 60.1    �    5.0
800  33.28    �    2.0  �     0.05 

Perepu et   al. (2012) * LVDP (mmHg) 6 exposed, 6 

control

Rat 8 hr/day for 56 days; 

chamber

Adult FA 151    �    8.0

800  71.3    �    8.0  �     0.05 
LVEDP (mmHg) FA 3.75    �    0.7

800  14.2    �    1.6  �     0.05 

 	    dp/dT (mmHg/s) FA 6718    �    354
800  3845    �    309  �     0.05 

 �    dp/dT (mmHg/s) FA 5560    �    423
800  2955    �    192  �     0.05 

    bpm  beats per minute,  FA  fi ltered air,  LVDP  left ventricular developed pressure,  LVEDP  left ventricular end diastolic pressure,  n  number of animals, 

 ppb  parts per billion   

 Bolded values are statistically signifi cant.   

  * Estimated from study fi gures using GetData Graph Digitizer.   

  † Rats were continuously exposed to ozone for 8 hr/day for 56 days; after sacrifi ce, hearts were removed and subjected to 30 min of global ischemia 

followed by 60 min of reperfusion. Endpoints were measured after ischemia/reperfusion.   
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 Information on animal husbandry and adequate animal 

housing is also integral to a reliable animal study. We assigned 

a score of 1 to studies that reported on the source, age, housing, 

and feeding of animals, as well as the treatment conditions, 

acclimation period, and sacrifi ce methods (if applicable). If 

more than one of these details were missing or no informa-

tion was provided, we assigned a score of  �    1 for this cat-

egory. Four studies provided adequate information on animal 

husbandry and housing conditions according to our criteria 

(Chuang et   al. 2009, Perepu et   al. 2010, 2012, Gordon et   al. 

2013) and we assigned a score of 1 to these studies. One study 

missed more than one of these details and we assigned a score 

of  �    1 to this study (Sethi et   al. 2012). 

 We also considered detailed descriptions of outcome mea-

sures, accompanied by consideration of the adequacy of the 

methods and/or the reproducibility of measures, as important 

study quality criteria. We assigned a score of 1 for outcome 

assessment if the authors provided details on how outcomes 

were measured and the reproducibility/adequacy of such mea-

surements. For the animal studies that measured biomarkers, 

this included details on the assays and/or kits used to measure 

specifi c biomarkers, and the collection, handling, and storage 

of samples. We assigned a score of  �    1 in the absence of any 

of these details. Four of the CV morbidity studies provided 

adequate information on outcome assessment and quality 

assurance according to our criteria (Chuang et   al. 2009, Perepu 

et   al. 2010, 2012, Gordon et   al. 2013) and we assigned these 

studies a score of 1. One study did not provide adequate infor-

mation and we assigned a score of  �    1 for outcome assessment 

to this study (Sethi et   al. 2012). 

 We also considered attrition bias, a type of selection bias 

caused by a diff erential loss of animals in exposed  versus  con-

trol groups. We assigned a score of 1 if the details regarding 

study-related deaths were provided, either explicitly or in such 

a way that they could be easily derived from study information 

(i.e. if a starting number of animals was given in conjunc-

tion with the number of animals in the fi nal analyses). If no 

information was provided or was not discernible, we assigned 

a score of  �    1 for attrition bias. The study by Gordon et   al. 

(2013) provided mortality information and explained cause of 

death, so we assigned a score of 1 to this study. The other four 

studies did not provide information to determine whether any 

animals died during the study, so we assigned a score of  �    1 

to these studies. 

 For statistical analyses, we assigned a score of 1 if appro-

priate statistical methods were used and clearly denoted 

(e.g. t-tests accounting for multiple comparisons; analysis 

of variance (ANOVA) followed by the Newman-Keuls 

test). Specifi cally, to receive a score of 1, studies that com-

pared results between exposed and control groups must have 

accounted for the eff ects of multiple comparisons, and studies 

in which eff ects in exposed animals were compared to their 

own baseline (pre-exposure) values must have employed 

methods to account for possible correlation between repeated 

measures (e.g. mixed eff ects models). In addition, our criteria 

for a score of 1 require the inclusion of standard errors/devia-

tions, baseline/control results, and data for all relevant time 

points in the presentation of results. We assigned a score of 

 �    1 if inappropriate statistical tests were used (e.g. t-tests with 

no post-hoc analyses) or if the data required for a score of 1 

were missing. In all of the experimental animal studies of CV 

morbidity, the authors conducted adequate statistical methods 

according to our criteria, so we assigned a score of 1 to all 

studies. 

 Overall, we classifi ed four experimental animal studies of 

CV morbidity as Tier I and one as Tier II (Table 10). 

 In addition to the study quality, we considered factors 

related to the relevance of the studies to humans, including 

the animal species and exposure levels used. All studies used 

rats except for the study by Chuang et   al. (2009), which used 

mice. All studies were conducted  in vivo  with the exception 

of the study by Perepu et   al. (2010); this study was an  ex vivo  

study on isolated rat hearts that were subjected to 30 min of 

global ischemia followed by 1 h of reperfusion before CV 

endpoints were measured. The exposure duration across the 

studies was mainly subchronic. Chuang et   al. (2009), Perepu 

et   al. (2010), Perepu et   al. (2012), and Sethi et   al. (2012) 

exposed the animals for 56 days ( ∼ 8 weeks); however, the 

latter three studies exposed the animals 7 days per week, 

while Chuang et   al. (2009) exposed the animals for 5 days per 

week followed by 2 days of fi ltered air. Gordon et   al. (2013) 

simulated long-term intermittent exposure, exposing rats for 

only 6 hours per day and 1 day per week for 15 weeks. The 

authors measured CV endpoints every other week, 1 day after 

exposure; thus, the results may not be relevant to the assess-

ment of long-term eff ects of ozone, and rather, may refl ect 

acute eff ects. 

 While all studies evaluated the eff ect of ozone on healthy 

adult rodents, Chuang et   al. (2009) utilized apolipoprotein E 

(apoE) -/- C57Bl/6 mice. While the C57Bl/6 strain does not 

usually develop atherosclerotic lesions (the endpoint being 

investigated), the apoE  � / �  mice of this strain are susceptible 

to such lesions. In addition, Gordon et   al. (2013) examined 

the eff ects of ozone in rats that were either 8 or 24 months 

old (senescent) at the end of the 4-month exposure period; the 

results of this study may be useful in determining the poten-

  Table 10. Study quality  –  experimental animal studies of cardiovascular morbidity. *   

 Study 

 Study design 

 Outcome 

assessment 

 Attrition 

bias 

 Statistical 

methods 

 Total 

score 

 Exposure 

assignment 

 Appropriate 

control 

 Experimental 

groups 

 Experimental 

animals, housing 

and husbandry 

 Exposure 

environment 

Sethi et   al. (2012)  �    1 1  �    1  �    1 1  �    1  �    1 1  �    2
Chuang et   al. (2009)  �    1 1  �    1 1 1 1  �    1 1 2

Perepu et   al. (2010)  �    1 1  �    1 1 1 1  �    1 1 2

Perepu et   al. (2012)  �    1 1  �    1 1 1 1  �    1 1 2

Gordon et   al. (2013)  �    1 1  �    1 1 1 1 1 1 4

    * The study quality scoring system used to determine these scores is described in the text.   
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tial for eff ects in sensitive populations. None of the studies 

measured CV eff ects at more than one exposure concentra-

tion, and the range of concentrations tested among the stud-

ies was small; thus, the studies preclude the assessment of 

dose-response relationships. The exposure concentrations in 

each study were an order of magnitude higher than the current 

ozone NAAQS of 75 ppb. 

 Healthy rats and mice undergo a signifi cant reduction in heart 

rate (bradycardia), body temperature, blood pressure, and oxygen 

demand upon exposure to numerous airborne pollutants, includ-

ing ozone (Watkinson et   al. 2001). The decrease in heart rate and 

blood pressure reduces tissue perfusion, causes an increase in 

arrhythmic events (particularly type II atrioventricular node block 

and premature depolarization), and causes other downstream CV 

eff ects. This  “ hypothermic ”  response is not observed in humans, 

except after acute episodes of poisoning and drug overdose 

(Watkinson et   al. 2003). However, studies have shown that the 

hypothermic response is no longer observed when the exposure 

lasts longer than 2 days (Watkinson et   al. 2003); thus, it may not 

be applicable to long-term studies of ozone exposures in mice 

and rats. Of the fi ve studies of CV morbidity reviewed here, only 

the study by Gordon et   al. (2013) measured heart rate and blood 

pressure; therefore, it is diffi  cult to assess how the hypothermic 

response may or may not have aff ected CV endpoints after long-

term ozone exposure in rats and mice. 

 Other species diff erences, such as the varying nasal 

structures in rodents compared to humans and the fact 

that rodents breathe only through the nose, may also limit 

extrapolation of the results in rodents to humans. Further, 

rodents have a higher ventilation rate and higher ratio of 

body surface area/body volume and breathe more air, which 

would be expected to increase their internal dose of inhaled 

ozone (Hatch et   al. 2013). Although anatomical diff erences 

cause rodents to remove a smaller fraction of the inhaled 

amount of ozone than humans (Miller 1995, Perepu et   al. 

2010), the high concentrations used in rodent studies may 

still limit the generalizability of results to humans. Because 

of diff erences in baseline heart rate, responses to ischemia 

(restricted blood supply) are diff erent in humans and rodents 

(Perepu et   al. 2010). In contrast to rodents, humans and other 

large mammals have higher cardiac muscle levels of inhibi-

tory factor 1 (IF 
1
 ), which decreases the rate of tissue ATP 

depletion during ischemia, thereby delaying cell injury and 

death (Rouslin et   al. 1995). In addition, CV diseases such as 

hypertension and heart failure are usually slow to develop 

in humans. Temporality of onset is diffi  cult to replicate in 

animals, which often show a rapid development of symp-

toms under typical experimental conditions (Doggrell and 

Brown 1998); this may be why we were unable to identify 

any experimental animal studies of ozone and CV eff ects 

with chronic exposure durations.   

 Cardiovascular biomarkers 

 We identifi ed fi ve experimental animal studies that examined 

potential CV biomarkers in the circulation or cardiac tissue 

(Table 11). Two of these were included in the ISA (Perepu 

et   al. 2010, Kodavanti et   al. 2011) and three were identifi ed 

from our literature search (Gordon et   al. 2013, Perepu et   al. 

2012, Sethi et   al. 2012). We assessed the quality of each study 

by considering the same evaluation criteria as for the experi-

mental animal studies of CV eff ects discussed above, as well 

as other factors that can infl uence biomarker measurements. 

Table 12 summarizes the study quality scores for the experi-

mental animal studies of CV biomarkers. 

 For each scoring category, we assigned the same scores as for 

CV morbidity to the studies by Perepu et   al. (2010, 2012) and 

Gordon et   al. (2013); thus, these studies were all classifi ed as 

Tier I studies. The study by Sethi et   al. (2012) was also scored 

the same across categories as for CV morbidity, with the excep-

tion of the outcome assessment category. The authors provided 

adequate information on the outcome assessment and quality 

assurance for the biomarker outcomes, according to our crite-

ria, so we assigned a score of 1 for outcome assessment to this 

study. The change in scoring for this category increased the total 

score for this study, but is was still classifi ed as a Tier II study. 

We assigned a score of 1 to all categories, except for exposure 

assignment, to the study by Kodavanti et   al. (2011). Kodavanti 

et   al. (2011) did not specify how the treatment assignment was 

performed, so we assigned a score of    �    1 for exposure assign-

ment. This study met our criteria for the category of experimen-

tal group; used a fi ltered air control group for result comparison; 

provided adequate information regarding the exposure envi-

ronment, animal husbandry and housing conditions, outcome 

assessment, quality assurance, and attrition bias; and conducted 

adequate statistical methods according to our criteria. Overall, 

we classifi ed four experimental animal studies of CV biomark-

ers as Tier I and one as Tier II (Table 12). 

 Each experimental animal study of CV biomarkers was 

conducted using healthy adult rats, and the study by Gordon 

et   al. (2013) also included senescent (20-month-old) rats. 

