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A B O U T  H E I

 vii

The Health Effects Institute is a nonprofit corporation chartered in 1980 as an independent 
research organization to provide high-quality, impartial, and relevant science on the effects of air 
pollution on health. To accomplish its mission, the institute

• Identifies the highest-priority areas for health effects research;

• Competitively funds and oversees research projects;

• Provides intensive independent review of HEI-supported studies and related 
research;

• Integrates HEI’s research results with those of other institutions into broader 
evaluations; and

• Communicates the results of HEI’s research and analyses to public and private 
decision makers.

HEI typically receives balanced funding from the U.S. Environmental Protection Agency and the 
worldwide motor vehicle industry. Frequently, other public and private organizations in the 
United States and around the world also support major projects or research programs. HEI has 
funded more than 330 research projects in North America, Europe, Asia, and Latin America, the 
results of which have informed decisions regarding carbon monoxide, air toxics, nitrogen oxides, 
diesel exhaust, ozone, particulate matter, and other pollutants. These results have appeared in 
more than 260 comprehensive reports published by HEI, as well as in more than 1,000 articles in 
the peer-reviewed literature.

HEI’s independent Board of Directors consists of leaders in science and policy who are 
committed to fostering the public–private partnership that is central to the organization. The 
Research Committee solicits input from HEI sponsors and other stakeholders and works with 
scientific staff to develop a Five-Year Strategic Plan, select research projects for funding, and 
oversee their conduct. The Review Committee, which has no role in selecting or overseeing 
studies, works with staff to evaluate and interpret the results of funded studies and related research. 
For the MOSES initiative, a special MOSES Review Panel — comprising Review Committee 
members and outside experts — fulfilled this role. 

All project results and accompanying comments by the Review Committee (or, in this case, the 
MOSES Review Panel) are widely disseminated through HEI’s website (www.healtheffects.org), 
printed reports, newsletters and other publications, annual conferences, and presentations to 
legislative bodies and public agencies.
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Research Report 192, Part 1, Multicenter Ozone Study in oldEr Subjects (MOSES): Part 1. Effects 
of Exposure to Low Concentrations of Ozone on Respiratory and Cardiovascular Outcomes, presents a 
research project funded by the Health Effects Institute and conducted by Dr. Mark W. Frampton 
of the University of Rochester Medical Center, Rochester, New York; John R. Balmes, University 
of California–San Francisco; Philip A. Bromberg of the University of North Carolina–Chapel Hill; 
and Paul Stark of the New England Research Institute, Watertown, Massachusetts, and their 
colleagues.

The HEI Statement, prepared by staff at HEI, is a brief, nontechnical summary of the 
study and its findings; it also briefly describes the HEI MOSES Review Panel’s comments 
on the study.

The Investigators’ Report, prepared by Frampton, Balmes, Bromberg, Stark, and 
their colleagues, describes the scientific background, aims, methods, results, and 
conclusions of the study.

The Commentary, prepared by members of the MOSES Review Panel with the 
assistance of HEI staff, places the study in a broader scientific context, points out its 
strengths and limitations, and discusses remaining uncertainties and implications of 
the study’s findings for public health and future research.

This report has gone through HEI’s rigorous review process. The investigators submitted a 
draft final report, which was evaluated by the HEI MOSES Review Panel — an independent panel 
of distinguished scientists who had no involvement in selecting or overseeing this study, which 
included some members of the HEI Review Committee. Comments from the Panel were sent to 
the investigators, who revised their report as they considered appropriate. The Commentary by 
the MOSES Review Panel reflects the information provided in the final version of the report.
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This Statement, prepared by the Health Effects Institute, summarizes a research project funded by HEI and conducted by Drs. Mark W.
Frampton, Pulmonary & Critical Care, University of Rochester Medical Center, Rochester, NY; John R. Balmes, University of California–San
Francisco; Philip A. Bromberg of the University of North Carolina–Chapel Hill; and Paul Stark of the New England Research Institute, Water-
town, Massachusetts, and their colleagues. Research Report 192, Part 1 contains both the detailed Investigators’ Report and a Commentary
on the study prepared by the Institute’s MOSES Review Panel.
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Health Effects of Low-Level Ozone Exposure in Older Volunteers

INTRODUCTION

Ozone has been associated with adverse health
effects in children and adults. Its effects on the
respiratory system are well established and include
worsening of asthma symptoms (acute effects),
increases in deaths and hospital admissions for
respiratory illnesses such as chronic obstructive
pulmonary disease and asthma (acute and chronic
effects), reduced lung growth, and higher risk of
developing asthma (chronic effects). More recent
epidemiological studies have reported that short-
term exposure to ozone is associated with adverse
cardiovascular outcomes, including an increased
risk of cardiovascular mortality. The effects of
ozone on the respiratory system are relatively well
characterized, but its effects on the cardiovascular
system are not. In view of the epidemiological find-
ings, it has been suggested that ozone may lead to
adverse cardiovascular health effects at concentra-
tions at or below the current U.S. ambient air
quality standard. Thus, research is needed to inves-
tigate the cardiovascular effects of ozone, particu-
larly at concentrations near those of present-day
ambient levels.

Ozone is an oxidant gas that readily reacts with
other molecules. After inhalation, ozone reacts
with constituents of the lung lining fluid to gen-
erate reactive oxygen species that can cause local-
ized oxidative stress in the lung, leading to lung
irritation. With repeated exposure, oxidative stress
may lead to lung injury and chronic lung disease.
Ozone may have effects on the cardiovascular and
other organ systems through systemic inflamma-
tion, oxidative stress, or changes in activity of the
autonomic nervous system, which could lead to
changes in heart rhythm, endothelial dysfunction,
constriction of arteries, and blood clotting. 

In 2010, HEI issued Request for Applications 10-1,
Cardiovascular Effects of Exposure to Low Levels of
Ozone in the Presence or Absence of Other Ambient
Pollutants, to solicit responses from clinical research

centers that were equipped to conduct human expo-
sure studies, with the goal of creating a multicenter
ozone study. Three centers, led by Dr. John Balmes at
the University of California–San Francisco, Dr. Philip
Bromberg at the University of North Carolina–
Chapel Hill, and Dr. Mark Frampton at the Univer-
sity of Rochester Medical Center, New York, were

What This Study Adds
• Ozone exposure has been associated with 

acute and chronic respiratory effects, and 
there is some evidence of cardiovascular 
effects. However, it is unclear whether 
ozone has short-term cardiovascular 
effects at present-day ambient levels. 

• This study measured a large number of 
cardiovascular and respiratory endpoints
in 87 healthy, older participants who were 
exposed to 0, 70, or 120 parts per billion 
ozone for 3 hours while exercising 
moderately.

• There was no convincing evidence that 
ozone exposure in this large study of older, 
healthy adults affected the primary 
cardiovascular endpoints identified by the 
investigators. The observed lack of 
cardiovascular effects may not be 
generalizable to the overall adult 
population, which may include people who 
are less healthy and who are exposed to 
multiple pollutants.

• The study found moderate effects on lung 
function and on two markers of lung injury 
and inflammation in these healthy, older 
adults (a population that had not often 
been studied in the past), and provides 
confirmation of ozone effects on the lung 
at concentrations similar to the current air 
quality standard.
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selected to participate in the study, which was
named the Multicenter Ozone Study in oldEr Sub-
jects (MOSES). In addition, the New England Re-
search Institute was selected through a 2010 Request
for Qualifications for a Data Analysis Center to
serve as the data coordinating center for the study.
HEI formed a special MOSES Oversight Committee
to provide input during the study design and re-
search phases. 

APPROACH

The MOSES project was funded to study the effects
of short-term exposure to ozone on the cardiovascu-
lar and respiratory systems in older participants, a
population presumed to be more susceptible to its
effects. The study focused on low ozone concentra-
tions (70 and 120 parts per billion [ppb]), relevant
to those observed in ambient air in the United
States. The three MOSES teams, with input from
HEI, developed a common protocol for exposing
human volunteers to ozone. Each center planned to
recruit and test about 30 participants for a total of
90. Exposures took place from mid-2012 to mid-
2015. Each participant was invited to a screening

visit, a training visit, and three exposure sessions
(randomized at 0, 70, and 120 ppb ozone). Exposures
lasted 3 hours, during which the participants exer-
cised on a stationary bicycle, alternating 15 minutes
of exercise with 15 minutes of rest. Participants
stayed at a hotel the night before testing to mini-
mize variability in exposure to ambient air pollut-
ants and were evaluated the day before, during, and
up to 22 hours after exposure. 

The investigators measured a large suite of end-
points, including changes in autonomic nervous
system function, heart rhythm, blood pressure, and
pulmonary function, as well as markers of endothe-
lial function, thrombosis, lung injury, and both sys-
temic and lung inflammation (see Statement Figure).
They specified in advance a key group of cardiovas-
cular endpoints as primary; all other endpoints
were secondary. Most outcomes were assessed at
designated central laboratories that handled samples
or electrocardiographic recordings from all three
clinical centers in order to standardize outcome
assessment. Study participants were also genotyped
for glutathione S-transferase mu 1 (GSTM1), a gene
involved in antioxidant defenses. Individuals who

Statement Figure. Possible pathways by which ozone may cause adverse health effects. Pathways evaluated in MOSES are shown in
boldface; the number of endpoints evaluated is shown in brackets. Adapted from Investigators’ Report, Figure 1.
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lack the GSTM1 gene may be at increased risk for
acute health effects.

A statistical analysis plan was developed and
power calculations performed with input from in-
vestigators at the three clinical centers and the HEI
MOSES Oversight Committee. Results were analyzed
by mixed-effects linear models, adjusting for the
three centers and multiple time points, and presented
as the difference between pre-exposure and post-
exposure values. The investigators tested whether the
effects of ozone on each endpoint varied by sub-
groups defined by sex, age, or GSTM1 status. The sta-
tistical significance threshold was set at P < 0.01 to
reduce concerns over multiple comparisons. 

At the request of the HEI Research Committee,
the investigators measured each participant’s expo-
sure to ozone and nitrogen dioxide using a personal
sampler for 72 hours before the pre-exposure visit.
They also collected air quality data for ozone, fine
particulate matter, nitrogen dioxide, sulfur dioxide,
and carbon monoxide from central monitors closest
to each clinical center. A forthcoming report (Multi-
center Ozone Study in oldEr Subjects, Part 2) will
describe analyses that include the pre-exposure pol-
lutant data, as well as several sets of sensitivity
analyses conducted by the investigators. 

KEY RESULTS

The three centers successfully recruited and tested
87 participants (ages 55–70 years) who completed all
visits. Analyses of the primary cardiovascular end-
points showed no statistically significant effects of
ozone exposure at 70 or 120 ppb on autonomic ner-
vous system function, cardiac electrical repolariza-
tion, or cardiac arrhythmia. In addition, ozone
exposure did not lead to statistically significant
changes in oxidative stress or in markers of systemic
inflammation, vascular function, or prothrombotic
status. The only changes associated with ozone expo-
sure seen in cardiovascular endpoints were an in-
crease in the secondary endpoint plasma endothelin-1
(a marker of vascular function) and a decrease in ni-
trotyrosine (a marker of oxidative stress) after expo-
sure to 120 ppb, but not 70 ppb, ozone.