Each study was conducted  in vivo , with the exception of the 

study by Perepu et   al. (2010) which was an  ex vivo  study 

on isolated rat hearts subjected to ischemia and reperfusion 

before the biomarker levels were measured. We considered 

the  in vivo  studies to be more relevant than the  ex vivo  study. 

The exposure durations ranged from 8 hours per day for 56 

days in the studies by Perepu et   al. (2010, 2012) to intermit-

tent exposures (1 day per week) over 16 (Kodavanti et   al. 

2011) or 17 weeks (Gordon et   al. 2013). As the biomarkers 

were measured 1 or 2 days after the last exposure in the 

studies by Kodavanti et   al. (2011) and Gordon et   al. (2013), 

with a recovery period of 1 week between each exposure, 

the results of these studies may not be relevant to the assess-

ment of the long-term eff ects of ozone. All studies evalu-

ated only one exposure concentration: 500 ppb ozone in the 

study by Kodavanti et   al. (2011) and 800 ppb ozone in the 

other three studies. The rats had access to food and water 

 ad libitum  throughout each study, and none of the studies 

reported whether blood was collected from all rats at a par-

ticular time of day.     

 Phase 3  –  Integration and evaluation of evidence  

 Epidemiology studies  

 Cardiovascular morbidity 

 We classifi ed four studies that examined the eff ects of long-

term ozone exposure on CV morbidity outcomes as Tier I and 

three as Tier II. Table 3 presents the results of these studies. 
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  Table 11. Experimental animal studies of cardiovascular-related biomarkers.  

 Study  Endpoint  n  Species  Exposure design 

 Age at start of 

study 

 Ozone 

conc. 

   (ppb)  Result   p  value 

Perepu et   al. 

(2010) * 

TNF (pg/mg protein) 6 exposed, 6 

control

Rat; 

 ex vivo   †  

8 hr/day for 56 days; 

chamber

Adult 0 16    �    2.5 NA
800  37    �    2.3   �      0.05 

IL-10 (pg/mg protein) 0 13    �    1.4 NA

800  4.2    �    0.4  �     0.05 
SOD (U/mg protein) 0 54    �    4.2 NA

800  25    �    2.5  �     0.05 
MDA (nmol/mg 

protein)

0 0.4    �    0.02 NA

800  0.9    �    0.08  �     0.05 
Perepu et   al. 

(2012) * 

TNF (pg/mg protein) 6 exposed, 6 

control

Rat  ‡  8 hr/day for 56 days; 

chamber

Adult 0 8.8    �    0.7 NA

800  25    �    2.4  �     0.05 
IL-10 (pg/mg protein) 0 18    �    1.7 NA

800  11    �    0.1  �     0.05 
SOD (U/mg protein) 0 79    �    4.2 NA

800  49    �    1.7  �     0.05 
Lipid peroxidation 

(nmol/mg protein)

0 4.5    �    0.5 NA

800  10    �    0.9  �     0.05 
Kodavanti et   al. 

(2011)

White blood cells (per 

mL    
    10 6  whole 

blood)

20 exposed, 20 

control

Rat 5 hr/day, 1 day/wk, 

16 wks; nose-only

Adult 0 1.65    �    0.12 NA

500 1.55    �    0.07  �    0.05
Lymphocytes (%) 0 88.05    �    1.64 NA

500  67.45    �    1.89   ��    0.05 
Fibrinogen (mg/dL) 0 204.5    �    1.5 NA

500 202.1    �    3.0  �    0.05
Total cholesterol (mg/

dL)

0 97.2    �    1.8 NA

500 99.4    �    1.8  �    0.05
HDL (mg/dL) 0 27.5    �    0.8 NA

500 29.4    �    0.8  �    0.05
LDL (mg/dL) 0 11.4    �    0.4 NA

500 11.0    �    0.4  �    0.05
Triglycerides (mg/dL) 0 46.7    �    3.3 NA

500 50.1    �    4.6  �    0.05
Glucose (mg/dL) 0 194.7    �    7.5 NA

500 183.5    �    3.4  �    0.05
Sethi et   al. 

(2012)

TNF (pg/mg protein) 6 exposed, 6 

control

Rat 8 hr/day for 56 days; 

chamber

Adult 0 11.8    �    1.1 NA

800 26.8    �    2.1    �      0.05 
SOD (U/mg protein) 0 99.6    �    5.1 NA

800 55.1    �    3.4    �      0.05 
Gordon et   al. 

(2013)

White blood cells 7-10 exposed, 

7-10 control

Rat 6 hr/day, 1 day/wk, 

17 wks; chamber

Adult (4 mos.) 

and senescent 

(20 mos.)

800 NC  �    0.05

Lymphocytes NC  �    0.05
CRP NC  �    0.05
FGF-basic  Decreased  0.00053 
GCP2  Decreased  0.037 
IL-11  Decreased  0.042 
MCP-3 NC  �    0.05
MDC-2 NC  �    0.05
MIP-1alpha NC  �    0.05
MIP-1beta NC  �    0.05
MIP2  Decreased  0.038 
MIP-3beta NC  �    0.05
Myoglobin NC  �    0.05
RANTES NC  �    0.05
VEGF NC  �    0.05

    CRP  C-reactive protein,  FGF  fi broblast growth factor,  GCP2  granulocyte chemotactic protein,  HDL  high-density lipoprotein,  IL  interleukin,  LDL  

low-density lipoprotein,  MCP  monocyte chemotactic protein,  MDA  malondialdehyde,  MDC  macrophage-derived chemokine,  MIP  macrophage infl am-

matory protein,  n  number of animals,  NA  not available,  NC  no change,  ppb  parts per billion,  RANTES  regulated on activation, normal T cell expressed 

and secreted,  SOD  superoxide dismutase,  TNF  tumor necrosis factor,  VEGF  vascular endothelial growth factor   

 Bolded values are statistically signifi cant.   

  * Estimated from study fi gures using GetData Graph Digitizer.   

  † Rats were continuously exposed to ozone for 8 hr/day for 56 days; after sacrifi ce, hearts were removed and subjected to 30 min of global ischemia 

followed by 60 min of reperfusion. Biomarkers were measured after ischemia/reperfusion.   

  ‡ Rats were continuously exposed to ozone for 8 hr/day for 56 days; after sacrifi ce, hearts were removed and biomarkers measured.   
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  Blood pressure.  Two Tier II cross-sectional studies evaluated 

the eff ects of long-term ozone exposure on blood pressure 

(Chuang et   al .  2011, Dong et   al .  2013a). One study in an elderly 

Taiwanese population (Chuang et   al .  2011) reported that an 

interquartile range (IQR) increment of 8.95 ppb in a 1-year 

average ozone exposure was associated with increases of 

21.51 mmHg (95% CI: 16.90 to 26.13) and 20.56 mmHg (95% 

CI: 18.14 to 22.97) in systolic and diastolic blood pressure, 

respectively. This study was conducted in a random sample of 

participants of a large-scale nation-wide survey; the presence 

of selection bias was thus unlikely. However, it is likely that 

ozone and blood pressure measurement error were present, 

as the reported increases in blood pressure were so large for 

such a small increase in ozone concentration that they seem 

implausible. Uncontrolled confounders such as physical activ-

ity, occupation, and pre-existing conditions were also likely to 

have impacted the results. Furthermore, the statistically sig-

nifi cant associations between ozone and blood pressure were 

yielded from single-pollutant models. It is unclear whether 

the observed increases in blood pressure were attributable to 

a true causal eff ect of ozone or were the result of confounding 

by uncontrolled co-pollutants, such as PM 
10

 , PM 
2.5

 , and NO 
2
 , 

which showed similarly strong eff ects on blood pressure in 

single-pollutant models. 

 A study in China (Dong et   al .  2013a) reported that an incre-

ment of 22  μ g/m 3  (11.2 ppb) in 3-year average ozone levels 

was associated with clinically insignifi cant increases of 0.73 

mmHg (95% CI: 0.35 to 1.11) and 0.37 mmHg (95% CI: 0.14 

to 0.61) in systolic and diastolic blood pressure, respectively. 

Stratifi ed analyses by sex showed that the eff ects of ozone on 

blood pressure were only present in men, but not in women. 

This study also reported an OR of 1.13 (95% CI: 1.06 to 

1.20) for prevalent hypertension associated with an incre-

ment of 22  μ g/m 3  in 3-year average ozone levels. Subgroup 

analyses showed that the eff ect of ozone was stronger in men 

(OR    �    1.21, 95% CI: 1.04 to 1.38) than in women (OR    �    1.07, 

95% CI: 0.91 to 1.18). When stratifi ed by age, long-term 

ozone exposure was positively associated with the prevalence 

of hypertension for individuals younger than 55 years of age 

(OR    �    1.13, 95% CI: 1.07 to 1.20) or those older than 64 years 

of age (OR    �    1.15, 95% CI: 0.96 to 1.39), but not for individu-

als between 55 and 64 years of age (OR    �    1.02, 95% CI: 0.92 

to 1.14). This cross-sectional study restricted the population 

to those who lived within 1 km of an air monitoring station; 

thus, the presence of selection bias was possible. Because 

blood pressure was measured manually and hypertension was 

defi ned based on these blood pressure measurements, errors in 

outcome assessment were possible. In addition, the prevalence 

of hypertension occurred in greater than a third of this popula-

tion. The authors inappropriately employed logistic regression 

for analyses of hypertension prevalence and ozone levels, as 

it overestimated the relative risks. Moreover, the eff ect esti-

mates for ozone were not adjusted for co-pollutants. PM 
10

  and 

SO 
2
  showed similarly strong eff ects on blood pressure in this 

population. Age appeared to be an eff ect modifi er for the asso-

ciation between ozone and hypertension; however, there is no 

biologically plausible mechanism to explain why the eff ects 

of ozone would only be present in people younger than 55 or 

older than 64 years of age, but absent in people between 55 

and 64 years of age. In contrast to the study by Chuang et   al. 

(2011), the reported increases in blood pressure in this study 

are more plausible. 

 Although Chuang et   al .  (2011) and Dong et   al .  (2013a) 

both reported positive associations between long-term ozone 

exposure and blood pressure, the increases in blood pressure 

associated with similar increments in ozone levels diff ered by 

an order of magnitude in these two studies. As these are both 

Tier II studies, it is unclear whether the reported results are 

reliable. 

  Carotid artery intima-media thickness.  A Tier II cross-sec-

tional study (Breton et   al .  2012) investigated whether early 

life and lifetime ozone exposures aff ected CIMT, a marker 

for atherosclerosis. An increase of two standard deviations in 

early childhood ozone exposure or elementary school ozone 

exposure was associated with an increase of 7.8  μ M (95% CI: 

 �    0.3 to 15.9) or 10.1  μ M (95% CI: 1.8 to 18.5) in CIMT, 

respectively. Adjusting for co-pollutants such as NO 
2
 , PM 

10
 , 

or PM 
2.5

  yielded similar results. The eff ect of lifetime ozone 

exposure on CIMT was weaker when compared to ozone 

exposures in early life and not statistically signifi cant. This 

study recruited students from a single university; thus, the 

presence of selection bias was likely. CIMT was measured by 

a single specialist using ultrasound, which likely introduced 

random and systematic measurement errors in outcome 

assessment. Early life and lifetime ozone exposure were spa-

tially interpolated using inverse distance-squared weighting 

(IDW2) models based on a lifetime residential history pro-

vided by the participants; thus, substantial errors in exposure 

measurement and interpolation are possible. Furthermore, 

although this study met our scoring criteria for an adequate 

statistical analysis, the authors inappropriately adjusted for 

LDL-cholesterol and HDL-cholesterol (two intermediate fac-

tors in the causal pathway of atherosclerosis) in the statistical 

regression models, making the results problematic and dif-

fi cult to interpret. 