On the other hand, the MOSES study confirmed
that ozone has effects on the respiratory system even
at these low concentrations, even though cardiac ef-
fects were not observed. In these older volunteers,
moderate exercise during clean air exposure (0 ppb)
led to an increased forced vital capacity (FVC) and

forced expiratory volume in 1 second (FEV1) 15 min-
utes after exposure compared with pre-exposure val-
ues, and they remained significantly higher after
22 hours. However, these improvements in lung
function were attenuated after ozone exposure in a
dose–response manner at 70 and 120 ppb. In addi-
tion, ozone exposure at 120 ppb significantly in-
creased the percentage of polymorphonuclear
leukocytes (a marker of lung inflammation; also re-
ferred to as “neutrophils”) in sputum as well as of
club cell 16 (a marker of airway epithelial cell in-
jury) in blood 22 hours later, compared with clean air
exposure. In contrast, changes in sputum concentra-
tions of the inflammatory markers interleukin-6, in-
terleukin-8, and tumor necrosis factor-alpha were
not statistically significant. There was no evidence
of statistically significant interactions between sex,
age, or GSTM1 status and the observed changes in
lung function, sputum polymorphonuclear leuko-
cytes, or plasma club cell 16 after ozone exposure.

EVALUATION

In its independent review of the study, a specially
convened HEI MOSES Review Panel commended
the investigators for a well-designed and executed
study. A key strength of the study was the double-
blind crossover design with controlled exposures at
three concentrations. The Review Panel also noted
that the number of participants in the MOSES study
was considerably larger than in previous human
exposure studies conducted to date and thought the
study had sufficient statistical power to detect mean-
ingful changes in the primary outcomes. The study
efficiently collected information on a comprehen-
sive array of cardiovascular endpoints, probing a
variety of potential mechanistic or pathophysiolog-
ical pathways, as well as several respiratory end-
points. 

The Panel agreed with the investigators’ conclu-
sions that ozone exposure at 70 or 120 ppb for three
hours did not lead to detectable changes in cardio-
vascular endpoints in this healthy group of older
participants. Changes were observed in only two of
the many cardiovascular endpoints: an increase in
endothelin-1 and a decrease in nitrotyrosine. The
nitrotyrosine changes were in the opposite direc-
tion of what would be hypothesized to be on the
pathway to an ozone effect and remain unexplained.
The Panel also agreed with the investigators’ conclu-
sions that exposure to 70 and 120 ppb led to signifi-
cant changes in lung function and two markers in
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the lung and blood that were consistent with ozone-
induced injury to the airways. The pulmonary
results in older adults are consistent with the results
of other studies in younger volunteers showing lung
effects after ozone exposures at concentrations
resembling the current U.S. 8-hour ambient air
quality standard for ozone of 70 ppb. 

The Panel also agreed with the investigators that
a major limitation of the study was that the partici-
pants were healthy. By design, participants were se-
lected to have a normal body mass index and FEV1;
were able to perform moderate, intermittent exer-
cise for three hours; and were able to abstain from a
specified list of medications for one week. Thus,
the study sample represented an older, but very
healthy, mostly Caucasian segment of the popula-
tion. Additionally, the study was limited — also by
design — to acute exposures to primary ozone with-
out reaction products and without co-exposure to
other pollutants common in ambient air. Therefore,
the observed lack of cardiovascular effects may not
be generalizable to the overall adult population,
which includes people who are less healthy and
who are exposed to multiple pollutants. The emerg-
ing epidemiological evidence finding associations
of cardiovascular effects with exposure to ozone
may reflect susceptible members of the population
who are unable to participate in clinical studies.

Because there was considerable variability in out-
come values among participants, the Review Panel
asked the investigators to evaluate whether a sub-
group existed that showed larger changes in lung

function or in sputum polymorphonuclear leuko-
cytes after ozone exposure than other subgroups
and which may have also shown effects on the car-
diovascular system that were not evident in the
group as a whole. However, detailed statistical anal-
yses did not find evidence of the presence of such a
responder group. 

CONCLUSIONS

The Multicenter Ozone Study in oldEr Subjects
was a large, well-conducted study in 87 healthy
adults (55–70 years old) that showed the following
important results: (1) there was no convincing evi-
dence that a 3-hour exposure to 70 or 120 ppb ozone
with moderate exercise affected cardiovascular end-
points in these healthy older adults; (2) short-term
exposures at these low ozone concentrations did
produce moderate pulmonary effects, showing
results similar to previous studies in younger
adults; and (3) no responder subgroup could be
identified in which ozone elicited cardiovascular
effects that were not evident in the group as a whole.
The MOSES Review Panel agreed with the main
findings of the study and commended the investiga-
tor teams for the high quality of the data and analy-
ses. The respiratory effects observed after ozone
exposure are consistent with the results of other
studies showing such effects at current ambient
ozone concentrations. Because the volunteers in
this study were healthy, the results may not be gen-
eralizable to the overall adult population. 
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INVESTIGATORS’ REPORT

Multicenter Ozone Study in oldEr Subjects (MOSES): Part 1. Effects of Exposure to
Low Concentrations of Ozone on Respiratory and Cardiovascular Outcomes

Mark W. Frampton1*, John R. Balmes2*, Philip A. Bromberg3*, Paul Stark4*, Mehrdad Arjomandi2, 
Milan J Hazucha3, David Q. Rich1, Danielle Hollenbeck-Pringle4, Nicholas Dagincourt4, 
Neil Alexis3, Peter Ganz2, Wojciech Zareba1, and Maria G. Costantini5

1University of Rochester Medical Center, Rochester, New York; 2University of California at San Francisco; 3University of
North Carolina at Chapel Hill; 4New England Research Institute, Watertown, Massachusetts; 5Health Effects Institute,
Boston, Massachusetts

ABSTRACT

INTRODUCTION

Exposure to air pollution is a well-established risk factor
for cardiovascular morbidity and mortality. Most of the evi-
dence supporting an association between air pollution and
adverse cardiovascular effects involves exposure to particu-
late matter (PM**). To date, little attention has been paid to
acute cardiovascular responses to ozone, in part due to the
notion that ozone causes primarily local effects on lung
function, which are the basis for the current ozone National
Ambient Air Quality Standards (NAAQS). There is evi-
dence from a few epidemiological studies of adverse health
effects of chronic exposure to ambient ozone, including
increased risk of mortality from cardiovascular disease.
However, in contrast to the well-established association

between ambient ozone and various nonfatal adverse
respiratory effects, the observational evidence for impacts of
acute (previous few days) increases in ambient ozone levels
on total cardiovascular mortality and morbidity is mixed.

Ozone is a prototypic oxidant gas that reacts with con-
stituents of the respiratory tract lining fluid to generate
reactive oxygen species (ROS) that can overwhelm antiox-
idant defenses and cause local oxidative stress. Pathways
by which ozone could cause cardiovascular dysfunction
include alterations in autonomic balance, systemic inflam-
mation, and oxidative stress. These initial responses could
lead ultimately to arrhythmias, endothelial dysfunction,
acute arterial vasoconstriction, and procoagulant activity.
Individuals with impaired antioxidant defenses, such as
those with the null variant of glutathione S-transferase mu 1
(GSTM1), may be at increased risk for acute health effects.

The Multicenter Ozone Study in oldEr Subjects (MOSES)
was a controlled human exposure study designed to evalu-
ate whether short-term exposure of older, healthy individu-
als to ambient levels of ozone induces acute cardiovascular
responses. The study was designed to test the a priori hy-
pothesis that short-term exposure to ambient levels of ozone
would induce acute cardiovascular responses through the
following mechanisms: autonomic imbalance, systemic in-
flammation, and development of a prothrombotic vascular
state. We also postulated a priori the confirmatory hypothe-
sis that exposure to ozone would induce airway inflamma-
tion, lung injury, and lung function decrements. Finally, we
postulated the secondary hypotheses that ozone-induced
acute cardiovascular responses would be associated with:
(a) increased systemic oxidative stress and lung effects, and
(b) the GSTM1-null genotype.

This Investigators’ Report is one part of Health Effects Institute Research
Report 192, which also includes a Commentary by the MOSES Review Panel
and an HEI Statement about the research project. Correspondence concern-
ing the Investigators’ Report may be addressed to Dr. Mark W. Frampton,
Pulmonary & Critical Care, University of Rochester Medical Center, 601
Elmwood Ave., Box 692, Rochester, NY 14642-8692; e-mail: mark_frampton@
urmc.rochester.edu.

Although this document was produced with partial funding by the United
States Environmental Protection Agency under Assistance Award CR–
83467701 to the Health Effects Institute, it has not been subjected to the
Agency’s peer and administrative review and therefore may not necessarily
reflect the views of the Agency, and no official endorsement by it should be
inferred. The contents of this document also have not been reviewed by pri-
vate party institutions, including those that support the Health Effects Insti-
tute; therefore, it may not reflect the views or policies of these parties, and
no endorsement by them should be inferred.

* Co-principal investigators.

** A list of abbreviations and other terms appears at the end of this volume.



66

MOSES: Part 1. Low Ozone Exposure and Respiratory and Cardiovascular Outcomes

METHODS

The study was conducted at three clinical centers with a
separate Data Coordinating and Analysis Center (DCAC)
using a common protocol. All procedures were approved
by the institutional review boards (IRBs) of the participat-
ing centers. Healthy volunteers 55 to 70 years of age were
recruited. Consented participants who successfully com-
pleted the screening and training sessions were enrolled in
the study. All three clinical centers adhered to common
standard operating procedures (SOPs) and used common
tracking and data forms. Each subject was scheduled to par-
ticipate in a total of 11 visits: screening visit, training visit,
and three sets of exposure visits, each consisting of the pre-
exposure day, the exposure day, and the post-exposure day.
The subjects spent the night in a nearby hotel the night of
the pre-exposure day.

On exposure days, the subjects were exposed for three hours
in random order to 0 ppb ozone (clean air), 70 ppb ozone, and
120 ppm ozone, alternating 15 minutes of moderate exercise
with 15 minutes of rest. A suite of cardiovascular and pul-
monary endpoints was measured on the day before, the day
of, and up to 22 hours after, each exposure. The endpoints
included: (1) electrocardiographic changes (continuous
Holter monitoring: heart rate variability [HRV], repolariza-
tion, and arrhythmia); (2) markers of inflammation and oxi-
dative stress (C-reactive protein [CRP], interleukin-6 [IL-6],
8-isoprostane, nitrotyrosine, and P-selectin); (3) vascular func-
tion measures (blood pressure [BP], flow-mediated dilata-
tion [FMD] of the brachial artery, and endothelin-1 [ET-1];
(4) venous blood markers of platelet activation, thrombosis,
and microparticle-associated tissue factor activity (MP-
TFA); (5) pulmonary function (spirometry); (6) markers of
airway epithelial cell injury (increases in plasma club cell
protein 16 [CC16] and sputum total protein); and (7) markers
of lung inflammation in sputum (polymorphonuclear leuko-
cytes [PMN], IL-6, interleukin-8 [IL-8], and tumor necrosis
factor-alpha [TNF-�]). Sputum was collected only at 22
hours after exposure.