  Table 12. Study quality  –  experimental animal studies of cardiovascular-related biomarkers. *   

 Study 

 Study design 

 Outcome 

assessment 

 Attrition 

bias 

 Statistical 

analysis 

 Total 

score 

 Exposure 

assignment 

 Compared to 

appropriate 

control 

 Experimental 

groups 

 Experimental 

animals, housing, 

and husbandry 

 Exposure 

environment 

Sethi et   al. (2012)  �    1 1  �    1  �    1 1 1  �    1 1 0
Perepu et   al. (2010)  �    1 1  �    1 1 1 1  �    1 1 2

Perepu et   al. (2012)  �    1 1  �    1 1 1 1  �    1 1 2

Gordon et   al. (2013)  �    1 1  �    1 1 1 1 1 1 4

Kodavanti et   al. (2011)  �    1 1 1 1 1 1 1 1 6

    * The study quality scoring system used to determine these scores is described in the text.   
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  Stroke.  Three Tier I studies examined the eff ects of long-term 

ozone exposure on the occurrence of stroke (Lipsett et   al .  2011, 

Atkinson et   al .  2013, Dong et   al .  2013b). Two of these were 

cohort studies that reported null associations between ozone 

and the incidence of stroke (Lipsett et   al .  2011, Atkinson 

et   al .  2013). Because both studies included a large number of 

participants and stroke cases, the null fi ndings are likely not 

due to insuffi  cient power. As discussed above, possible selec-

tion bias, errors in outcome and exposure measurement, and 

residual confounding also cannot be completely ruled out. The 

third study was a cross-sectional study in China (Dong et   al .  
2013b) that reported a positive, but not statistically signifi -

cant, association between 3-year average ozone exposure and 

prevalence of stroke [odds ratio (OR)    �    1.15, 95% CI: 0.99 to 

1.33]. The study population was restricted to those who lived 

within 1 km of an air monitoring station; the presence of selec-

tion bias was possible in this study. In addition, prevalence of 

stroke was assessed by self-reported diagnoses, without con-

fi rmation by independent chart review. Proxy interviews were 

conducted for deceased individuals. Recall and information 

bias were likely to be present in these settings. 

 Together, the two cohort studies with greater statistical 

power reported null fi ndings regarding long-term ozone expo-

sure and stroke, while one cross-sectional study reported a 

non-statistically signifi cant, positive association between the 

increment in ozone and the prevalence of stroke. 

  Myocardial infarction.  The association between long-term 

exposure to ozone and the incidence of MI was evaluated in 

two Tier I studies (Lipsett et   al .  2011, Atkinson et   al .  2013), 

and their fi ndings were inconsistent. 

 The fi rst study is a prospective cohort study, conducted on 

female teachers in California for over a period of almost 10 

years (Lipsett et   al .  2011). The authors reported a null associa-

tion between monthly ozone exposure and development of MI 

[hazard ratio (HR)    �    1.03, 95% confi dence interval (CI): 0.95 

to 1.11], even after adjustment for PM 
2.5

  (HR    �    1.06, 95% 

CI: 0.94 to 1.19). The study population was a well-defi ned 

cohort, with minimal loss to follow-up. Both MI hospitaliza-

tion and mortality were ascertained to capture all incident 

MI cases. The population was restricted to those who lived 

within 20 km of an air monitoring station, thus the presence 

of selection bias was possible. An exhaustive list of potential 

confounders and risk factors for MI was assessed at baseline 

and controlled for in the analyses. However, information on 

these factors was not updated during the follow-up, so residual 

confounding cannot be ruled out. There were more than 100 

000 participants and more than 1300 incident cases of MI; 

therefore, insuffi  cient power was not likely to account for the 

lack of statistical signifi cance. 

 The second study is a retrospective cohort study in Great 

Britain (Atkinson et   al .  2013), that reported that an increment 

of 3  μ g/m 3  (1.5 ppb) in a yearly average ozone exposure at 

baseline was associated with a 4% decrease in the risk of 

developing MI (95% CI: 0.93 to 1.00). This negative associa-

tion persisted after controlling for co-pollutants such as PM 
10

  

and NO 
2
 , but it was no longer statistically signifi cant after 

adjustment for sulfur dioxide (SO 
2
 ). This study included more 

than 800 000 patients from 205 general (family) practices. The 

selection of the practices was based on whether clinical data 

were of good quality and linked hospital admission and mor-

tality data were available, making the presence of selection 

bias possible. Various confounders, including co-pollutants, 

were controlled for in the analyses. Similar to the study by 

Lipsett et   al .  (2011), other potential confounders were only 

assessed at baseline, and certain potential confounders, such 

as physical activity, were not considered. 

 The eff ect estimates of ozone exposure from these two stud-

ies were small and not consistently in one direction ( �    1 or 

   �    1). Possible selection bias, errors in outcome and exposure 

measurement, and residual confounding further contribute to 

the uncertainty of the results. 

  Other cardiovascular disease endpoints.  The CV morbidity 

endpoints of arrhythmia, heart failure, CVD, and IHD were 

examined in only one Tier I study each. Atkinson et   al. (2013) 

evaluated the eff ects of long-term ozone exposure on the inci-

dence of arrhythmia. The risk estimates for ozone yielded from 

single-pollutant models were close to the null value and not 

statistically signifi cant. Further adjustment for co-pollutants 

such as PM 
10

  and NO 
2
  in bi-pollutant models did not change 

the results. In a bi-pollutant model with adjustment for SO 
2
 , 

an IQR increment of 3  μ g/m 3  (1.5 ppb) in the yearly average 

ozone level was associated with an OR of 1.03 (95% CI: 1.00 

to 1.06). This study employed a retrospective cohort design 

and included a large number of participants; it was of higher 

quality among the epidemiological studies we evaluated. How-

ever, possible selection bias, measurement errors in outcome 

and exposure assessment, and residual confounding contribute 

to the uncertainty of the fi ndings. In addition, because the risk 

estimates for ozone were generally close to 1 and not statisti-

cally signifi cant, they were likely to be chance fi ndings. 

 In addition to arrhythmia, Atkinson et   al. (2013) exam-

ined the eff ects of ozone on the incidence of heart failure. 

An increment of 3  μ g/m 3  (1.5 ppb) in baseline yearly ozone 

level was associated with a decreased incidence of heart fail-

ure (HR    �    0.94, 95% CI: 0.90 to 0.98). Further adjustments 

for co-pollutants such as PM 
10

 , NO 
2
 , and SO 

2
  yielded similar 

statistically signifi cant, negative estimates (HR    �    0.95, 95% 

CI: 0.91 to 0.99). The risk estimates, though statistically 

signifi cant, were very close to 1 and may be due to chance. 

 A Tier I cross-sectional study in China (Dong et   al .  2013b) 

reported null associations between 3-year average ozone lev-

els and CVD prevalence (OR    �    1.09, 95% CI: 0.84 to 1.41). 

Stratifi ed analyses by sex also yielded null results for both 

men and women. As discussed above, possible selection bias 

and measurement errors in outcome and exposure assessment 

contributed to uncertainty in the results. 

 A Tier I cross-sectional study in Canada examined the 

eff ects of long-term exposure to air pollutants on IHD preva-

lence among respiratory patients (Beckerman et   al .  2012). 

No association between 10-year average ozone levels and 

IHD prevalence was observed in this population. The patients 

included in the study were identifi ed from a single pulmonary 

clinic in Toronto, Canada, which likely introduced selection 

bias. Possible errors in exposure measurement and incomplete 

control for potential confounders further contributed to the 

uncertainty of the results. Because IHD was broadly defi ned, 

outcome misclassifi cation was unlikely even without an inde-

pendent chart review. 
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  Conclusions.  Overall, the Tier I studies reported null or nega-

tive associations between long-term ozone exposure and CV 

morbidity. Studies we judged to be of lower quality (Tier II) 

yielded more positive associations; however, a number of 

methodological limitations in these studies severely under-

mined the validity of the fi ndings. When endpoints such as 

blood pressure and CIMT were used, there were more positive 

associations with ozone exposure compared to using disease 

endpoints such as MI and stroke. It remains unknown whether 

the clinically modest changes observed in these endpoints, if 

due to ozone, would persist and manifest into clinically signifi -

cant diseases or symptoms. Given the largely null, and occa-

sionally confl icting, fi ndings in the studies of ozone and CV 

morbidity, factors such as biological plausibility, exposure-

response, and temporality are less relevant to assess the causal 

inference from these fi ndings. In addition, the eff ects of ozone 

on most CV morbidity endpoints were only evaluated in one or 

two studies, and the fi ndings have not been replicated and con-

fi rmed in diff erent populations. We conclude that the current 

body of epidemiology evidence is limited, but the largely null 

fi ndings in the Tier I studies do not support a causal relation-

ship between long-term exposure to ozone and CV morbidity.   

 Cardiovascular mortality 

 We classifi ed all 12 epidemiology studies of CV mortality as 

Tier I studies. Table 5 presents the results of these studies. 

In the following sections, we summarize the results of these 

studies based on study design and consider the strength of 

association, internal consistency, temporality, and outcome 

assessment. 

  Cohort studies.  Ten of the Tier I studies we identifi ed are cohort 

studies (Abbey et   al. 1999, Pope et   al. 2002, Chen et   al. 2005, 

Jerrett et   al. 2005, 2009, Krewski et   al. 2009, Smith et   al. 2009, 

Lipsett et   al. 2011, Spencer-Hwang et   al. 2011, Carey et   al. 

2013). The results of these studies are described below. 

  Adventist Health and Smog Study Cohort.  Two studies 

investigated CV mortality in the Adventist Health and Smog 

Study (AHSMOG) cohort of 6338 non-smoking Seventh-day 

Adventists living in the areas of San Francisco, Los Angeles, 

and San Diego (Abbey et   al. 1999, Chen et   al. 2005). This 

cohort had a low loss to follow-up with respect to vital status 

( �    0.01%). Both sets of investigators estimated exposure by 

interpolating data from 348 fi xed-site monitors to zip code 

centroids according to home and work location histories of 

study participants, but exposure measurement error was still 

possible. Both studies performed a sensitivity analysis testing 

the robustness of the proportional hazards model. The results 

of these analyses indicated that the assumptions of proportion-

ality were met, increasing confi dence in the statistical analyses 

of both the studies. Both studies restricted analysis to zip code 

centroids within 50 km of a monitoring station, so selection 

bias was possible. Each study also only adjusted for a limited 

set of confounders. 

 The two studies reported similar results. Abbey et   al. 

(1999) evaluated mortality from all cardiopulmonary causes 

and reported that there was a slight, but non-statistically 

signifi cant increase in mortality in men and a decrease in mor-

tality in women. These results were consistent across the main 

analysis and the analysis restricted to ozone concentrations 

   �    100 ppb. Chen et   al .  (2005) reported decreased, but not sta-

tistically signifi cant, risks of mortality from CHD in analyses 

stratifi ed by sex. 

  American Cancer Society Cohort.  Several studies examined 

the ozone-mortality associations in the American Cancer 

Society (ACS) cohort, which consists of about 500 000 adults 

in 134 metropolitan areas in the US (Pope et   al. 2002, Jerrett 

et   al. 2005, 2009, Krewski et   al. 2009, Smith et   al. 2009). In 

each of these studies, the authors evaluated 20 variables with 

44 terms for individual characteristics that could confound or 

modify the associations between pollution and death. These 

factors included median household income, diet, and physical 

activity, air conditioning in the home, outdoor temperature, 

occupational exposures, BMI, and education. Ascertainment 

of deaths in this cohort was 98% complete through 1988 

and 93% complete for 1988, and the ACS verifi ed all deaths 

using death certifi cates. All of the ACS cohort studies used 

appropriate statistical methods (i.e. Cox proportional hazards 

modeling). Although the ACS cohort includes data for more 

than 1.2 million people across the US, all but one (Jerrett 

et   al. 2005) of the available ACS studies restricted study par-

ticipants to metropolitan areas where pollution monitors were 

available; thus, selection bias was possible in these studies. By 

contrast, Jerrett et   al. (2005) interpolated available monitor-

ing data across the entire study area (the LA region), rather 

than excluding areas with fewer monitors. While all of the 

following studies used data from the ACS cohort and were 

of a similar overall quality, there were some methodological 

diff erences with regard to selection criteria, time period of the 

study, outcome assessment, and exposure measurement across 

studies. 

 Pope et   al. (2002) evaluated all cardiopulmonary deaths in 

the cohort. The authors conducted several in-depth sensitivity 

analyses to account for spatial trends and alternative pollution 

indices and reported that the results remained stable in these 

alternative models, which increases confi dence in the overall 

results of the study. Unlike some of the other ACS studies, the 

authors only used single-pollutant models and reported slight, 

non-statistically signifi cant increases in cardiopulmonary mor-

tality [relative risk (RR)    �    1.10 and 1.11, respectively, for all 

year and seasonal analyses]. The association between ozone 

and all-cause mortality, which is not as subject to outcome 

misclassifi cation error, was null in this study. Results for all-

cause mortality should be somewhat consistent with those for 

CV mortality, as they are in this study, because often, the ulti-

mate cause of death is recorded as being CV-related (i.e. the 

heart stops beating when a patient is near death), even though 

this may not be the underlying cause of death. 

 Jerrett et   al. (2005) assessed mortality from cardiopulmo-

nary conditions and IHD based on long-term maximum 8-h 

ozone and peak daily ozone concentrations. This study dif-

fers from the other ACS cohort studies because selection bias 

was unlikely; the analysis focused on Los Angeles, with no 

exclusion criteria based on residence near an ozone monitor. 

Exposure misclassifi cation was possible, but may have been 

minimized because the authors employed interpolation of 

monitoring data. This allowed exposures to be estimated on 
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a smaller scale compared with studies that estimated expo-

sure using data from monitors far away from the participants ’  

homes. An important limitation of this study is that the mor-

tality data were collected before the ozone data; thus, the 

ozone data used in the analyses were unlikely to refl ect the 

exposures incurred at the time of death. The risks for IHD 

or cardiopulmonary mortality were all less than null, and 

the decrease was statistically signifi cant (RR    �    0.97, 95% 

CI: 0.94 to 0.99) in the analysis of peak ozone exposure and 

cardiopulmonary mortality. Similar fi ndings were reported for 

all-cause mortality. 

 Jerrett et   al. (2009) evaluated CV mortality risks in single- 

and bi-pollutant models with PM 
2.5

  and limited their analyses 

to the summer season. The authors analyzed cardiopulmonary, 

all CV, and IHD mortality separately. Unlike the study by 

Jerrett et   al. (2005), the ozone and mortality data analyzed in 

this study were from similar time periods, establishing tempo-

rality between exposure and outcome. Exposure measurement 

error was likely, however, due to the area-level ozone data. 

The authors reported that there was a slight increase in risk 

(RRs approximately 1.01) in all three categories of mortal-

ity in the single-pollutant models; however, the associations 

were negative (and mainly statistically signifi cant) in the 

bi-pollutant models with PM 
2.5

 . In addition, all-cause mor-

tality was not associated with ozone exposure. Overall, 

the authors were unable to detect any eff ect of long-term 

ozone exposure on CV mortality in this study of over 448 000 

individuals spanning 18 years. 

 Krewski et   al. (2009) also analyzed cardiopulmonary and 

IHD mortality in the ACS cohort. Although exposure mea-

surement error was likely due to the use of area-level ozone 

data, the strengths of this study were the adequate statistical 

analyses with multi-pollutant models, adequate control of con-

founding, and the availability of sensitivity analyses. A small 

but statistically signifi cant association between ozone and 

cardiopulmonary mortality was observed in the summer-only 

analysis in a single-pollutant model, but not in the all-year 

analysis and not for IHD mortality. As in the study by Jerrett 

et   al. (2009), the results were null (RRs    �    1) when the all-year 

analyses were adjusted for PM 
2.5

 . All-cause mortality was also 

associated with ozone exposure in the summer-only analyses 

in single-pollutant models. 

 The study by Smith et   al. (2009) evaluated all cardiopulmo-

nary mortality in the ACS cohort. The most signifi cant limita-

tion of this study was that mortality and exposure data were 

not temporally related; the ozone data were collected after the 

mortality data (2003 – 2005 and 1982 – 2000, respectively). It is 

likely that ozone levels were lower in the metropolitan areas 

of the ACS studies in 2003 – 2005 compared to the 1980s and 

1990s; thus, the risk estimates for mortality may be biased 

toward the null in this study. In addition, unlike all of the 

other ACS studies, no sensitivity analyses were conducted. 

Smith et   al. (2009) reported a small but statistically signifi cant 

increase in cardiopulmonary mortality in the warm season in 

single- and multi-pollutant models with carbon and sulfate. 

The results were not statistically signifi cant in the bi-pollutant 

model with carbon only. In addition, all-cause mortality 

was not associated with ozone exposure in single or multi-

pollutant models. The lack of temporality reduces confi dence 

in the results of this study. 

  Other Cohorts.  Lipsett et   al. (2011) investigated the associa-

tion between ozone and deaths from all CV conditions, IHD, 

and cerebrovascular conditions in the California Teacher ’ s 

cohort (women only). The strengths of this study were a 

high follow-up rate (virtually 100%), unlikely selection 

bias, adequate statistical methods with bi-pollutant models, 

and adequate control of confounding, including adjustment 

for multiple CV health-related lifestyle factors. Exposure 

measurement error was possible, but not likely, as monthly 

individual exposure estimates were created via spatial link-

age of the geocoded residential addresses to nearby monitor-

ing stations. The majority of results, in all-year and seasonal 

analyses with and without control for the eff ects of PM 
2.5,

  

were negative or null. The one exception was a statistically 

signifi cant increase in IHD mortality in the summer-only 

analysis (RR    �    1.09, 95% CI: 1.01 to 1.19). For all-cause 

mortality, the authors reported no association in the summer-

only analysis. 

 Spencer-Hwang et   al. (2011) evaluated the risk of death 

from CHD in non-smoking patients who underwent kidney 

transplants and lived within 50 km of an air pollutant moni-

tor. This study was considered to have inadequate control of 

confounders; although the authors controlled for medication 

use and various transplant-related variables, they failed to 

adjust for physical activity, diet, alcohol use, BMI, and other 

important lifestyle factors that may have aff ected CHD risk. 

Selection bias was possible due to the inclusion criteria. The 

strengths of the study include adequate statistical analyses 

with bi-pollutant models and inclusion of sensitivity analyses. 

The authors reported statistically signifi cant associations for a 

10 ppb increase in ozone and CHD in single- and bi-pollutant 

models that included PM 
10

 . All-cause mortality associations 

were not signifi cantly increased, however, in both single- and 

multi-pollutant analyses. 

 The most recent cohort study by Carey et   al. (2013) analyzed 

a large population in England. Exposure measurement error 

was possible, but the authors reduced the potential for this error 

by using air dispersion models of ozone and other pollutants. 

The dispersion models incorporated available monitoring data 

as well as modeled concentrations and considered the eff ects 

of physical and chemical processes in the atmosphere. This 

allowed ozone to be estimated for each 1 km 2 , which should 

improve the accuracy of exposure measurements. The authors 

also performed numerous sensitivity analyses, including one 

that tested the assumption that circulatory deaths were under-

reported on death certifi cates (a possible issue reported in the 

literature). The authors reported that disease misclassifi cation 

was unlikely, which increases confi dence in the results of this 

study. The participants were recruited from a list of patients 

registered with a general practitioner, so selection bias was 

possible. In addition, there was incomplete control of con-

founders and the authors did not include co-pollutants in their 

analyses. The results of this study indicated that there was a 

statistically signifi cant decrease in deaths from all CV condi-

tions (HR    �    0.96, 95% CI: 0.94 to 0.98) with every 3.0  μ g/m 3  

(1.5 ppb) increase in ozone. 

  Ecological studies.  Based on our scoring system, two cross-

sectional, ecological studies were ranked as Tier I studies 

(Janke et   al. 2009, Wang et   al. 2009). Although these stud-

C
ri

tic
al

 R
ev

ie
w

s 
in

 T
ox

ic
ol

og
y 

D
ow

nl
oa

de
d 

fr
om

 in
fo

rm
ah

ea
lth

ca
re

.c
om

 b
y 

74
.9

2.
23

.2
50

 o
n 

09
/2

6/
14

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.



Crit Rev Toxicol, 2014; 44(9): 791–822812 R. L. Prueitt et al. 

ies are considered less robust by design because they cannot 

address causation, they can be potentially useful for identify-

ing areas requiring further study. 

 Janke et   al. (2009) collected mortality data from all cir-

culatory disease, CHD, and MI for 354 local authorities in 

the UK between 1998 and 2005. The authors conducted 

analyses with several co-pollutants and collected ozone 

and mortality data during the same period. However, the 

authors obtained mortality data from a registry and did not 

verify the cause of death using death certifi cates, so out-

come misclassifi cation was likely. In addition, the authors 

modeled exposure levels, conducted sensitivity analyses to 

validate the exposure modeling, and adequately controlled 

for potential confounders. This study reported no associa-

tion between ozone exposure and mortality from any cat-

egory of CV disease. 

 Wang et   al. (2009) investigated the association between 

long-term exposures to gaseous air pollutants (NO 
2
 , ozone, 

SO 
2
 ) and cardiorespiratory mortality in Brisbane, Australia. 

Although exposure measurement error was possible in this 

study, the authors used geographical information system tech-

niques to map the spatial patterns of the gas concentrations and 

to assign exposure estimates at the statistical local area level, 

which allowed for more accurate exposure assessment. The 

study suff ered from numerous limitations, however, including 

a lack of verifi cation of deaths using death certifi cates, which 

likely resulted in outcome misclassifi cation; a lack of sensi-

tivity analyses; and incomplete adjustment for confounders. 

The authors reported null associations with mortality in the 

single-pollutant analysis (RR    �    1.002, 95% CI: 0.99 to 1.02) 

and after adjustment for NO 
2
  and SO 

2
  (RR    �    1.00, 95% CI: 

0.99 to 1.01). 

  Conclusions.  Of the 10 Tier I cohort studies, fi ve reported 

statistically signifi cant increases in CV mortality in at least 

one analysis (Jerrett et   al. 2009, Smith et   al. 2009, Krewski 

et   al. 2009, Lipsett et   al. 2011, Spencer-Hwang et   al. 2011, 

Carey et   al. 2013). Each of these studies reported point 

estimates close to unity (i.e. 1), indicating that the ozone-

mortality association was weak. Furthermore, in all but one 

of these studies, the results were not in the same direction 

( �    1 or    �    1) across analyses; i.e. the authors reported both 

increases and decreases in mortality associated with ozone. 

The study by Spencer-Hwang et   al. (2011) was the only one 

of these fi ve studies in which the ozone-CV mortality asso-

ciation was consistent and remained statistically signifi cant 

after the inclusion of co-pollutants. The other fi ve Tier I 

cohort studies reported null or negative results. In particu-

lar, the ACS cohort studies represent some of the largest and 

most robust epidemiological studies of air pollution health 

eff ects. The fact that these studies found primarily null 

eff ects for CV-related and all-cause mortality, particularly 

in multi-pollutant analyses, calls the likelihood of a causal 

relationship between ozone and mortality into question. 

In addition, while limited in their usefulness for causation 

analysis, both Tier I ecological studies reported no change 

in CV mortality risk with ozone exposure. Although much 

uncertainty exists in the ozone-CV mortality studies because 

of possible exposure measurement error, confounding, and 

other issues, the totality of the evidence does not support a 

causal relationship between long-term ozone exposure and 

CV mortality.   

 Cardiovascular biomarkers 

 We classifi ed all three epidemiology studies of long-term 

ozone exposure and CV biomarkers as Tier I. Table 7 presents 

the results of these studies. 

 Two epidemiology studies examined biomarkers associated 

with infl ammation. These were proinfl ammatory biomarkers 

that should increase in concentration after exposure if ozone 

induces systemic infl ammation. In the study by Chuang 

et   al. (2011), levels of IL-6 were unchanged and neutrophil 

counts were statistically signifi cantly increased with each 

IQR increase in yearly average ozone concentration in single-

pollutant models. In the study by Forbes et   al. (2009), levels 

of C-reactive protein (CRP) in non-fasting blood samples were 

not aff ected by ozone, as they were slightly decreased, but not 

statistically signifi cantly, with each 1  μ g/m 3  (0.5 ppb) increase 

in annual average ozone exposure. 