The analyses of the continuous electrocardiographic
monitoring, the brachial artery ultrasound (BAU) images,
and the blood and sputum samples were carried out by
core laboratories. The results of all analyses were sub-
mitted directly to the DCAC.

The variables analyzed in the statistical models were
represented as changes from pre-exposure to post-exposure
(post-exposure minus pre-exposure). Mixed-effect linear
models were used to evaluate the impact of exposure to
ozone on the prespecified primary and secondary contin-
uous outcomes. Site and time (when multiple measure-
ments were taken) were controlled for in the models.
Three separate interaction models were constructed for

each outcome: ozone concentration by subject sex; ozone
concentration by subject age; and ozone concentration by
subject GSTM1 status (null or sufficient). Because of the
issue of multiple comparisons, the statistical significance
threshold was set a priori at P < 0.01.

RESULTS

Subject recruitment started in June 2012, and the first
subject was randomized on July 25, 2012. Subject recruit-
ment ended on December 31, 2014, and testing of all sub-
jects was completed by April 30, 2015. A total of 87 subjects
completed all three exposures. The mean age was 59.9 ±
4.5 years, 60% of the subjects were female, 88% were
white, and 57% were GSTM1 null. Mean baseline body
mass index (BMI), BP, cholesterol (total and low-density
lipoprotein), and lung function were all within the normal
range.

We found no significant effects of ozone exposure on
any of the primary or secondary endpoints for autonomic
function, repolarization, ST segment change, or arrhyth-
mia. Ozone exposure also did not cause significant chang-
es in the primary endpoints for systemic inflammation
(CRP) and vascular function (systolic blood pressure [SBP]
and FMD) or secondary endpoints for systemic inflamma-
tion and oxidative stress (IL-6, P-selectin, and 8-isopros-
tane). Ozone did cause changes in two secondary end-
points: a significant increase in plasma ET-1 (P = 0.008) and
a marginally significant decrease in nitrotyrosine (P =
0.017). Lastly, ozone exposure did not affect the primary
prothrombotic endpoints (MP-TFA and monocyte–platelet
conjugate count) or any secondary markers of prothrombot-
ic vascular status (platelet activation, circulating micropar-
ticles [MPs], von Willebrand factor [vWF], or fibrinogen.)

Although our hypothesis focused on possible acute car-
diovascular effects of exposure to low levels of ozone, we
recognized that the initial effects of inhaled ozone involve
the lower airways. Therefore, we looked for: (a) changes in
lung function, which are known to occur during exposure
to ozone and are maximal at the end of exposure; and
(b) markers of airway injury and inflammation. We found
an increase in forced vital capacity (FVC) and forced expi-
ratory volume in 1 second (FEV1) after exposure to 0 ppb
ozone, likely due to the effects of exercise. The FEV1
increased significantly 15 minutes after 0 ppb exposure
(85 mL; 95% confidence interval [CI], 64 to 106; P < 0.001),
and remained significantly increased from pre-exposure at
22 hours (45 mL; 95% CI, 26 to 64; P < 0.001). The increase
in FVC followed a similar pattern. The increase in FEV1
and FVC were attenuated in a dose–response manner by
exposure to 70 and 120 ppb ozone. We also observed a
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significant ozone-induced increase in the percentage of
sputum PMN 22 hours after exposure at 120 ppb compared
to 0 ppb exposure (P = 0.003). Plasma CC16 also increased
significantly after exposure to 120 ppb (P < 0.001). Sputum
IL-6, IL-8, and TNF-� concentrations were not signifi-
cantly different after ozone exposure. We found no signifi-
cant interactions with sex, age, or GSTM1 status regarding
the effect of ozone on lung function, percentage of sputum
PMN, or plasma CC16.

CONCLUSIONS

In this multicenter clinical study of older healthy sub-
jects, ozone exposure caused concentration-related
reductions in lung function and presented evidence for
airway inflammation and injury. However, there was no
convincing evidence for effects on cardiovascular func-
tion. Blood levels of the potent vasoconstrictor, ET-1,
increased with ozone exposure (with marginal statistical
significance), but there were no effects on BP, FMD, or
other markers of vascular function. Blood levels of nitroty-
rosine decreased with ozone exposure, the opposite of our
hypothesis. Our study does not support acute cardiovas-
cular effects of low-level ozone exposure in healthy older
subjects. Inclusion of only healthy older individuals is a
major limitation, which may affect the generalizability of
our findings. We cannot exclude the possibility of effects
with higher ozone exposure concentrations or more pro-
longed exposure, or the possibility that subjects with
underlying vascular disease, such as hypertension or dia-
betes, would show effects under these conditions.

INTRODUCTION

Exposure to air pollution is a well-established risk factor
for cardiovascular morbidity and mortality. Most of the
evidence supporting an association between air pollution
and adverse cardiovascular effects involves exposure to
PM, but recently increased attention has been paid to the
potential cardiovascular toxicity of ozone because several
epidemiological studies have shown an association
between exposure to ozone and mortality (U.S. Environ-
mental Protection Agency [U.S. EPA] 2013).

Tropospheric ozone is a ubiquitous air pollutant that is
formed when nitrogen oxides and volatile organic com-
pounds react in the atmosphere in the presence of sun-
light. It is one of six pollutants for which the U.S. EPA sets
a NAAQS to protect public health with an adequate
margin of safety, as required by the Clean Air Act. The cur-
rent ozone NAAQS, 70 ppb averaged over 8 hours, was
promulgated in October 2015 (U.S. EPA 2015).

The new 70 ppb standard is based on an expanded body
of clinical and epidemiological studies, which are reviewed
in the U.S. EPA’s Integrated Science Assessment (U.S. EPA
2013). The main drivers of the standard are the respiratory
effects observed in epidemiological studies and in environ-
mental chamber exposure studies at concentrations as low
as 70 ppb (Schelegle et al. 2009) and 60 ppb (Adams 2006;
Kim et al. 2011). These effects include acute decrements in
pulmonary function as well as lung inflammation, respira-
tory symptoms, and respiratory mortality and morbidity.
The U.S. EPA also noted that animal toxicological and con-
trolled exposure studies “provide initial biological plausi-
bility for the consistently positive associations observed in
epidemiologic studies of short-term O3 exposure and car-
diovascular mortality,” and concluded that “overall, the
body of evidence indicates that there is likely to be a causal
relationship between short-term exposures to O3 and car-
diovascular effects, including cardiovascular mortality.”
The relevant literature is summarized below, followed by a
discussion of the possible mechanisms by which ozone (O3)
may affect the cardiovascular system.

OZONE AND ACUTE CARDIOVASCULAR EFFECTS

In contrast to the well-established association between
ambient ozone and various nonfatal adverse respiratory
effects, the observational evidence for impacts of acute
(previous few days) increases in ambient ozone levels on
total cardiovascular mortality and morbidity is mixed. In a
study using the National Morbidity, Mortality, and Air Pol-
lution Study (NMMAPS) data set, which covered approxi-
mately 100 U.S. cities, Bell and colleagues (2004) reported
a 0.64% increase in the risk of cardiovascular and respira-
tory mortality (95% CI, 0.31% to 0.98%) associated with
each 10-ppb increase in the previous week’s ozone concen-
tration. Sensitivity analyses of the NMMAPS data showed
that the results were sensitive to modelling choices and
data selection (Smith et al. 2009). However, Bravo and col-
leagues (2015) reported no such acute association between
increased ozone concentrations and cardiovascular mor-
tality in the population of São Paolo, Brazil. Others have
reported increased risks of cardiovascular and/or cerebro-
vascular hospital and emergency room admissions associ-
ated with increased ozone concentrations in the previous
few days (Ballester et al. 2006; Chan et al. 2006; Chang et
al. 2005; Halonen et al. 2009; Lee et al. 2003; Rodopoulou
et al. 2014; Szyszkowicz 2008), while others have not (Bar-
nett et al. 2006; Corea et al. 2012; Franck et al. 2014; Fung
et al. 2005; Sarnat et al. 2015; Symons et al. 2006; Tolbert et
al. 2007; Zanobetti and Schwartz 2006). Most of these
studies examined associations between health outcomes
and multiple pollutants.
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With regard to specific cardiovascular and cerebrovas-
cular outcomes, some but not all studies have reported
associations between acute changes in ambient ozone con-
centrations and myocardial infarction (Mustafic et al.
2012), heart failure (Shah et al. 2013), stroke (Shah et al.
2015), and ventricular and atrial arrhythmias (Link et al.
2013; Metzger et al. 2007; Rich et al. 2004; Rich et al. 2005,
2006a,b; Vedal et al. 2004). In a meta-analysis of ambient
air pollutants and triggering of myocardial infarction,
Mustafic and colleagues (2012) reported an increased risk
of myocardial infarction associated with PM2.5 (PM with
an aerodynamic diameter �2.5 µm), nitrogen dioxide
(NO2), sulfur dioxide (SO2), and carbon monoxide (CO),
but not ozone (relative risk [RR] = 1.003; 95% CI, 0.997 to
1.010), while a meta-analysis by Shah and colleagues
(2013) similarly reported an increased risk of heart failure
hospitalizations associated with increased concentrations
of SO2, NO2, CO, and PM2.5, but not ozone (RR = 1.0046;
95% CI, 0.9990 to 1.0102). In contrast, in a meta-analysis
of stroke hospital admissions, Shah and colleagues (2015)
reported an increased risk of stroke hospitalizations asso-
ciated with increased concentrations of ozone, SO2, NO2,
PM2.5, and PM10 in the previous 3 days, with the weakest
association being with ozone (RR = 1.001; 95% CI, 1.000 to
1.002). However, these effect estimates are all similar in
size, with interpretations appearing to differ only by statis-
tical significance, perhaps reflecting the number of studies
used in each meta-analysis. Thus, taken together, the meta-
analyses appear to support a very small increased risk of
acute cardiovascular events associated with increased
ozone concentrations in the previous few days.

Many of these epidemiological studies are limited by
common problems of small sample size and likely expo-
sure misclassification, resulting in reduced statistical
power and bias toward the null. Controlled exposure
studies at levels relevant to low ambient concentrations
are needed to explore the mechanistic basis for the associ-
ations observed in epidemiological studies between short-
term exposures to ozone and acute cardiovascular disease
outcomes and to identify markers of effect that would be
useful in future observational (e.g., panel) studies. Con-
trolled exposure approaches focusing on older adults
might be especially useful, because aging increases the risk
of cardiovascular disease and may alter acute cardiovas-
cular responses to inhaled ozone. That said, it is also
important to note that the results of controlled human
exposure studies may shed little light on health effects
related to chronic exposures.