 One epidemiology study (Forbes et   al. 2009) examined 

a biomarker of coagulation. This prothrombotic marker, 

fi brinogen, would be expected to increase if ozone produces 

an adverse eff ect on the CV system, as it is a marker for car-

diovascular disease. Fibrinogen is also an acute phase protein, 

so it is used as a marker of infl ammation. In the study by 

Forbes et   al. (2009), there were no statistically signifi cant 

changes in levels of fi brinogen in non-fasting blood samples 

associated with each 0.5 ppb increase in the annual average 

ozone exposure. 

 One epidemiology study examined oxidative stress bio-

markers. Chen et   al. (2007) reported that the oxidative stress 

marker 8-iso-prostaglandins-F 
2 α 

  (8-iso-PGF) was increased 

in healthy young adults with increasing lifetime exposure to 

ozone. In the same study, the antioxidant capacity marker 

FRAP (ferric reducing ability of plasma) was reduced, but this 

result was not statistically signifi cant. The authors noted that 

inclusion of PM 
10-2.5

  and NO 
2
  in the models did not alter the 

associations with ozone. 

 One epidemiology study examined biomarkers of lipid 

and glucose metabolism. Chuang et   al. (2011) reported no 

statistically signifi cant eff ects of ozone on HDL cholesterol 

or triglycerides, whereas levels of total cholesterol, fasting 

glucose, and hemoglobin A1c (HbA1c) increased with each 

IQR increase in the yearly average ozone concentration in 

single-pollutant models. HbA1c is used to monitor the degree 

of control over glucose metabolism, and increases in HbA1c 

are associated with the risk of developing arterial plaques 

(Chuang et   al. 2010). 

 Together, the studies of changes in levels of CV biomark-

ers after long-term exposure to ozone are limited, in that each 

biomarker was only assessed in one study. Among groups of 

biomarkers (e.g. infl ammation, oxidative stress, lipid and glu-

cose metabolism), there were no consistent eff ects after expo-

sure, as ozone did not induce statistically signifi cant changes 

in most biomarkers. There is little biological plausibility for 

the few statistically signifi cant eff ects, as there are many other 

factors besides ozone that contribute to changes in biomarker 

levels, and it is unclear whether the majority of the biomarkers 

are clinically relevant.    

C
ri

tic
al

 R
ev

ie
w

s 
in

 T
ox

ic
ol

og
y 

D
ow

nl
oa

de
d 

fr
om

 in
fo

rm
ah

ea
lth

ca
re

.c
om

 b
y 

74
.9

2.
23

.2
50

 o
n 

09
/2

6/
14

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.



  Long-term ozone and cardiovascular eff ects  813DOI 10.3109/10408444.2014.937855

 Experimental animal studies  

 Cardiovascular morbidity 

 We classifi ed four of the experimental animal studies of mor-

bidity endpoints as Tier I and one as Tier II (Sethi et   al. 2012). 

Table 9 presents the results of these studies. Below, we briefl y 

describe the implications and limitations of these studies, 

considering the issues of internal consistency as well as the 

clinical signifi cance and relevance of the results for each of the 

individual studies. 

 Only one experimental animal study investigated the eff ects 

of long-term ozone exposure on heart rate and blood pressure 

(Gordon et   al. 2013). The authors exposed 4- and 20-month-

old (senescent) rats intermittently (1 day/week) to 800 ppb 

ozone over 15 weeks. They reported no changes in heart rate 

measured every other week, 1 day after ozone exposure, com-

pared to control rats exposed to fi ltered air. The authors did not 

present the data, but they also reported that intermittent ozone 

exposure over 15 weeks had no eff ect on systolic and diastolic 

blood pressure. As the measurements for these endpoints were 

taken 1 day after the exposure, with a recovery period of 1 

week between exposures, the results may not be relevant to the 

assessment of the long-term eff ects of ozone. 

 The remaining four studies investigated the eff ect of ozone 

exposure on other measures of cardiac structure and function. 

Chuang et   al. (2009) measured red-O staining of the aorta, 

which is indicative of atherosclerotic lesions, in groups of male 

mice. The apoE  � / �  mice used in this study were sensitive 

to atherosclerotic lesions, unlike normal C57B16 mice. The 

authors reported that 8 weeks of exposure to 500 ppb ozone 

resulted in a statistically signifi cant increase in the percent of 

aortic surface staining (0.7% in the controls  versus  1.50% in 

exposed mice). 

 Sethi et   al. (2012), Perepu et   al. (2010), and Perepu et   al. 

(2012) each investigated the eff ect of ozone exposure on left 

ventricular function in male rats, as measured by left ventricu-

lar pressure and the rate of ventricular pressure development. 

All three studies reported that exposure to 800 ppb ozone for 

56 days resulted in statistically signifi cant decreases in all mea-

sures of left ventricular function either  in vivo  (Perepu et   al. 

2012, Sethi et   al. 2012) or in isolated rat hearts subjected to 

ischemia and reperfusion (Perepu et   al. 2010). We considered 

the  ex vivo  study by Perepu et   al. (2010) to be less relevant 

than the  in vivo  studies. The study by Sethi et   al. (2012) is the 

only experimental animal study of CV morbidity that we clas-

sifi ed as Tier II, and it did not provide information on animal 

husbandry/housing and outcome assessment as required by 

our study scoring criteria. The invasive methods used for mea-

suring ventricular function in the  in vivo  studies (Perepu et   al. 

2012, Sethi et   al. 2012) may have aff ected the results. These 

methods have disadvantages, such as the potential for aortic 

damage (Eskesen et   al. 2012) and the need for anesthesia. In 

both studies, the rats were anesthetized with ketamine and 

xylazine, which have been shown to decrease left ventricular 

function in rats and humans (Droogmans et   al. 2008, Jakobsen 

et   al. 2010). Furthermore, it is unclear whether the results of 

either study represent clinically signifi cant changes, as abnor-

malities in the mechanical function of the ventricle can occur 

in the presence or absence of the clinical syndrome of heart 

failure (Zile and Brutsaert 2002). 

 Overall, each CV morbidity endpoint was examined in only 

one or a few experimental animal studies. The Tier I study 

of heart rate and blood pressure reported no eff ects of ozone 

exposure, but because of the exposure regimen, the results 

may not be relevant to long-term exposures. Another Tier I 

study reported a small increase in aortic surface staining 

for atherosclerotic lesions in mice that are sensitive to such 

lesions. Two Tier I studies and one Tier II study from the same 

group of investigators reported decreases in ventricular func-

tion after ozone exposure; however, one of the Tier I studies 

was an  ex vivo  study that is less relevant to humans, and both 

 in vivo  studies used invasive methods and a type of anesthesia 

that may have aff ected the results. Together, the evidence from 

experimental animal studies of CV morbidity is limited but 

may indicate eff ects on atherosclerotic lesions and ventricu-

lar function that should be confi rmed by other investigators, 

before they can be considered to support a causal relationship 

between long-term ozone exposure and CV morbidity.   

 Cardiovascular biomarkers 

 We classifi ed four experimental animal studies of long-term 

exposure to ozone and CV biomarkers as Tier I and one as Tier 

II. The results of these studies are presented in Table 11. 

  Biomarkers of infl ammation.  All fi ve rat studies examined 

biomarkers associated with infl ammation. The majority were 

proinfl ammatory biomarkers that should increase during 

infl ammation, but one study examined an anti-infl amma-

tory marker, interleukin (IL)-10, that would be expected to 

decrease during infl ammation. One study assessed the eff ects 

of ozone exposure on the levels of CRP. Gordon et   al. (2013) 

reported a slight increase in CRP levels in rats exposed to 800 

ppb ozone for 6 hours per week over 17 weeks, but this result 

was not statistically signifi cant. White blood cell (WBC) and 

lymphocyte counts were examined in two studies, with mixed 

results. WBC counts were non-statistically signifi cantly 

decreased in the study by Kodavanti et   al. (2011) and non-

statistically signifi cantly increased in the study by Gordon 

et   al. (2013). Lymphocyte counts were decreased ( p     �    0.05) 

in the study by Kodavanti et   al. (2011) but were slightly, 

though non-statistically signifi cantly, increased in the study 

by Gordon et   al. (2013). 

 The only other biomarkers of infl ammation examined in 

more than one study were the proinfl ammatory marker tumor 

necrosis factor (TNF) and the anti-infl ammatory marker 

IL-10. These biomarkers were studied in the heart tissue of 

rats exposed to 800 ppb ozone for 8 hours per day over 56 days 

by the same group of investigators (Perepu et   al. 2010, 2012, 

Sethi et   al. 2012). Levels of TNF were increased in the hearts 

of exposed rats that were subjected to ischemic injury and rep-

erfusion in an  ex vivo  study (Perepu et   al. 2010) as well as in 

uninjured hearts from  in vivo  studies (Perepu et   al. 2012, Sethi 

et   al. 2012). The levels of IL-10 were decreased after exposure 

in the  ex vivo  study (Perepu et   al. 2010) as well as in one of the 

 in vivo  studies (Perepu et   al. 2012). The clinical relevance of 

the fi ndings from the  ex vivo  study is unclear. 

 Gordon et   al. (2013) measured a large number of serum 

biomarkers in rats exposed to 800 ppb ozone for 6 hours 

per week over 17 weeks. Of the infl ammatory biomarkers 

measured, three were statistically signifi cantly decreased 
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[granulocyte chemotactic protein-2 (GCP-2), IL-11, and mac-

rophage infl ammatory protein (MIP2)], whereas all others 

were unchanged. The three biomarkers with decreased levels 

were proinfl ammatory markers that should increase if ozone 

induces systemic infl ammation. However, the biomarkers 

measured in this study were general cytokines and chemokines 

that are not necessarily associated with risk of CVD. 

 Overall, the studies of infl ammatory biomarkers do not indi-

cate any consistent changes associated with ozone exposure. 

The majority of biomarkers examined were either not aff ected 

by ozone, or the reported eff ects were in the opposite direction 

for an adverse eff ect, as the levels of many of the proinfl amma-

tory biomarkers were decreased, rather than increased, after 

ozone exposure. The only consistent results were in the stud-

ies conducted in rat hearts by the same group of investigators, 

in which TNF levels were increased and IL-10 levels were 

decreased. We considered the  ex vivo  study by Perepu et   al. 

(2010) to be less relevant than other studies, and the results are 

not consistent with the majority of the other studies reviewed 

here that indicate no adverse eff ects of long-term ozone expo-

sure on infl ammation. 

  Biomarkers of oxidative stress.  Three rat studies (Perepu et   al. 

2010, 2012, Sethi et   al. 2012) examined oxidative stress bio-

markers. Perepu et   al. (2010, 2012) reported an increase in 

malondialdehyde (MDA), an indicator of lipid peroxidation, 

in ischemic-injured and uninjured heart tissue of rats exposed 

to 800 ppb ozone for 8 hours per day over 56 days. Under 

the same experimental conditions, these authors, as well as 

Sethi et   al. (2012), also reported a decrease in the antioxidant 

enzyme superoxide dismutase (SOD) in ischemic-injured and 

uninjured rat heart tissue. The  ex vivo  study by Perepu et   al. 

(2010) is less relevant than the  in vivo  studies (Perepu et   al. 

2012, Sethi et   al. 2012). 

  Biomarkers of coagulation.  Only one experimental animal 

study examined a biomarker of coagulation. Kodavanti et   al. 

(2011) reported a slight decrease in fi brinogen levels in rats 

exposed to 500 ppb ozone for 5 hours per week over 16 weeks, 

but these results were not statistically signifi cant. As noted 

above, the fi brinogen levels would be expected to increase if 

ozone produces an adverse eff ect on the CV system. 

  Biomarkers of lipid and glucose metabolism.  One experimen-

tal animal study examined biomarkers of lipid and glucose 

metabolism. There were no changes in the levels of total cho-

lesterol, HDL or LDL cholesterol, triglycerides, or glucose 

after exposure to 500 ppb ozone for 5 hours per week over 16 

weeks (Kodavanti et   al. 2011). 

  Biomarkers of overall cardiovascular health.  Biomarkers of 

overall CV health were examined in the experimental animal 

study by Gordon et   al. (2013). There were no changes in the 

serum levels of macrophage-derived chemokine, myoglobin, 

or the angiogenesis marker vascular endothelial growth factor 

(VEGF) in rats exposed to 800 ppb ozone for 6 hours per week 

over 17 weeks, whereas the levels of fi broblast growth factor 

(FGF) basic, which is implicated in the pathogenesis of arte-

riosclerosis, were decreased. This decrease was in the opposite 

direction of an adverse eff ect for this biomarker. 

  Conclusions.  Overall, there is no consistent evidence for the 

eff ects of long-term ozone exposure on the levels of biomark-

ers of infl ammation, coagulation, oxidative stress, lipid and 

glucose metabolism, or overall CV health from experimental 

animal studies. The few statistically signifi cant associations 

were mainly reported in studies of rat hearts after exposure to 

high levels of ozone and, thus, may not be relevant to humans. 

In addition, when more than one study examined the same 

biomarker, there was not always consistency in the direction 

of the reported eff ects (regardless of statistical signifi cance), 

and many were not consistent with adverse eff ects on the CV 

system. The reported eff ects were often very small changes 

in biomarker concentrations that may be indicative of homeo-

static processes (Goodman et   al .  2010). Exposure-response 

relationships for the few reported eff ects are diffi  cult to dis-

cern, as the experimental animal studies each examined only 

one high concentration of ozone.    

 Evaluation of evidence across realms 

 Below, we integrate and evaluate the data across all realms of 

evidence regarding long-term ozone exposure and CV mor-

bidity and mortality, so that the interpretation of each realm of 

evidence informs the interpretation of the others. For this eval-

uation, we considered several aspects to aid in our judgments 

regarding the WoE. These include the Bradford Hill criteria 

(as they are commonly referred to) of strength of association, 

consistency of associations, coherence, biological plausibility, 

biological gradient (exposure-response), temporality, speci-

fi city, and experimental evidence (Hill 1965). The Bradford 

Hill criteria are not meant to be specifi c rules to follow and, 

although they were developed mainly for the interpretation of 

epidemiological results, we modifi ed them for use in evaluat-

ing studies from diff erent realms. In addition to the Bradford 

Hill criteria, we also considered confounding and bias among 

the studies, the adversity of reported eff ects, potential mecha-

nisms, and alternative explanations of the evidence. 

 For each aspect of the evaluation below, we considered both 

study quality and relevance. Regarding study quality, although 

we classifi ed the majority of studies as Tier I, these studies all 

suff er from some methodological limitations that can aff ect the 

interpretation of their results. Despite this, we judged that they 

are of higher quality, and therefore, are likely more reliable 

for supporting decisions regarding causation than the Tier II 

studies. Because of this, we assigned more weight to the Tier 

I studies (i.e. we relied on them to a greater extent in forming 

conclusions regarding causality). Regarding study relevance, 

we considered whether individual study results were relevant 

to humans at ambient ozone exposures.  

 Strength of association 

 When studies report risks that are large and precise, it increases 

the confi dence that an association is causal and not likely 

attributable to chance, bias, error, or other factors. Although 

there is no  “ bright line ”  above which risks can be considered 

strong, generally risk estimates indicating less than a two-fold 

change are considered weak (Taubes 1995). 

 In the few studies that reported statistically signifi cant 

eff ects on CV morbidity outcomes, the magnitudes of the 

eff ects were generally quite small (i.e. well below two-fold). 
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For example, in all Tier I studies, both the positive and nega-

tive eff ect estimates were close to the null value; 1.21 was the 

highest reported positive risk estimate and 0.94 was the low-

est reported negative risk estimate. In addition, the reported 

eff ects on biomarker concentrations among the epidemiologi-

cal and experimental animal studies were very small and may 

be indicative of homeostatic processes. 

 The reported associations between ozone and CV-related 

mortality were also very small, with the magnitudes of eff ect 

ranging from 1.014 – 1.35 for the statistically signifi cant 

positive associations and 0.96 – 0.983 for the statistically 

signifi cant negative associations. These estimates are very 

weak and within the range of magnitude reported to have a 

high likelihood of being attributable to confounding (Boff etta 

et   al. 2008). 

 In several of the studies of morbidity and mortality, the 

eff ects were in the opposite direction of adversity and often 

of similar magnitude as those fi ndings that indicate adverse 

eff ects. Because it is unlikely that ozone causes benefi cial 

eff ects in some studies and harmful eff ects in others, this indi-

cates that even the statistically signifi cant positive associations 

may not be indicative of causation. 

 Overall, because the vast majority of positive results for 

eff ects of long-term ozone exposure on CV outcomes were 

small in magnitude, and some were even below unity, they do 

not support a causal relationship.   

 Consistency of associations 

 The strength of an inference of causality is greater when there 

is a consistent pattern of eff ects observed across several inde-

pendent studies. Because the vast majority of CV morbidity 

endpoints were examined in only one or two studies each, the 

consistency of each specifi c endpoint cannot be discerned with 

any confi dence. Instead, one can determine the consistency of 

CV morbidity eff ects as a whole across the epidemiology or 

experimental animal studies. In contrast, the higher number of 

studies of CV mortality allows for the determination of consis-

tency across studies of associations for this endpoint. 

 The Tier I studies of CV morbidity examined the disease 

endpoints of MI, stroke, arrhythmia, CVD, IHD, and heart 

failure. Of these endpoints, only MI and stroke were examined 

in more than one study, and the results of these studies consis-

tently indicate no eff ects of long-term ozone exposure on either 

endpoint. In the two studies that examined MI incidence, one 

reported null results in both single- and bi-pollutant models 

with PM 
2.5

  (Lipsett et   al. 2011), whereas the other reported 

negative associations that were statistically signifi cant in 

single-pollutant as well as bi-pollutant models with PM 
10

  and 

NO 
2
  (Atkinson et   al. 2013). The three studies that examined 

the occurrence of stroke all reported null results (Lipsett et   al. 

2011, Atkinson et   al. 2013, Dong et   al. 2013b). The studies 

that examined CVD (Dong et   al. 2013b) and IHD (Beckerman 

et   al. 2012) also reported no associations between long-term 

ozone exposure and these endpoints, whereas the study by 

Atkinson et   al. (2013) reported a decreased incidence of heart 

failure in single- and bi-pollutant models with PM 
10

 , NO 
2
 , and 

SO 
2
 . For the endpoint of arrhythmia, Atkinson et   al. (2013) 

reported no eff ects of ozone in single-pollutant or bi-pollutant 

models with PM 
10

 , NO 
2
 , and SO 

2
 . As a whole, the Tier I 

studies reported only null or negative associations between 

long-term ozone exposure and CV morbidity. 

 The Tier II studies of CV morbidity all examined the sur-

rogate endpoints of blood pressure and CIMT. Dong et   al. 

(2013a) reported an increased prevalence of hypertension that 

was higher in men and individuals less than 55 years of age 

and very small increases in systolic and diastolic blood pres-

sure in the entire cohort as well as in men, but not women. 

Chuang et   al. (2011) reported increases in systolic and dia-

stolic blood pressure in an elderly population that were more 

than an order of magnitude higher than the increases reported 

by Dong et   al. (2013a). Only one study examined changes in 

CIMT, reporting increases in this endpoint with early child-

hood and elementary school exposure to ozone in most of the 

bi-pollutant models and no changes in CIMT with lifetime 

average exposure (Breton et   al. 2012). We consider these Tier 

II studies to be of lower quality than the Tier I studies, and it is 

possible that the study limitations led to their positive results. 

 The Tier I cohort studies of CV-related mortality reported 

inconsistent results: three studies reported no changes in CV 

mortality across all analyses, two studies reported statistically 

signifi cant decreases in at least one analysis, and fi ve stud-

ies reported small but statistically signifi cant increases in CV 

mortality in at least one analysis. In three of the fi ve studies 

that reported increased CV mortality, the positive associations 

were reported in single-pollutant models and all were null in 

bi-pollutant models (Jerrett et   al. 2009, Krewski et   al. 2009, 

Lipsett et   al. 2011). The other two studies reported statistically 

signifi cant associations in bi- or multi-pollutant models (Smith 

et   al. 2009, Spencer-Hwang et   al. 2011). None of these fi ve 

cohort studies reported statistically signifi cant associations 

between ozone and all-cause mortality except for the study 

by Krewski et   al. (2009). The two ecological Tier I studies 

reported no eff ects of ozone on CV mortality (Janke et   al. 

2009, Wang et   al. 2009). 

 Studies of CV morbidity endpoints in experimental ani-

mals reported no statistically signifi cant eff ects of long-term 

ozone exposure on heart rate and blood pressure in one study 

(Gordon et   al. 2013), and an increase in aortic surface staining 

for atherosclerosis in another study (Chuang et   al. 2009). Two 

Tier I studies and one Tier II study from the same group of 

investigators examined left ventricular function, and all three 

reported statistically signifi cant decreases in all measures of 

this endpoint in  in vivo  (Perepu et   al. 2012, Sethi et   al. 2012) 

and  ex vivo  (Perepu et   al. 2010) study designs. 

 Among the three Tier I studies of CV-related biomarkers, 

none of the biomarkers were examined in more than one study. 

Further, there were no consistent eff ects on biomarkers in the 

same biological pathways. For example, although neutrophils 

were increased in the study by Chuang et   al. (2011), other 

markers of infl ammation (IL-6 and CRP) were not changed 

(Chuang et   al. 2011, Forbes et   al. 2009). In addition, the oxi-

dative stress marker 8-iso-PGF was increased, but the anti-

oxidant capacity marker FRAP was not altered in the same 

study (Chen et   al. 2007). Further, for biomarkers of lipid and 

glucose metabolism, Chuang et   al. (2011) reported increases 

in total cholesterol, fasting glucose, and HbA1c, but no 

eff ects of ozone on levels of HDL cholesterol or triglycerides. 

The animal studies of biomarkers also reported inconsistent 

results across specifi c biomarkers and biological pathways, 
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with statistically signifi cant associations for some markers of 

infl ammation and oxidative stress mainly reported in studies of 

rat heart tissue from the same group of investigators (Perepu 

et   al. 2010, 2012, Sethi et   al. 2012). 

 Overall, there are no consistent associations between 

long-term exposure to ozone and CV endpoints across stud-

ies in each realm, with the exception of a consistent decrease 

in left ventricular function and similar changes in biomark-

ers of infl ammation and oxidative stress, in three rat studies 

conducted by the same group of investigators. There was also 

a consistent lack of associations across all Tier I studies of 

CV morbidity endpoints. If ozone were a causal factor for CV 

eff ects, one would expect to see consistent associations across 

studies in each realm, subject to the degree of variability that 

would be expected based on each study ’ s design and statistical 

power.   

 Coherence 

 An inference of causality from one realm of evidence is 

stronger when other lines of evidence support a causal inter-

pretation of the association. As CV morbidity was examined 

in both epidemiology and experimental animal studies, we 

evaluate coherence across species for morbidity endpoints. 

Blood pressure was examined in two Tier II studies (Chuang 

et   al. 2011, Dong et   al. 2013a) and one Tier I study in rats 

(Gordon et   al. 2013). While the two studies reported increases 

in blood pressure associated with long-term ozone exposure, 

there were no eff ects of ozone on this endpoint in rats exposed 

to 800 ppb ozone. Because we consider the two studies to be 

of lower quality (Tier II), it is unclear whether the reported 

results on blood pressure are reliable; the limitations of these 

studies may have led to the positive results. Among the other 

morbidity endpoints studied, the null or negative associations 

with specifi c disease endpoints reported in all Tier I studies 

are not coherent with the reported eff ects on cardiac func-

tion in the  in vivo  and  ex vivo  studies in rats exposed to much 

higher concentrations of ozone (Perepu et   al. 2010, 2012, 

Sethi et   al. 2012). 