Only a few controlled-exposure studies have examined
acute cardiovascular responses to ozone exposure. Gong
and colleagues measured cardiovascular physiological

parameters in 6 healthy and 10 hypertensive volunteers
exposed to 300 ppb ozone for three hours with intermittent
exercise (Gong et al. 1998). Ozone appeared to increase the
heart rate (HR)–BP product (a measure of myocardial
workload) and impair pulmonary gas exchange, but the
study was limited by a small sample size and failure to
randomize the exposure sequence. Brook and colleagues
(2002) found brachial artery vasoconstriction, but no
change in FMD, in healthy adults after two hours of expo-
sure to a mixture of 150 µg/m3 concentrated ambient fine
particles and 120 ppb ozone. Brook and colleagues (2009)
later evaluated the cardiovascular effects of a 2-hour
120 ppb ozone exposure in healthy volunteers at rest, as
part of a larger study comparing the effects of ozone and
PM. Ozone exposure was not associated with any changes
in HRV, BP, CRP and other markers of systemic inflamma-
tion, or vascular function.

More recently, two clinical studies (Arjomandi et al.
2015; Devlin et al. 2012) in young healthy subjects, at
ozone concentrations sufficient to elicit changes in pulmo-
nary function (100 ppb for 4 hours and 300 ppb for
2 hours, respectively, with intermittent exercise), found
effects on frequency-domain HRV (decreases in high fre-
quency [HF] power band 0.15–0.40 Hz]) and increased sys-
temic inflammation. However, in 36 healthy men Barath
and colleagues (2013) found no effects on HRV of 300 ppb
ozone for 75 minutes, with intermittent exercise. They
actually observed an ozone-induced increase in forearm
vascular responsiveness to acetylcholine. Frampton and
colleagues (2015) found no effects of 3-hour exposures to
100 and 200 ppb ozone, with intermittent exercise, on
measures of systemic and pulmonary vascular function,
impedance cardiography, blood MPs, or blood platelet
activation. Thus, findings from clinical studies on the car-
diovascular effects of ozone are inconsistent, and there are
no studies focusing on effects in older subjects.

Studies in rodents have provided some evidence for
acute effects of ozone on markers of cardiovascular func-
tion and systemic stress responses. Most studies used
exposure concentrations of approximately 400–500 ppb.
While these concentrations substantially exceed ambient
concentrations, rodents are known to be relatively resis-
tant to ozone respiratory effects, in part because of effec-
tive nasal scrubbing. Chuang and colleagues (2009) found
that, in 6-week old C57Bl/6 mice, 500 ppb ozone exposure
for eight hours increased heart rate about 6%, without
changes in BP. Consecutive daily exposures for 5 days
increased mean and diastolic BP as well as heart rate. The
nitrite + nitrate content of aortic tissue was reduced with
both 1 and 5 days of exposure, perhaps due to a reduction in
eNOS protein level. In general however, single exposures
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produced fewer significant effects than five consecutive
daily exposures. Interestingly, 8-isoprostane levels were
not increased in either lung or aortic tissue after a single
exposure, but both were increased after 5-day exposures.

Hamade and colleagues (2008) examined cardiac effects
in three strains of mice following acute ozone (~600 ppb)
and PM (fine mode carbon black) exposures. Among their
various exposure protocols, the sequence of two hours of
ozone followed by three hours of carbon black had the
largest effect on HRV (in the time domain but not the fre-
quency domain), and on heart rate — although heart rate in
this study decreased rather than increased as reported by
Chuang and colleagues (2009). The two C3H mouse strains
(HeJ and OuJ) reacted similarly, but the C57Bl/6J strain
was relatively nonreactive. Hamade and colleagues (2010)
went on to examine age-related effects of these exposure
protocols and suggest that “… age considerably attenuates
physiologic responses to O3 … exposures.”

Other studies have suggested that higher concentrations
and/or repeated exposures are required to induce cardio-
vascular responses in rats. For example, rats showed an
increase in plasma ET-1 immediately after exposure to 800,
but not 400 ppb, ozone for four hours (Thomson et al.
2005). Kodavanti and colleagues (2011) found increases in
mRNA expression in the aorta (but not in cardiac ventric-
ular tissue) of biomarkers of oxidative stress, thrombosis,
and vascular function after exposure to 380 ppb ozone
5 hours/day for 16 weeks, but fewer effects after exposure
to 500 ppb ozone 5 hours/day for 2 days.

Since ozone has been shown to activate transient recep-
tor potential (TRP)A1 cation channels on nociceptive non-
myelinated vagal C fibers in the airways (Taylor-Clark and
Undem 2010), a role for ozone-induced autonomic ner-
vous system synaptic reflexes in altering cardiac electro-
physiology (as well as causing involuntary inhibition of
full inspiration) is generally accepted. Gackiere and col-
leagues (2011) provided evidence in rats that stimulation
of airway receptors by ozone exposure activates stress-
responsive regions in the brain stem via the vagus nerve.
More recent studies in rats support the existence of a neu-
rohormonal systemic stress response to ozone involving
“activation of the sympathetic nervous system and the
hypothalamic–pituitary–adrenal axis” (Kodavanti 2016).

The findings in these (and other) rodent exposures to
ozone are difficult to extrapolate to humans. Thus, in 14
healthy, younger volunteers exposed to 250 ppb ozone and
to clean air for three hours with exercise, Tank and col-
leagues (2011) failed to find evidence for sympathetic acti-
vation at rest the morning after exposure. Nevertheless, the
recent report of Miller and colleagues (2016) suggests that
ozone-exposed volunteers may acutely develop increased
circulating stress hormones and lipid metabolites. Even if

acute ozone exposure does stimulate a systemic stress
response in humans, the cardiovascular consequences
have not been defined.

OZONE MECHANISMS OF ACTION

Ozone is an ROS, but unlike other ROS, it is not gener-
ated by cell metabolism and must be inhaled to have lung
and systemic effects. Despite its low aqueous solubility,
about 80% of ozone inhaled by humans undergoes irrevers-
ible chemical reaction with a variety of substrates and cells
present at the airway surface. Some of the ozone-reactive
substances on the airway surface (e.g., urate, ascorbate) act
as scavengers (Behndig et al. 2009). However, ozonation of
abundant unsaturated lipids present in airway surface
liquid as well as cell membranes (e.g., cholesterol and cho-
lesteryl esters [Iuliano 2011] and phospholipid-bound
unsaturated fatty acids) gives rise to biologically active,
pro-inflammatory intermediates (Almstrand et al. 2014;
Hamilton et al. 1998; Pryor et al. 1995). These products (e.g.,
aldehydes [Frampton et al. 1999] and lipid hydroperoxides)
are more stable than ozone and can cross cell membranes
(Girotti 2008). Other stable products of nonenzymatic lipid
oxidation by ozone, such as F2-isoprostane, can be mea-
sured in the blood as quantitative biomarkers (Morrow and
Roberts 1996) but are also biologically active (Comporti et
al. 2008; Janssen et al. 2005). In California college stu-
dents, increased plasma levels of F2-isoprostane were
associated with both 4-hour controlled exposures to
200 ppb ozone and ambient ozone concentrations in the
weeks preceding the ozone exposure (Chen et al. 2007).
Thus, although the initial biologically active reaction
products of inhaled ozone result from nonenzymatic oxi-
dation of unsaturated lipids in the airway surface, subse-
quent events extend the effects to the airway wall and
outside of the lung via endogenous mechanisms. These
events include migration of blood-borne PMN and mono-
nuclear cells to the airway surface, where they can be sam-
pled noninvasively in induced sputum. The inflammatory
cells produce ROS such as superoxide anion, hydrogen
peroxide, and hypohalous acids. These inflammatory
changes generally peak several hours after ozone inhala-
tion and then gradually regress over the next 18 hours.

The arachidonate ozonization products, 4-HO-nonenal
and 4-oxo-nonenal, are potent electrophiles that can acti-
vate the cation channel function of the transient receptor
potential ankyrin 1 (TRPA1) receptors abundantly ex-
pressed on subepithelial nociceptive vagal C-fibers (Taylor-
Clark et al. 2008; Taylor-Clark and Undem 2010). The acti-
vation of these sensorimotor unmyelinated nerve fibers is
the likely cause of the involuntary inhibition of inspira-
tion that is principally responsible for the acute spiro-
metric decrements found in ozone-exposed humans



1010

MOSES: Part 1. Low Ozone Exposure and Respiratory and Cardiovascular Outcomes

(Hazucha et al. 1989; Passannante et al. 1998). These
neural impulses might be responsible for reflex cardiac ef-
fects, such as those discussed above, by modulating the ac-
tivity of the autonomic systems that control HRV (Verrier
and Tan 2009).

We postulated that initially localized nonenzymatic
reactions of inhaled ozone with lipid substrates on airway
surfaces generate a variety of reactive chemicals and result
in widespread activation of multiple cellular elements in
the tissue. Mediators released from activated cells (e.g.,
vWf from endothelial cells and inflammatory mediators
from innate immune cells) enter the circulation and may
cause activation of blood elements, notably platelets, and
increase the production of acute phase reactants such as
CRP. Activated endothelial and blood cells also generate
and release membrane-enclosed vesicles (e.g., MPs),
which contain a variety of biologically active intracellular
molecules. Such vesicles may serve an endocrine-like
function by adhering to other cells and transferring their
contents (e.g., MP-associated tissue factor). These systemic
changes could result in prothrombotic effects and impair-
ment of vascular dilation (Brook et al. 2010). In addition,
direct activation of the pulmonary sensory C-fibers can
affect the balance between the sympathetic and parasym-
pathetic control of the heart (Perez et al. 2015).

Given that ozone exposure generates substantial oxida-
tive stress, individuals with impaired antioxidant defenses
may be at increased risk for acute health effects. Soluble
cytosolic glutathione S-transferases (GST), which belong to
a supergene family with multiple classes, might be involved
in detoxification of post-exposure inflammation-related oxi-
dants or in the resolution of inflammation. The GST Mu 1
gene, which codes the GSTM1 enzyme (reviewed by Wu et
al. 2012), is particularly noteworthy because about half the
Caucasian population is genetically null for this enzyme.
Several observational studies in asthmatic children in
Mexico City (Romieu et al. 2004) and in healthy cyclists in
Italy (Bergamaschi et al. 2001; Corradi et al. 2002) suggest
that GSTM1-null status confers susceptibility to the respi-
ratory effects of ozone, particularly in NAD(P)H:quinone
oxidoreductase (NQO1)-sufficient individuals. A con-
trolled human exposure study has shown an increase in
the late inflammatory response in GSTM1-null subjects
(Alexis et al. 2009, 2013). Because a prolonged inflamma-
tory response would increase oxidative stress, it is plau-
sible that the GSTM1-null state might contribute to
cardiovascular changes after ozone exposure. However,
studies on the role of GSTM1 on susceptibility to cardio-
vascular effects are few. A recent controlled ozone
exposure study (Frampton et al. 2015) in young healthy
volunteers did not support a role of GSTM1 in eliciting
cardiac and vascular function effects.