 There is no consistent evidence for eff ects among the 

epidemiology and experimental animal studies of ozone and 

CV-related biomarkers. Eff ects on biomarkers of infl amma-

tion were largely null across species, with one Tier I epide-

miological study indicating an increase in neutrophil counts 

(Chuang et   al. 2011) and two Tier I studies in rats indicating 

eff ects in the opposite direction of adversity: a decrease in 

lymphocyte counts (Kodavanti et   al. 2011) and decreased 

levels of the proinfl ammatory markers GCP-2, IL-11, and 

MIP2 (Gordon et   al. 2013). There were no changes in the 

levels of fi brinogen, a biomarker of coagulation also used 

as a marker of infl ammation, in a Tier I epidemiology study 

and a Tier I experimental animal study. Data regarding bio-

markers of oxidative stress were limited, although one Tier 

I epidemiological study indicated an increase in the levels 

of 8-iso-PGF, but not FRAP; three studies in rats (two Tier I 

and one Tier II) indicated decreased levels of the antioxidant 

enzyme SOD in heart tissue and two Tier I studies reported 

increased levels of the lipid peroxidation indicator MDA in 

rat heart tissue. For biomarkers of lipid and glucose metabo-

lism, the results were not consistent across species. Total 

cholesterol and glucose levels were increased with long-

term ozone exposure in the epidemiology study by Chuang 

et   al. (2011), but these changes were not observed in rats; 

in fact, glucose levels were decreased, although not statisti-

cally signifi cantly, in the rat study by Kodavanti et   al. (2011). 

The results for HDL and LDL cholesterol in rats also do not 

support eff ects of ozone on lipid and glucose metabolism, 

as there were small, but not statistically signifi cant, changes 

in these markers that were in the opposite direction of an 

adverse eff ect (Kodavanti et   al. 2011). 

 Overall, there is no coherence among the eff ects reported in 

the epidemiology and experimental animal studies. However, 

the diff erences in exposure parameters and varying methods of 

exposure and outcome measurement among these studies may 

not provide a basis for expecting coherence between human 

and experimental animal results.   

 Biological plausibility 

 An inference of causality is strengthened if data are avail-

able that demonstrate a biologically plausible mode of action 

(MoA) for the observed eff ects. There is currently no known 

MoA by which long-term exposure to ambient ozone could 

cause adverse eff ects on the CV system. The lack of evidence 

for eff ects of long-term exposure to ozone on various CV mor-

bidity endpoints leaves few (if any) potential mechanisms by 

which ozone could contribute to CV disease or death. Ozone 

is an irritant gas that reacts on contact with respiratory tract 

lining fl uids and is not transported to extrapulmonary sites. 

One proposed MoA is that ozone indirectly alters CV function 

by the generation of secondary oxidized lipoproteins in the 

respiratory tract that can enter the systemic circulation (Barath 

et   al. 2013). Although the data are limited, the epidemiology 

and experimental animal studies reviewed here indicate that 

long-term ozone exposure does not signifi cantly alter bio-

markers of infl ammation or oxidative stress. Of the few studies 

that reported statistically signifi cant eff ects on biomarkers, the 

changes were of small magnitude, and in animal studies they 

were either only reported in studies of rat heart tissue from the 

same group of investigators, including two  in vivo  studies (one 

Tier I and one Tier II) and one Tier I  ex vivo  study that may 

not be relevant to humans, or were in the opposite direction of 

an adverse eff ect. Thus, these eff ects likely do not represent 

biologically plausible mechanisms for the eff ects of long-term 

ozone exposure because there are many other factors that can 

contribute to small changes in the levels of these biomark-

ers. In addition, there is no evidence that small changes in 

biomarker levels at the high exposures used in the rat studies 

indicate that the same changes would occur at lower exposures 

and be indicative of adverse eff ects. 

 Another proposed MoA is that of changes in cardiac auto-

nomic control (Barath et   al. 2013). If this occurs, one would 

expect to see decreases in heart rate variability (HRV) and 

changes in vascular tone with ozone exposure. We did not 

identify any studies that examined the eff ects of long-term 

ozone exposure on HRV. 

 Overall, the limited evidence does not provide signifi cant 

biological support for either of the proposed MoAs for CV 

eff ects of long-term ozone exposure discussed above. While 

these and other proposed mechanisms may be biologically 
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plausible, the lack of evidence for CV eff ects of long-term 

ozone exposure in the current scientifi c literature does not 

support the existence of any specifi c MoA.   

 Biological gradient 

 A well-characterized exposure-response relationship greatly 

strengthens an inference of causality. The exposure-response 

relationship for the CV eff ects of long-term ozone exposure 

is diffi  cult to discern, however. None of the experimental 

animal studies of CV morbidity examined more than one 

exposure level and the two studies that examined the same 

endpoints used the same exposure level, so an exposure-

response relationship across studies cannot be evaluated. 

Exposure-response relationships for CV morbidity outcomes 

from studies are not likely, as all of the Tier I studies reported 

null or negative results. Similarly, 10 of the 12 Tier I studies 

of CV mortality reviewed here reported either null associa-

tions or small positive associations in single-pollutant models 

that were null after controlling for co-pollutants. Among the 

studies of biomarkers, some biomarker levels increased with 

increasing increments of long-term ozone exposure, but these 

were most often very small changes that may be indicative of 

homeostatic processes. 

 Overall, the lack of positive associations with CV eff ects in 

the majority of studies, and the limited number of exposure con-

centrations used in the experimental animal studies, preclude any 

meaningful characterization of a potential exposure-response 

relationship for long-term exposure to ozone and CV eff ects.   

 Temporality 

 An inference of causality is strengthened by evidence for a 

temporal sequence between the exposure to a pollutant and 

an observation of the eff ect. Temporality is achieved by the 

nature of experimental animal toxicology studies and is also 

achieved by the studies reviewed here, given the long-term 

exposures. An exception to this is that two of the studies of 

CV mortality used mortality data collected from time periods 

before ozone exposure data were measured, so the exposure 

data were unlikely to refl ect the exposures incurred before or 

at the time of death.   

 Specifi city 

 Evidence that links a specifi c eff ect to a specifi c exposure can 

strengthen a causal inference; however, any given eff ect may 

have multiple causes. None of the CV outcomes examined in 

this analysis are specifi c to ozone. Each has other risk factors 

with a greater likelihood of contributing to CV eff ects. The 

classical risk factors for CVD include a family history of CVD, 

elevated cholesterol, elevated blood pressure, diabetes, high 

BMI, and current smoking; based on population-attributable 

risk calculations, approximately 75 – 85% of CHD in the US is 

attributed to these factors (Lloyd-Jones et   al. 2010). Although 

one Tier I epidemiology study of biomarkers indicated 

increased cholesterol levels and two Tier II studies indicated 

increases in blood pressure with long-term ozone exposure, 

these outcomes also have multiple, well-known risk factors 

(e.g. diet, physical activity, family history) that are more likely 

contributors than the ozone exposure. We included specifi c 

criteria in our scoring system regarding whether the studies 

adequately controlled for potential risk factors, as discussed 

further below.   

 Experimental evidence 

 A causal inference can be strengthened through the availability 

of  “ natural experiments, ”  where a change in exposure results in a 

change of occurrence of an eff ect. We did not identify any natural 

experiments regarding long-term ozone exposure and CV eff ects.   

 Confounding 

 Because cofounders can be partially or fully responsible for 

the observed associations between an exposure and a health 

outcome, it is imperative that they are considered in studies. 

Lifestyle factors such as smoking and physical activity aff ect 

the risks of CV morbidity and mortality (USPHS 2014, CDC 

1999), and are conceivably correlated with ozone exposures. 

In addition, many co-pollutants, particularly PM or certain 

PM species (e.g. sulfate), have been shown to confound asso-

ciations between ozone and CV eff ects (e.g. Katsouyanni 

et   al .  2009, Franklin and Schwartz 2008). In our study quality 

rating system, we scored studies that accounted for potential 

confounders, including analyses of co-pollutants, higher than 

studies that did not. Even in the studies that adjusted for the 

most variables, confounding from factors that were not consid-

ered in the analyses can contribute to uncertainty in the fi nd-

ings. Among the fi ve studies of CV mortality that accounted 

for co-pollutants and reported statistically signifi cant eff ects, 

the results were no longer signifi cant or were signifi cantly 

reduced in three of the studies when confounding factors were 

controlled for. It is unlikely that confounders had a major 

impact on the experimental animal studies.   

 Bias 

 The main sources of bias in ozone studies are selection bias, 

exposure measurement error, and outcome misclassifi cation. 

Selection bias and outcome misclassifi cation were better con-

trolled for in some studies but may have been an important 

source of bias in others, for which the magnitude and direc-

tion of the bias was diffi  cult to discern. For example, studies 

that evaluated CV-related mortality could have been subject to 

outcome misclassifi cation because a CV-related endpoint may 

not have been the underlying cause of death. As noted above 

for several studies, the lack of coherence between the results 

for CV-related mortality and all-cause mortality may call into 

question the fi ndings for CV-related deaths. 

 Exposure measurement error was a possible source of bias 

across all studies (Rhomberg et   al. 2011). Several studies used 

ambient measurements close to participants ’  residences, which 

had lower potential for exposure measurement error than stud-

ies that relied on area-wide exposures, but they still cannot 

completely account for factors such as individual mobility 

and exposures indoors and from the workplace. Other studies 

used central-site monitors as surrogates of personal exposure, 

and had the highest risk of bias from exposure measurement 

error. The magnitude and direction of this potential bias likely 

diff ered across studies, as personal-ambient ozone correla-

tions diff er as a function of factors specifi c to the individual, 
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season, and city, including time-activity patterns, building 

characteristics, and ventilation practices, which vary by loca-

tion and season. These sources of bias did not impact fi ndings 

in experimental animal studies.   

 Adversity 

 The causal question of this analysis is to establish whether 

long-term exposure to ozone can cause adverse eff ects on the 

CV system, so it is important to evaluate whether the reported 

eff ects of ozone on CV morbidity outcomes may be homeostatic 

processes. In general, eff ects that are adaptive, compensatory, 

transient, or reversible are less likely to be adverse; if they are 

precursors to apical eff ects or are severe or irreversible, they 

are more likely to be adverse (Goodman et   al. 2010). 

 Many of the studies examined inherently adverse disease 

outcomes such as MI, stroke, and CVD; these studies reported 

mainly null or negative associations with long-term ozone 

exposure. Other studies examined surrogate endpoints such 

as blood pressure, CIMT, and biomarker levels. The reported 

increases in blood pressure associated with similar increments 

in ozone level varied among the two Tier II studies that exam-

ined this endpoint. One study (Dong et   al. 2013a) reported 

very small increases (e.g. 0.73 mmHg systolic and 0.37 mmHg 

diastolic) that may not be clinically relevant, as, based on our 

professional judgment, these are within the normal variability 

of blood pressure measurements. The other study (Chuang 

et   al. 2011) reported increases that were more than an order 

of magnitude higher (21.51 mmHg systolic and 20.56 mmHg 

diastolic); based on our professional judgment, these increases 

seem implausible, as such increases are only observed in indi-

viduals taking multiple anti-hypertensive medications. Another 

Tier II study (Breton et   al. 2012) reported small increases in 

CIMT that are of uncertain clinical relevance. It is not known 

if the reported eff ects on these surrogate endpoints, if attribut-

able to ozone, would manifest into clinically signifi cant disease 

outcomes. Similarly, the reported eff ects on biomarkers are 

also small in magnitude and may not be clinically relevant, as 

they may be more likely indicative of homeostatic processes.   

 Evaluation of alternative accounts 

 We evaluated alternative accounts of the observations from 

all realms of evidence regarding long-term ozone exposure 

and CV eff ects. One account is that ozone is a causal factor 

for adverse CV eff ects. This account is supported by a small 

number of statistically signifi cant, positive associations of 

ozone with certain CV outcomes, but it requires one to dis-

miss the many alternative explanations for these associations 

despite their plausibility (e.g. that the few positive associa-

tions reported in studies of CV morbidity and mortality are 

due to chance or confounding). This account requires that one 

focuses only on the few positive fi ndings, regardless of their 

small magnitude, clinical signifi cance, or lack of confi rmation 

in other studies of similar or higher quality. This account also 

requires an explanation for the lack of coherence between the 

animal and human data for eff ects on CV morbidity endpoints 

or biomarkers; for example, the null or negative associations 

reported for specifi c disease endpoints in all of the Tier I 

studies are not coherent with the reported eff ects on cardiac 

function in the  in vivo  and  ex vivo  studies in rats. 

 Further, this account requires that one accepts the existence 

of an exposure-response relationship, even though there was 

a lack of a consistently observed exposure-response among 

the studies and none of the animal studies examined more 

than one exposure level (making exposure-response impos-

sible to measure). It also requires that one relies on the data 

from biomarker studies to contribute to the understanding 

of a biologically plausible MoA, even though a mechanism 

for potential CV eff ects of ozone is unknown and many other 

factors besides ozone contribute to the small and potentially 

homeostatic changes in the levels of some of the biomarkers 

examined. To accept this account as true, one must accept that 

long-term exposure to ambient levels of ozone induces adverse 

eff ects on various measures of CV function, even though the 

body of evidence reviewed above does not support this. 

 An alternative account is that ozone is not a causal factor 

for adverse eff ects on the CV system and that the few positive 

associations observed in some of the studies across realms of 

evidence are attributable to other factors. This account requires 

one to accept that the biological support for a MoA for CV 

eff ects of ozone is not adequate. This account also requires one 

to accept that the few positive eff ects at high exposures in ani-

mal studies are not relevant to humans, particularly at ambient 

ozone concentrations. This account is supported by the totality 

of the data across realms of evidence, which provides plau-

sibility for the few associations observed in some studies to 

be deemed false positive results that are likely attributable to 

bias, chance, or confounding (especially given that most of 

these associations are reported in the Tier II studies). If this 

account is true, a causal relationship between long-term ozone 

exposure and adverse CV eff ects would be understood as not 

likely in humans, based on the currently available evidence, 

and the few positive associations would be attributed to alter-

native explanations. 

 When assessing the WoE in support of the competing 

accounts, it is clear that the fi rst account requires more  ad hoc  

assumptions and is not adequately supported by the totality of 

the currently available data. Thus, the WoE for this account is 

weak compared to the more substantial WoE supporting the 

alternative account of a lack of a causal relationship between 

long-term ozone exposure and adverse CV eff ects.     

 Phase 4  –  Drawing conclusions based on inferences 

 We applied the WoE conclusions from Phase 3 to categorize 

the causal relationship between long-term ambient ozone 

exposure and adverse CV eff ects. We relied on the four-level 

categorization of the strength of the overall evidence for or 

against a causal relationship from exposure to eff ect, proposed 

by IOM (2008): 

   1. Suffi  cient : The evidence is suffi  cient to conclude that a 

causal relationship exists.  

   2. Equipoise and Above : The evidence is suffi  cient to conclude 

that a causal relationship is at least as likely as not, but not 

suffi  cient to conclude that a causal relationship exists.  

   3. Below Equipoise : The evidence is not suffi  cient to conclude 

that a causal relationship is at least as likely as not, or is not 

suffi  cient to make a scientifi cally formed judgment.  

   4. Against : The evidence suggests the lack of a causal 

relationship.  
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 Our WoE conclusions indicate that the evidence does not 

support a causal relationship, so there is no question that the 

evidence for a causal association falls  “ below equipoise. ”  The 

question is whether the database of available scientifi c lit-

erature is adequate to conclude that the evidence is suffi  cient 

to suggest a lack of a causal relationship. Several of the CV 

morbidity and biomarker endpoints were examined in only 

one or two studies each, limiting confi rmation of the results 

in other settings. The epidemiological studies are limited, in 

that chance, bias, and confounding cannot be ruled out with 

confi dence. Exposure measurement error may have impacted 

the fi ndings across all epidemiology studies, as they used cen-

tral-site monitors as surrogates for personal ozone exposure. 

Although some studies adjusted for many potential confound-

ing factors, residual confounding and confounding from other 

factors not considered in the analyses may also contribute to 

uncertainty in the fi ndings. The experimental animal stud-

ies are of limited relevance to humans, given the high ozone 

exposure concentrations used. The biomarker studies did not 

have consistent results and are of uncertain relevance, given 

that many other factors besides ozone contribute to changes 

in these markers, and their clinical signifi cance is unclear. 

Because of these limitations and the small number of studies 

for each endpoint, the overall database for the potential CV 

eff ects of long-term ozone exposure does not provide defi ni-

tive evidence regarding a lack of causation. 

 When considering the study limitations discussed above, 

we conclude that the currently available evidence as a whole 

is not suffi  cient to make a scientifi cally formed judgment 

regarding the lack of a causal relationship, and we cat-

egorize the strength of evidence for a causal relationship 

between long-term exposure to ozone and CV eff ects as 

 “ below equipoise. ”    

 Framework comparison 
 In the ISA, the EPA evaluated the relationship between 

long-term ozone exposure and CV eff ects using the NAAQS 

causal framework, which includes a fi ve-level categorization 

scheme for the strength of the overall evidence for causality: 

Causal relationship; Likely to be a causal relationship; Sug-

gestive of a causal relationship; Inadequate to infer a causal 

relationship; and Not likely to be a causal relationship (US 

EPA 2013). The EPA concluded that the body of evidence 

for long-term ozone exposure and CV eff ects is Suggestive 

of a causal relationship. To meet this classifi cation, the EPA 

had to consider that  “ at least one high-quality epidemiologi-

cal study shows an association with a given health outcome 

but the results of other studies are inconsistent ”  or that  “ a 

well-conducted toxicological study … shows eff ects in animal 

species ”  (US EPA 2013). 

 Below, we compare our current evaluation, based on the 

Goodman WoE framework (Goodman et   al. 2013), to the 

EPA ’ s evaluation in the ISA, and we discuss the possible rea-

sons for the discrepancy in causal conclusions between the 

two evaluations. 

 The EPA identifi ed a limited number of relevant studies for 

its assessment, evaluating only one epidemiology study of CV 

morbidity (Chuang et   al. 2011), three epidemiology studies 

that examined CV biomarkers (Chen et   al. 2007, Chuang et   al. 

2011, Forbes et   al. 2009), and one epidemiology study of CV 

mortality (Jerrett et   al. 2009). Although fi ve other studies of CV 

mortality were identifi ed in the evaluation of total mortality in 

the ISA, these were not included in the EPA ’ s assessment of 

causality for CV eff ects. The EPA also evaluated two experi-

mental animal studies of CV morbidity (Chuang et   al. 2009, 

Perepu et   al. 2010) and two experimental animal studies of CV 

biomarkers (Perepu et   al. 2010, Kodavanti et   al. 2011). The 

EPA concluded that the epidemiology evidence for CV morbid-

ity eff ects and CV mortality is limited, and that further research 

is needed to understand whether there are any eff ects of long-

term ozone exposure on CV outcomes in humans. The EPA 

also concluded that there was evidence of eff ects in experimen-

tal animal studies, so the generally limited body of evidence is 

suggestive of a causal relationship. By contrast, we identifi ed 

seven epidemiology studies of CV morbidity, three epidemiol-

ogy studies of CV biomarkers, 12 epidemiology studies of CV 

mortality, fi ve experimental animal studies of CV morbidity, 

and fi ve experimental animal studies of CV biomarkers. The 

majority of studies we identifi ed that were not in the assessment 

of CV eff ects in the ISA were published prior to 2013 and could 

have been included in the ISA. If we had limited our analysis to 

the studies assessed in the ISA  –  which included only morbidity 

studies of surrogate, rather than adverse (disease) endpoints and 

only one Tier I study of CV mortality  –  we still would have con-

cluded that the evidence does not support a causal relationship 

but is not suffi  cient to make a scientifi cally formed judgment 

regarding a lack of causality and that it should be categorized 

as  “ below equipoise. ”  

 The EPA did not evaluate the results of each study in the 

context of its strengths and limitations, nor did it conduct 

a systematic evaluation of studies such that those of higher 

quality received more weight in the analysis. In addition, the 

EPA did not discuss the studies in the context of the modifi ed 

Bradford Hill aspects noted in the NAAQS causal framework. 

We found that a consideration of these factors led to the con-

clusion that 1) the higher quality (Tier I) epidemiology stud-

ies indicate only null or negative associations for specifi c CV 

disease endpoints, 2) the vast majority of reported eff ects in 

the studies in each realm are very small in magnitude, and 3) 

the reported eff ects are not supported by exposure-response 

relationships or a biologically plausible MoA. 

 The EPA also did not consider the overall body of evidence 

across realms. The EPA presented its fi ndings for each realm 

independently, with no evaluation of whether the results were 

coherent across outcomes. The EPA concluded that the epide-

miology evidence for CV morbidity eff ects and CV mortality 

is limited, and that there is evidence of eff ects in experimental 

animal studies, so the generally limited body of evidence is 

suggestive of a causal relationship. We found an overall lack 

of eff ects in the epidemiology literature, including biomarker 

studies, and that experimental animal studies were not likely 

to be relevant to humans and did not lend support to any of 

the proposed human MoAs. This is supported by the general 

lack of eff ects on CV morbidity endpoints in the epidemiology 

studies, particularly the higher quality (Tier I) studies. 

 The EPA also did not fully consider the adversity of out-

comes in the studies it evaluated. For example, the EPA did 

not evaluate whether any changes in biomarker levels were 

large enough to represent or lead to adverse eff ects, or whether 

these changes were more likely to be homeostatic. We found 
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that the biological changes reported were not likely to be on an 

adverse pathway and thus unlikely to be indicative of or lead 

to adverse eff ects. 

 Although the NAAQS causal framework includes the 

weighing of alternative views on controversial issues, in the 

ISA, the EPA evaluated only whether evidence supports a 

causal relationship  –  it did not consider whether the data sup-

port an alternative explanation. In contrast, the Goodman WoE 

framework is designed to evaluate not just causality, but also 

whether the data support alternative explanations. We found 

that the WoE better supports a lack of a causal relationship 

between long-term ambient ozone exposure and adverse CV 

eff ects than a causal relationship. 

 In contrast to the four-level categorization scheme in the 

IOM framework, the NAAQS causal framework includes a fi ve-

level categorization scheme for causal determinations. As noted 

above, the classifi cation of evidence as Suggestive of a causal 

relationship requires either one high-quality epidemiology 

study to show an association or one well-conducted study in 

experimental animals to show the eff ects, and the EPA based 

its Suggestive categorization for the CV eff ects of long-term 

exposure to ozone mainly on experimental animal studies. 

Even if these studies are of high quality, they are unlikely to 

be relevant to humans because they were not conducted with 

relevant ozone exposures, and one of the studies was an  ex 
vivo  study conducted in rat hearts after an ischemia-reperfu-

sion injury. Despite this, the preponderance of evidence across 

realms does not support a causal relationship between long-

term exposure to ozone and adverse CV eff ects. Thus, even 

if the data met the EPA criteria for the Suggestive category, 

as a whole, the data clearly are not suggestive of an asso-

ciation. The IOM framework is more appropriate for making 

conclusions regarding causation, particularly because it does 

not allow for a single study  –  which may be inconsistent with 

the preponderance of other data  –  to provide evidence that a 

causal relationship is at least as likely as not.   

 Conclusions 

 The current WoE provides no convincing case for a causal 

relationship between long-term ambient ozone exposure 

and its adverse eff ects on the CV system, and the few posi-

tive associations reported in some epidemiology studies are 

most likely attributable to alternative explanations such as 

bias, chance, or confounding. Because of the limitations of 

the available studies, however, they do not provide defi nitive 

evidence regarding a lack of causation. We conclude that the 

evidence as a whole is not suffi  cient to make a scientifi cally 

formed judgment regarding a lack of a causality but, based on 

the available evidence, we categorize the strength of evidence 

for a causal relationship between long-term exposure to ozone 

and CV eff ects as  “ below equipoise. ”                   
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