Figure 1 illustrates a number of the potential mecha-
nisms whereby acute ozone inhalation may cause adverse
cardiovascular health effects. A similar scheme has been
proposed by Srebot and colleagues (2009). The evidence
for these mechanisms and for the connection between
effects on the pulmonary and the cardiovascular system
comes in large part from the literature on PM (Brook et al.
2010; Franchini and Mannucci 2011; Newby et al. 2015;
Watkins et al. 2013). Both PM and ozone (and other oxi-
dant gases) are hypothesized to act through lung oxidative
stress and inflammation and through a direct action on the
autonomic nervous system via receptor-mediated auto-
nomic reflexes in the lung (Brook et al. 2010).

HEI’s MOSES project grew out of a 2010 Request for Ap-
plications aimed at elucidating mechanisms by which
short-term exposure to near-ambient concentrations of
ozone might cause acute adverse cardiovascular effects in
older adults. MOSES was a controlled human exposure
study in which we exposed a relatively large number of
healthy older adults, who may be more susceptible to air
pollution-induced health effects than are younger adults
(Shumake et al. 2013), to two levels of ozone (70 ppb and
120 ppb) and to filtered air without ozone. The study was
designed to test several a priori hypotheses that are de-
scribed below.

HYPOTHESES AND SPECIFIC AIM

We hypothesized a priori that short-term exposure to
ambient levels of ozone would induce acute cardiovascular
responses through the following mechanisms: autonomic
imbalance, systemic inflammation, and development of a
prothrombotic vascular state. We also postulated the confir-
matory hypothesis that exposure to ozone would induce
airway inflammation, lung injury, and lung function decre-
ments. Finally, we postulated the secondary hypotheses
that ozone-induced acute cardiovascular responses would
be associated with (a) increased systemic oxidative stress
and lung effects and (b) the GSTM1-null genotype. To test
these hypotheses, we designed a controlled exposure
study of healthy older volunteers with the specific aim of
examining whether short-term exposure to ozone induces:

• autonomic imbalance (HRV), repolarization abnor-
malities (T-wave amplitude), and evidence of myocar-
dial ischemia (ST segment in V5);

• systemic inflammation (CRP) and vascular dysfunc-
tion (BP, FMD);

• development of a prothrombotic vascular state (MP-
TFA, monocyte–platelet conjugate count);
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• lung function decrements (spirometry), airway inflam-
mation (sputum PMN), systemic oxidative stress
(8-isoprostane), and lung injury (CC16); and

• increased acute cardiovascular effects in subjects with
the GSTM1-null genotype.

METHODS

OVERVIEW

MOSES was a controlled exposure study of the acute car-
diovascular effects of ozone in healthy nonsmoking adults
(ages 55 to 70 years). The subjects were randomly exposed
to clean air (0 ppb ozone), 70 ppb ozone, and 120 ppb ozone

for 3 hours while alternately exercising and resting for 15
minutes. These concentrations are in the range of ambient
exposures.

ORGANIZATION OF THE STUDY

The subject exposures were conducted in three clinical
centers: University of Rochester Medical Center (URMC),
University of North Carolina (UNC), and the University of
California at San Francisco (UCSF). The New England
Research Institute (NERI) served as the DCAC. Selection of
the three clinical teams was based upon their responses to
HEI Request for Application 10-1, 2010. Selection of the
DCAC was based on responses to a Request for Qualifica-
tion. The overall MOSES organizational structure is pro-
vided in Sidebar 1.

Figure 1. Hypothesized mechanisms of action of ozone. Shaded boxes contain primary (bolded) and secondary outcomes measured in the MOSES study.
HF = high frequency power; LF = low frequency power; PMN = polymorphonuclear leukocytes; RMSSD = root mean square of successive differences in
normal-to-normal sinus beat intervals; SDNN = standard deviation of normal-to-normal sinus beat intervals. 
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SIDEBAR 1. MOSES ORGANIZATIONAL STRUCTURE

The HEI Research Committee had the overall responsibility for oversight during the planning and the conduct of the study. Maria 
Costantini, Principal Scientist, was the Project Officer. In addition, three separate groups of scientists coordinated the conduct of 
the work, provided guidance, monitored the data collection, and addressed issues related to subject safety. Their roles are 
described below and are also outlined in the MOSES Common Protocol (Additional Materials 1, available on the HEI website). 
The overall structure is shown in the figure.

Steering Committee The Steering Committee was composed of the principal investigators and co-principal investigators of the 
four centers and the Project Officer. The Steering Committee developed the common protocol, SOPs, and all needed forms; 
reviewed reports of adverse events and protocol violations; and prepared the final report.

Oversight Committee The Oversight Committee consisted of experts in relevant areas and provided advice to the Steering 
Committee during the planning and conduct of the study. The Committee was composed of the following experts:

• Mark Utell, University of Rochester (pulmonologist)

• Howard Rockette, University of Pittsburgh (statistician)

• Petros Koutrakis, Harvard T.H. Chan School of Public Health (exposure)

• Arshed Quyyumi, Emory University (cardiologist)

Data Monitoring Board The Data Monitoring Board (DMB) was composed of biostatisticians, a clinician appointed by the HEI 
Research Committee, and HEI staff. The DMB had regular conference calls (every 4–5 months) during the conduct of the study (up 
to June 2015) with representatives of the Data Coordinating and Analysis Center (New England Research Institute team) to mon-
itor the development and implementation of the data analysis plan, overall quality of the data, and subject safety (through review 
of data on adverse events). Members of the DMB are listed:

• David Christiani, HEI Research Committee and Harvard University (clinician)

• Richard Smith, HEI Research Committee and University of North Carolina at Chapel Hill (biostatistician)

• Howard Rockette, MOSES Oversight Committee and University of Pittsburgh (biostatistician)

• Maria Costantini, MOSES Project Officer

• Rashid Shaikh, HEI Director of Science
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Core laboratories were contracted separately for the
analyses of specific outcomes for all three clinical centers.
The list of the centers and core laboratories is provided in
Sidebar 2. Investigators at the three clinical centers, the
core laboratories, and the DCAC participated in the devel-
opment of the MOSES common protocol, questionnaires,
check lists, data forms, and SOPs.

Written, informed consent (as well as HIPAA consent
and biological specimen repository consent) was obtained
from all subjects at each clinical center. The study was

approved by the IRB at each center and by the U.S. EPA
Human Subjects Research Review Official. A Certificate of
Confidentiality was obtained from the U.S. Department of
Health and Human Services.

Subject recruitment started on July 1, 2012, and ended
on December 31, 2014. The first exposure was conducted
on July 26, 2012, at URMC; August 2, 2012, at UNC; and
August 21, 2012, at UCSF. Testing of all subjects was com-
pleted by April 30, 2015.

SIDEBAR 2. LIST OF MOSES CENTERS, CORE LABORATORIES, 
AND COMMERCIAL LABORATORIES

CLINICAL RESEARCH CENTERS
University of California at San Francisco, San Francisco, CA

John Balmes and Mehrdad Arjomandi

University of North Carolina at Chapel Hill, Chapel Hill, NC
Philip Bromberg and Milan Hazucha

University of Rochester Medical Center, Rochester, NY
Mark Frampton and David Rich

DATA COORDINATING AND ANALYSIS CENTER

New England Research Institute, Watertown, MA
Anne Stoddard (until June 2014); Eric Gerstenberger (July 2014 to December 2014); 
Paul Stark (January 2015 to August 2016); and Nicholas Dagincourt (September 2016 to present)

CORE LABORATORIES

Brachial Artery Ultrasound
Peter Ganz, University of California at San Francisco, San Francisco, CA

GSTM1 Genotype
Neil Alexis, University of North Carolina at Chapel Hill, Chapel Hill, NC

Holter (ECG)
Wojciech Zareba, University of Rochester Medical Center, Rochester, NY

Markers of Platelet Activation and Circulating Microparticles
Mark Frampton, University of Rochester Medical Center, Rochester, NY

Sputum Inflammatory Markers
Neil Alexis, University of North Carolina at Chapel Hill, Chapel Hill, NC

Tissue Factor Associated with Microparticles
Nigel Mackman, University of North Carolina at Chapel Hill, Chapel Hill, NC

COMMERCIAL LABORATORIES

Blood Chemistry and Cotinine Screening
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EXPERIMENTAL PROTOCOL

Subject Recruitment

Recruitment strategies were developed by each center
using local posting, advertising, and word-of-mouth con-
tact. Inclusion and exclusion criteria are listed below:

Inclusion

• Nonsmoking males and females of all ethnic back-
grounds, �55 and �70 years of age.

• Normal spirometry (FEV1 and FVC �75% of predicted
and FEV1/FVC �0.65). Predicted values were based
on the NHANES III data set with adjustments for Afri-
can Americans and Hispanics, but not for Asians.

• Ability to complete the training exercise regimen cho-
sen to induce an inspired ventilation rate of 13.6 to
15.5 L/min/m2 body surface area (BSA) ATP (ambient
temperature and pressure), which is equivalent to 15–
17 L/min/m2 BTPS (body temperature and pressure,
saturated with water vapor) without exceeding 80% of
predicted maximal HR.

• Normal baseline 12-lead resting electrocardiogram
(ECG), and absence of significant ST segment depres-
sion while performing the 15-minute required level of
exercise targeted for the exposure period.

• Ability to avoid the medications and supplements
listed in the Medication List for Phone Screen for one
week before the exposure. The list is in Section 7,
Table 1, of the common protocol (Additional Materials
1, available on the HEI website).

Exclusion

• Non-English speaking.

• Including but not limited to, as ascertained by the
physicians: Subjects with chronic cardiovascular
(such as ischemic heart disease) or respiratory (such
as asthma or chronic obstructive pulmonary disease)
disease; diabetes, or other organ or system dysfunc-
tion; cerebrovascular disease; active psychiatric disor-
ders that would interfere with the subject’s ability to
understand and participate in the study. Subjects who
have tested positive for a disease that affects the
immune system (such as HIV, lymphoma, leukemia)
or current drug or alcohol abuse (defined as having
more than three drinks per day or being unable to
abstain from alcohol for three days).

• Subjects with atopy or allergic rhinitis were not
excluded as long as they did not require regular treat-
ment with antihistamines or systemic steroids.

• Ever-smokers (smoked tobacco or marijuana during
the last five years, or with history of >10 pack-years
for tobacco or >1 joint year for marijuana, or living
with a smoker who smokes inside the house).

• Subject having plasma cotinine level >3 ng/mL.

• BMI >35 and <18 (35 is the lower limit for class 2 obesity).

• Hypertension (defined as BP >140 systolic or >90 dia-
stolic) or on antihypertension medications other than
diuretics.

• Pregnancy or nursing (breastfeeding).

• On the following medications: prednisone, statins,
beta-blockers, anticoagulants, current systemic estro-
gen therapy, tamoxifen. Subjects were not asked to
discontinue needed prescription medications for the
purpose of this study. Use of other medications was
considered on an individual basis (see common proto-
col in Section 7, Additional Materials 1.1).

• Subjects taking aspirin or phosphodiesterase-5 inhibi-
tors must have been willing to abstain from these med-
ications during the week preceding each exposure (see
common protocol Section 7).

• Current occupational exposures to high levels of vapors,
dust, gases, or fumes.

Potential participants were screened using the Initial
Phone Screening Questionnaire (Additional Materials 3,
available on the HEI website) after giving verbal consent.
Eligible participants then visited the laboratory or Clinical
Research Center (CRC) for screening and training on two
separate days. Written, informed consent was obtained at
the beginning of the screening visit before any of the proce-
dures were performed. At this point a subject was consid-
ered enrolled in the study. Each subject was scheduled to
participate in 11 visits, which are described below.

The study followed the MOSES Common Protocol and
the MOSES Manual of Operations (Additional Materials
1). After the start of the exposures, some changes to the
protocol were made, which can be found in Additional
Materials 1 (additions shown in red; deletions crossed
out). The most significant change was elimination of the
nitroglycerin-mediated portion of the brachial artery dila-
tion procedure in December 2012, because of adverse
events associated with nitroglycerin administration. The
Subject Packet of forms needed during the subject’s visits
(such as questionnaires, checklists and data forms) is
shown in Additional Materials 3.

Screening and Training (Visits 1 and 2)

During the screening visit (visit 1) the subject completed
the Health and Home Screening Questionnaire to obtain
information on demographics, home environment, alcohol
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use, smoking history, and medical history (including his-
tory of allergies, use of medications and vitamin supple-
ments, and diet). Subsequently, an evaluation was
performed by a study physician that comprised a review of
the medical history and a physical examination with partic-
ular attention to cardiovascular and respiratory health sta-
tus. Women not yet postmenopausal underwent urine
pregnancy testing. Screening tests were resting 12-lead
ECG, spirometry, plasma cotinine (a marker of exposure to
tobacco smoke), total and differential blood counts, meta-
bolic profile, and lipid profile.

The training visit (visit 2) determined whether the sub-
ject was able to maintain exercise at a level sufficient to
achieve the pre-set target minute ventilation (VE) of 15–17
L/min/m2 BSA, BTPS. Exercise was performed on a tread-
mill or a stationary bicycle for two 15-minute periods sep-
arated by 15 minutes of rest, with monitoring of VE twice
during each exercise session. Subjects were considered to
have met the inclusion criterion if they did not exceed the
maximum HR (80% of predicted maximum) and had no
evidence for cardiac ischemia or arrhythmias on contin-
uous cardiac monitoring during exercise.

A subject was deemed eligible and was enrolled in the
study when the baseline vital signs were within the pre-
established parameters, exercise was completed success-
fully without ECG abnormalities, all inclusion and exclu-
sion criteria had been met, and blood analysis results were
within acceptable limits.

Enrolled subjects were given a Personal Exposure Sam-
pler (PES) to take home with instructions to wear the PES
near the breathing zone for three days prior to the pre-
exposure visit. They were also given the Activity Diary to
complete during that period (Additional Materials 3). Per-
sonal exposure data and activity diary entries are not
included in this report.

Exposure Visits (Visits 3–11)

Seven days prior to each exposure session the subject
was contacted by either phone or email and asked about
changes in health or medication use and medication
restrictions. Subjects were not studied within six weeks of
a respiratory infection. The subject was also reminded to
abstain from caffeinated beverages (e.g., coffee, tea, energy
drinks, and sodas) and alcoholic beverages starting with
lunch on the day before the exposure through the post-
exposure day.

Each exposure session consisted of three consecutive
days as shown in Table 1. There was a minimum 2-week
period between the exposure sessions. The total duration
of subject participation, from the screening visit to the
final visit, typically varied between 3 and 6 months but
could be as long as 12 months. The order of sessions was
randomly assigned to the subject. Both the subject and
most study personnel were blinded to the nature of the
exposure.

Pre-Exposure Day The subject arrived at the laboratory
or CRC between 11:30 am and 12:00 noon, ate a low-fat
lunch (25%–30% fat), and answered the Pre-Exposure
Health Questionnaire. Women not yet postmenopausal
underwent urine pregnancy testing. The following proce-
dures were subsequently carried out: measurement of vital
signs, venous blood draw (up to 30 mL), and BAU. A box
dinner was provided. The subject spent the night in a non-
smoking room at a nearby hotel. The subjects were trans-
ported to and from the hotel by a hotel van or a taxi.

Exposure Day The subject arrived at the laboratory or
CRC between 7:00 am and 7:30 am. A regular breakfast was
provided. The procedures were carried out in the fol-
lowing order: BP and other vital signs were measured, the
subject completed the Symptom Questionnaire, the Holter

Table 1. Exposure Sessions

Session
 (Randomized Order) Pre-Exposure Day Exposure Day Post-Exposure Day

Session 1 Visit 3 (PRE1) Visit 4 (EXP1) Visit 5 (POST1)

Session 2 Visit 6 (PRE2) Visit 7 (EXP2) Visit 8 (POST2)

Session 3 Visit 9 (PRE3) Visit 10 (EXP3) Visit 11 (POST3)
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monitor leads were attached, HRV was recorded, and spi-
rometry was performed. The Holter ECG recording con-
tinued for 24 hours.

The exposure started between 8:00 am and 8:45 am and
lasted three hours, with intermittent exercise. Most previous
controlled exposure studies of ozone have used exercise to
increase the inhaled dose of ozone while keeping the expo-
sure duration manageable. The subject started with a
15-minute exercise period at the workload determined
during the training visit, followed by alternating 15-minute
rest and exercise periods for the duration of exposure.

VE was measured for two minutes twice during the first
exercise period and once during the second, fourth, and
sixth exercise periods; the exercise workload was adjusted
as needed to achieve the targeted VE of 15 to 17 L/min/m2

BSA, BTPS without exceeding 80% of predicted max-
imum HR. BP was measured during a rest period 5 minutes
before the third and fifth exercise periods. HR was contin-
uously monitored and recorded during each VE measure-
ment period. During the final rest period, 10 minutes
before the end of exposure, the subject filled out the
symptom questionnaire.

Immediately after exposure, the vital signs, HRV, and
spirometry were measured sequentially, and a low-fat
lunch was provided. Approximately three hours after the
end of the exposure, the following procedures were carried
out in order: HRV, venous blood draw, BAU, symptom

questionnaire, and vital signs. The subject went home
wearing the Holter monitor at approximately 4:00–4:30 pm.

Post-Exposure Day The subject arrived at the laboratory
or CRC at approximately 8:00 am. No breakfast was pro-
vided. However, the subject was allowed to have had
breakfast if eaten at least two hours before sputum induc-
tion in order to avoid contamination of the sputum spec-
imen. The following procedures were carried out: vital
signs, symptom questionnaire, HRV, venous blood draw
and spirometry/sputum induction. The ECG recorder was
removed, and the subject left the laboratory or CRC at
approximately 10:30 am. Figure 2 shows the flow of mea-
surements during the 3-day visits. Table 2 lists all the pro-
cedures during the three visits. More details can be found
in Additional Materials 1.

OUTCOMES MEASURED

The MOSES outcomes were selected based on the
hypothesized mechanisms of action illustrated in Figure 1
and the specific study hypotheses. For each potential
mechanistic pathway for acute cardiovascular effects we
identified at least one primary outcome and several sec-
ondary outcomes. Primary outcomes for each mechanistic
pathway were selected based on either previous evidence
in the literature that this outcome was affected by ozone
exposure (e.g., HRV) or clinical relevance (e.g., ST segment
changes, BP, CRP, and FMD). The secondary outcomes were

Figure 2. Measurements during 3-day visits for 3 sessions. Each session used a different level of ozone (O3) exposure (0, 70, or 120 ppb). The order of 
sessions was randomly assigned to each subject.
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Table 2. Schedule of Procedures 

Procedure
Screening

Visit
Training

Visit

Before 
Each 

Exposure

Sessions 1, 2, and 3

Day 1 Day 2 Day 3

PRE
Day before 
Exposure

PRE
Day of 

Exposure

EXP
3-hr 

Exposure

POST
Day of 

Exposure

POST
Day after 
Exposure

Initial phone questionnaire Xa

Informed consent X

Repository consent X

HIPAA consent X

Pregnancy test X Xb

Home & health questionnaire X

Height / weight X

Screening blood work X

12-Lead ECG X X

Physical exam X X X

Phone questionnaire before 
pre-exposure visit Xc

PES measurement Xd

Activity diary Xd

Pre-exposure health 
questionnaire X

Heart rate X 11X X X 7X 2X X

Blood pressure X 5X X X 2X 2X X

15-min exercise periods 2X 6X

Minute ventilatione 4X 5X

Symptom questionnaire X X X X

24-hr Holter ____________ Continuous ____________

HRVf (5 min) X 2X X

Spirometry X X X X

Blood and plasma markers X X X

BAUg X X

Sputum induction X
a Before screening visit. 

b Urine test.

c 7 days before each exposure. 

d Measured for 72 hours, starting 3 days before exposure. PES = personal exposure sampler.

e Measured only during exercise periods.

f Heart rate variability during 5-min rest periods (from Holter). 

g Brachial artery ultrasound.
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SIDEBAR 3. PRIMARY AND SECONDARY OUTCOMES

This list shows all the primary and secondary outcomes assessed in MOSES. The primary outcomes are bolded.

1. Markers of autonomic balance (heart rate variability [HRV]), cardiac arrhythmia, and repolarization from the ECG (Holter)
recordings (averaged over 5 minutes or 24 hours)

• Heart rate (HR) and HRV parameters

(a) HF (high frequency power, 0.15–0.40 Hz), LF (low frequency power, 0.04–0.15 Hz), the LF/HF ratio, HR (calculated
from the normal-to-normal sinus beat intervals [NN]), SDNN (standard deviation of the NN intervals), RMSSD (root mean
square of successive differences in the NN intervals): 5-minute averages

(b) RMSSD, HR, SDNN, HF, LF: 24-hour averages

• Repolarization changes:

(a) T-wave amplitude: 5-minute and 24-hour averages

(b) QTc interval: 5-minute averages

• ST-segment changes, ST in leads II, V2, and V5: 5-minute and 24-hour averages

• Arrhythmia: ventricular ectopy (VE) and supraventricular ectopy (SE): 24-hour total

2. Markers of systemic inflammation, oxidative stress, and vascular function

• Blood pressure (systolic and diastolic)

• Flow-mediated dilatation (FMD), reactive hyperemic velocity-time integral (VTI), and brachial artery diameter (BAD)

• C-reactive protein (CRP)

• 8-Isoprostane

• Nitrotyrosine

• Interleukin-6 (IL-6)

• Endothelin-1 (ET-1)

• P-selectin
(Sidebar continues next page)

intended to help in interpreting the results of the primary
outcomes by strengthening the coherence of the findings.

The list of all the primary and secondary outcomes
assessed in MOSES is provided in Sidebar 3 and in Table 3,
which includes the times of measurements. The primary
outcomes are bolded. A complete list of all outcomes and
endpoints assessed during the study can be found in the
Appendix to the Statistical Analysis Plan (Additional Mate-
rials 5.) All outcomes were measured both before and after
each exposure with the exception of sputum outcomes,
which were measured only after exposure. For simplicity in
the remainder of this report, 4-hour and 22-hour will be used
to denote data collected between 3 and 4.5 hours and
between 21 and 22.5 hours after exposure, respectively.

Specific methods are summarized below. All SOPs are
provided in Additional Materials 2, available on the HEI
website.

EXPOSURE GENERATION AND CHARACTERIZATION

The exposures took place in ventilated, climate-controlled
chambers at each of the clinical centers. The chamber
characteristics and the SOPs for generating and measuring
ozone were site-specific. The chamber characteristics and
performance parameters are described below and summa-
rized in Table 4.

Exposure Chamber Description

The URMC exposure chamber is a 6.6 meters � 2.4 meters
� 3.6 meters (57 m3) enclosure constructed of conventional
drywall, with windowed doors located on one side, facing
the ante room. Air enters the chamber through four ceiling
vents. The air is exhausted via three wall vents near the
chamber floor. The exhaust flow rate is set slightly higher
than the supply, creating a slight negative pressure to prevent
leakage of pollutants from the chamber to the ante room.
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The UNC chamber floor is approximately 5.8 meters �
4.7 meters with a height of approximately 3 meters at the
sides (approximately 82 m3). A conical ceiling adds addi-
tional volume to the chamber. The chamber walls are made
of insulated stainless steel panels with Teflon gaskets
between the panels. Air enters the chamber from the top of
the chamber cone and goes out through vents in the floor.

The UCSF exposure chamber is a 2.44 meters � 2.44
meters � 2.44 meters (14 m3) stainless steel enclosure with
windows located on two sides facing the exposure labora-
tory. Air enters the chamber through a circular vent at the
center of the ceiling. The air is exhausted from the
chamber via two wall vents near the floor, located diago-
nally from each other. The exhaust system is equipped
with a fan that maintains an exhaust flow rate (approxi-
mately 13.6 m3/min) that is slightly higher than the supply
flow rate (approximately 13 m3/min), thus assuring that
pollutants do not leak from the chamber to the ante room.

Exposure Generation

All three centers generated ozone by silent electric arc-
discharge of a flow from a gas cylinder containing
breathing-quality (USP grade) oxygen. UCSF employed a
water-cooled model T-408 ozone generator (Polymetrics,
Inc., San Jose, CA). UNC (U.S. EPA Human Studies
Facility) employed a Fischer, model 502 ozone generator
(Meckenheim/Bonn, Germany; later as Innovatec, GmbH,
Rheinbach, Germany). URMC employed a water-cooled
Orec model V5-0 Ozone Generator (Ozone Research Equip-
ment Co., Akron, OH).

The dilution air entering the exposure chamber was
purified by passing it through a Purafil, a charcoal, and a
HEPA filter. The effluent from the ozone generator was
mixed with the filtered air immediately before entering the
chamber. The ozone output was controlled by varying the
voltage of the generator and adjusting the flow rate. Tem-
perature and relative humidity (RH) were targeted to be at

Sidebar 3. Primary and Secondary Outcomes (Continued)

3. Blood and plasma markers of prothrombotic vascular state

• Microparticle-associated tissue factor activity (MP-TFA)

• Von Willebrand factor (vWF)

• Fibrinogen

• Markers of platelet activation

(a) Monocyte–platelet conjugate count

(b) Activated platelet (CD62P+) count

(c) Platelet-derived microparticle (CD42b+) count

(d) Activated platelet-derived microparticle (CD42b+/62P+) count

(e) Tissue factor expressing microparticle (CD142+) count

(f) CD40 ligand expressing microparticle (CD154+) count

4. Markers of airway inflammation and lung injury

• Sputum polymorphonuclear leukocytes (PMN) as % of total nonepithelial cells and as count/mg sputum

• Sputum soluble markers: IL-6, interleukin-8 (IL-8), tumor necrosis factor-α (TNF-α), and total protein

• Plasma: club cell protein 16 (CC16)

5. Spirometric parameters of pulmonary function: forced expiratory volume in 1 second (FEV1), forced vital capacity (FVC),
FEV1/FVC, and forced expiratory flow between 25% and 75% of FEV (FEF25–75).

6. Symptoms (from symptom questionnaire): Symptoms assessed include headache, phlegm/sputum production, eye irritation,
cough, wheezing/whistling in chest, fast heart beat or pounding heart, irregular heartbeat, skipped beats. For a complete list
see Additional Materials 3 (Subject Packet). The symptom questionnaire was administered before the exposure, at the end
of exposure, and 4 and 21 hours after the exposure. The severity of symptoms was evaluated on a 5-point Likert scale of 0
(none) to 4 (severe).
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approximately 22°C and 40%, respectively. The ozone
analyzers and the ozone generation were started 45 min-
utes (UCSF and UNC) or 30 minutes (URMC) before the
beginning of each exposure.

Exposure Monitoring

The concentration of ozone breathed by the subject was
monitored continuously during the exposure. Particle
number concentration was measured routinely during each
exposure at URMC and UCSF. At UNC it was measured only
during quarterly quality assurance (QA)/quality control (QC)
checks in the absence of the subject. The center-specific pro-
cedures are summarized below.

URMC utilized two ozone analyzers, a Thermo model
49i (Thermo Fisher Scientific, Franklin, MA) to measure
the chamber ozone concentrations during exposures and
an API 703E (Teledyne, San Diego, CA) as an ozone
transfer standard for calibration. The latter instrument
was verified semi-annually using a transfer standard
operated by the New York Department of Environmental
Conservation. Performance checks of the chamber ozone
analyzer were conducted biweekly using the API transfer
standard. A condensation particle counter (TSI, model
3022A, Shoreview MN), with a particle size range of 7 nm
up to 3 µm in diameter, was operated in the chamber
during the exposures.

Table 4. Chamber Characteristics and Performance Parameters by Center

URMC UNC UCSF

Ozone accuracy vs audit 2.5% low 1% low 1% low

Control of ozone concentrations Manual Automatic, via feedback 
from analyzers

Manual

Ozone stability (SD) at 70 ppb ± 4 ppb ± 0 ppb ± 2 ppb second audit

Temp accuracy vs audit 0.4°C low 0.3°C low 2.7°C low

Temp stability (SD) at 21.1°C ± 0.05°C ± 0.0°C ± 0.1°C

RH accuracy vs audit 4.9% RH low Exact agreement 9% RH high

RH stability (SD) at 40% ± 0.6% RH ± 0.2% RH ± 2.3% RH

Ozone concentration in 
filtered air

~5 ppb 0 ppb 0 ppb

Chamber interior Conventional drywall Stainless steel Stainless steel

Chamber size 57 m3 82 m3 14 m3

Chamber air flow rate 14.4 m3/min 56.6 m3/min 13.6 m3/min

Chamber air exchange rate 15/hr 41/hr 58/hr

Ozone quality control 
calibrations

5-Point calibration 
against transfer 
standard prior to 
each exposure

6-Point calibration against 
transfer standard prior to 
each exposure

Collocated 
measurements with 
transfer standard 
during exposure

Ozone transfer standard 
certification frequency

Quarterly Quarterly Biannual

Ozone dispersion verification At beginning of study Quarterly At beginning of study

Particle number concentration Yes Only during quarterly tests 
of homogeneity of ozone 
concentrations within the 
chamber

Yes, beginning late 2013
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UNC utilized three ozone analyzers. Two Thermo 49i
analyzers continuously recorded chamber concentrations;
one of the analyzers was used for controlling concentra-
tions within the chamber, and the other served as the pri-
mary means of recording the chamber concentrations. A
Thermo 49iPS was used as the dedicated transfer standard
for the chamber. It was used for the multipoint calibrations
that were conducted before and after each exposure. This
transfer standard was certified quarterly against an external
transfer standard that is traceable to a U.S. EPA Standard
Reference Photometer. A condensation particle counter
(TSI, model 3775) with a particle size range of 4 nm up to
3 µm in diameter was operated in the chamber during peri-
odic QA audits.

UCSF utilized two recently serviced analyzers provided
to UCSF by the California Air Resources Board: a Thermo
model 49c, and an API model 400E. The Thermo 49c was
used as the primary analyzer to measure the chamber
ozone concentrations. The API 400E was certified by the
Bay Area Air Quality Management District as a transfer
standard. The procedure for the calibration of the ozone
analyzer was different from procedures used at the other
two centers. While UCSF utilized a certified transfer stan-
dard, it was not equipped with a calibration system that
could provide test atmospheres of ozone. The center fol-
lowed the recommendations of the HEI QA Officer by
operating both the primary ozone analyzer and the transfer
standard during all exposures, to assure agreement. Values
from the two analyzers were then compared on a daily
basis. Significant deviations between the two analyzers
indicated possible problems with one of the analyzers that
had to be addressed before continuing with measurements.
A TSI P-TRAK ultrafine particle counter model 8525
(Shoreview, MN) with a particle size range of 20 nm up to
1 µm in diameter was operated routinely in the chamber
during the subject exposures starting in September 2013.

QA audits of the chambers’ operation verified the com-
parability of the ozone measurements made in the three
chambers under actual test conditions.

MEASUREMENT OF PERSONAL EXPOSURE TO OZONE 
AND NO2

Personal Exposure Sampler

Personal exposure to ozone and NO2 during the ~72
hours preceding the pre-exposure visit was measured
using a PES. PES components were obtained from Ogawa
& Company (Pompano Beach, FL) and assembled at each
center. The shelf-life of the filters used to collect the two
pollutants is limited to approximately one year. Therefore,
care was taken to track the dates the filters were received,

the dates PESes were assembled and distributed to a sub-
ject, and the dates the filters were shipped to the analytic
lab. The PES consisted of a small plastic reusable cylinder
with two diffusion end-caps containing a glass fiber filter
coated with nitrite-based solution for collecting ozone and
a cellulose fiber filter coated with triethanolamine for col-
lecting NO2. Assembled samplers were stored in an air-
tight brown vial in a resealable bag at 4°C before use. Blank
samplers were prepared together with the field samplers
and stored together.

At the end of the training visit and each post-exposure
visit, the subject was given a PES and time–activity diary
to take home, with written instructions on how and when
to use each (i.e., in the 72 hours before the next scheduled
clinic visit). The subject was instructed to store the PES in
the refrigerator and start wearing it at noon of the third day
before the pre-exposure visit. The subject filled out the
time–activity diary for each day he/she was wearing the
PES. When the subject arrived at the laboratory or CRC, the
PES was removed from the subject’s clothing and disas-
sembled; the two filters were placed in individual ship-
ping vials and stored in the refrigerator. The storage vial
containing a sampler to be used as a blank was kept closed
at room temperature for three days to simulate the temper-
ature for the active samplers while in use. The exposed
and blank filters were refrigerated for up to three months
before shipping. Each shipped batch of exposed filters
included at least one blank.

The exposed and corresponding blank filters were ship-
ped in batches to Research Triangle Institute, Research Tri-
angle Park, NC, for analysis. For the analyses, the Research
Triangle Institute used the default temperature of 25°C and
70% RH. The results of the analyses were then transmitted
electronically to the DCAC.

Personal Exposure Sampler Filter Analyses

Both NO2- and ozone-exposed filters were extracted in
distilled water for at least four hours before analyses by ion
chromatography. Ion chromatography calibration stan-
dards were prepared using serial dilutions of National
Institute of Standards and Technology traceable stock stan-
dards. Duplicate and spike analyses were conducted at a
rate of at least 1 per batch of 25 samples. The lowest detect-
able range for NO2 was 2.3 ppb in a 24-hour period and 0.77
in a 72-hour period. The lowest detectable range for ozone
was 2.7 ppb in a 24-hour period and 0.9 ppb in a 72-hour
period.
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RETRIEVAL OF AIR QUALITY AND OTHER 
ENVIRONMENTAL DATA

Hourly averages of temperature, RH, ozone, PM2.5, NO2,
SO2, and CO were obtained for the following monitoring
stations:

• New York State Department of Environmental Conser-
vation monitoring station N-28, at Yarmouth Road,
Rochester, NY (Aerometric Information Retrieval Sys-
tem #360551007).

• U.S. EPA air monitoring station at Alexander Drive,
Durham, NC (near the U.S. EPA Research Triangle
Park campus, NC). This is a research site and the data
are not reported to the U.S. EPA Air Quality System,
but the site is operated with the same protocols and
QA procedures required for sites operated by state and
local air monitoring agencies.

• Bay Area Air Quality Management District monitoring
station at Arkansas Street, San Francisco, CA (ARB
code 90306; Aerometric Information Retrieval System
#060750005).

For each pollutant, as well as for temperature and RH,
we calculated means for the entire study period (July 1,
2012, through April 30, 2015).

HEALTH OUTCOME MEASUREMENTS

Vital Signs — Blood Pressure and Heart Rate

BP and HR were measured with an automatic device
during screening and training, and at the following times
with each exposure session: the day before and 30 minutes
before the exposure, and immediately, 4.5 hours, and
21 hours after the end of the exposure. The measurement
taken 30 minutes before the start of the exposure was used
as the baseline. In addition, HR was measured during
exposure at the end of each of the six exposure exercise
periods; BP was measured during the second and the
fourth exposure rest periods.

Vital signs were taken in a quiet room, after the subject
was seated, breathing quietly, with the legs uncrossed, the
back supported, and the relaxed right arm resting on a firm
surface at heart level for five minutes. Subjects at UCSF sat
with legs uncrossed on a gurney with or without back sup-
port and with feet resting on a foot stool or on the gurney.
Except for measurements during exposure, BP and HR
were measured in triplicate, each separated by a minute of
rest. The average of the second and third diastolic and sys-
tolic BP and HR measurements were entered in the DCAC
data entry system. For the two measurements during expo-
sure, BP was measured once and not repeated.

During the screening visit, if the first BP measurement
was outside of study limits (upper exclusionary limit
140/90, lower safety limit 90/50) the measurement was
repeated up to two more times at 3-minute intervals at rest.
The first BP measurement that was within the study limits
(and corresponding HR measurement) was entered in the
data management system. If none of the BP measurements
were between the study limits, the subject was excluded.

Minute Ventilation Measurement

VE during training and exposure sessions was measured
at various time intervals as outlined in the common pro-
tocol and SOPs 4 and 5 (Additional Materials 1 and 2)
using a mouthpiece pneumotachograph assembly. Each
clinical center followed the respective SOP for data acqui-
sition. The duration of each VE measurement period was
3–5 minutes with the last minute used to calculate the
average VE. The VE at UNC was measured with a non-
heated pneumotachograph under ATP conditions during
inspiration. The volume was subsequently converted to
BTPS. At UCSF and URMC the ventilation was measured
during the expiratory phase under BTPS conditions with a
heated pneumotachograph. The data were adjusted for
body surface area and reported as L/min/m2 BSA, BTPS.

ECG Monitoring

Ambulatory ECG monitoring was obtained using 12-lead
Holter recorders (Mortara H12+ Holter recorder; Mortara
Instruments, Inc., Milwaukee, WI). At the beginning of
each recording and at specific intervals, subjects reclined
in a dark, quiet room for 10 minutes so the data would be
acquired without the influences of activity or changes in
body position. For each prespecified pre- or post-exposure
period of 10-minute resting recording, a 5-minute segment
was selected starting from minute 6 to 10, for detailed
analysis.

These periods provided data for:

• 15 minutes before exposure,

• 3-hour exposure period,

• 10 minutes after the end of the exposure,

• 3 hours after the end of the exposure, and

• 21.5 hours after the end of exposure.

After the completion of each 24-hour recording the
Holter card was shipped for analysis to the ECG Core Lab-
oratory at the Heart Research Follow-up Program at the
University of Rochester Medical Center, Rochester, NY.

ECG Analyses (Holter Core Lab) Recordings stored on
the Holter cards were uploaded to the Mortara H-Scribe
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System (Mortara Instruments Inc., Milwaukee, WI) and
first analyzed automatically by a commercial Holter anal-
ysis program identifying beats by QRS morphology. After
this automatic annotation, trained technicians annotated
recordings manually using standard procedures to correct
mislabeled or missed beats and recognized artifacts. After
completion of these analyses, the recordings were consid-
ered to be annotated. The overall Holter report on the
annotated recording indicated duration of the recording,
presence of arrhythmias including ventricular premature
beats (VPBs: singles, couplets, and runs of at least 3 VPBs)
and supraventricular premature beats (SVPBs: couplets
and runs of at least 3 SVPBs). The annotated recordings
served to further process the data for HRV and repolariza-
tion parameters.

The recording and parts thereof for which averages were
calculated are listed below. Those marked with an * were
analyzed for the preselected cardiac outcomes (described
in the next sections: HRV Analyses and Repolarization
Analyses), as follows:

• 15 minutes before exposure (the last 5 minutes of 
10 minutes supine)*,

• during exposure exercise 6 (minutes 6 to 10),

• 10 minutes after exposure (the last 5 minutes of 
10 minutes supine)*,

• 3 hours after exposure (the last 5 minutes of 10 min-
utes supine)*,

• night time (5 minutes 2:00–2:05 AM),

• 21.5 hours after exposure (the last 5 minutes of 
10 minutes supine)*,

• night hours (midnight–4 AM), and

• during entire 24-hr recording*.

HRV Analyses NN intervals (interval in milliseconds
[ms] between successive normal-to-normal beats) were
exported from the annotated Holter output file to a
custom-made HRV analysis program. We measured the fol-
lowing time-domain HRV parameters: HR in beats/min
(using the formula 60,000/NN); standard deviation of
normal-to-normal sinus beat intervals (SDNN); and root
mean square of successive differences in normal-to-normal
sinus beat intervals (RMSSD).

Frequency-domain HRV parameters were analyzed using
fast Fourier transformation (Malik and Camm 1995) with
the following parameters computed: HF, low frequency
(LF) power band (0.04–0.15 Hz), and the LF/HF ratio.
Based on a study by Bigger and colleagues (1992), filtering
criteria eliminated two R-R intervals (the interval between
R-waves) after premature ventricular or atrial beats. We did
not apply preprocessing filtering to eliminate extreme

values. As a post-processing approach, we evaluated out-
liers and determined whether the values were valid or not
based on intralaboratory ranges developed during a prior
study (Schneider et al. 2010).

Repolarization Analyses The Super ECG Program (Mor-
tara Instruments Inc., Milwaukee, WI) was used to analyze
repolarization parameters. Repolarization duration was
analyzed using the QT interval duration measured auto-
matically from an eigenvector lead and corrected for HR
(QTc) using the Bazett formula (Bazett 1920). (The eigen-
vector lead is mathematically constructed based on prin-
cipal component analysis of ECGs acquired using the
standard lead system.) The median value for the 5-minute
segments was reported. T-wave magnitude was measured
using the Super ECG Program algorithm computing the
amplitude between the J-wave (QRS end) and the end of
T-wave, therefore encompassing ST segment and T-wave
changes. This parameter better reflects overall ST–T-wave
morphology in comparison to the traditional T-wave
amplitude. For the purpose of comparing our reported
values to the more standard T-wave amplitude, we mathe-
matically converted the values of T-wave magnitude to the
T-wave amplitude using the following formula:

This T-wave amplitude parameter again reflects the
average amplitude for the interval between the J-point and
the end of the T-wave. We also measured ST segment
changes in ECG leads II, V2, and V5, reported as median
values. Traditionally, ST segment changes are evaluated in
Holter recordings using measurements of ST depression
�1 mm (100 µV) lasting for at least one minute. However,
current Holter technology allows us to determine micro-
volt-level ST segment changes similarly to prior studies.

Arrhythmia results were reported as number of ventric-
ular ectopic (VE) and supraventricular ectopic (SE) beats in
a given period. The prematurity of ectopic beats was set at
25%. We analyzed VE and SE beats over the entire 24-hour
recording period and also over the 3-hour exposure period
and reported the frequency of VE and SE single beats and
VE and SE beats that occurred in a succession of two (cou-
plet) or more than two (run).

Brachial Artery Ultrasound

For QA purposes, at each study site prior to starting the
study, ultrasound technicians were trained in BAU meth-
odology. These technicians completed BAU FMD image
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acquisition on at least 10 healthy subjects, which met
quality criteria established by the core laboratory. Written,
informed consent was obtained from subjects participating
in these preliminary FMD procedures. These subjects did
not participate in the subsequent ozone exposures.

For the main study, images were obtained the day before
and four hours after the end of each of the three exposures
(for a total of six measurements per subject) using stan-
dardized procedures. Subjects were given a low-fat lunch
(25%–30%) on the day of the procedure.

Baseline brachial artery diameter (BAD), FMD, and
velocity-time integral (VTI) were measured after 15 min-
utes of supine rest in a dark, quiet room. BAD was
acquired using high-resolution B-mode ultrasound, and
VTI was acquired using high-resolution Doppler ultra-
sound. BAD was measured over three consecutive cardiac
cycles. Two baseline measurements were taken. Baseline
VTI was measured from R-wave to R-wave over three con-
secutive cardiac cycles. After acquiring these baseline
images, a BP cuff was placed on the forearm and inflated to
� 200 mm Hg for five minutes. Reactive hyperemic VTI was
measured after cuff release during the first three full cardiac
cycles. FMD diameter was acquired at 30, 45, 60, 75, 90,
105, and 120 seconds after cuff deflation, at the end-diastole
of three cardiac cycles for each time point. Ultrasound
images were sent to the BAU Core Laboratory for analysis.
For more details see SOP 31, Additional Materials 2.

BAU Analyses (BAU Core Lab) All ultrasound images
were analyzed by the same expert sonographer utilizing
edge detection software produced by Medical Imaging
Applications LLC (Coralville, Iowa). Results were entered
directly in the DCAC data management system. For more
details see SOP 32, Additional Materials 2.

BAD (mm) was calculated as the average of the two base-
line measurements, each consisting of the average of mea-
surements at three cardiac cycles.

VTI (cm) is a measure of microvascular function that
provides additional information about cardiovascular dis-
ease risk beyond FMD (Anderson et al. 2011). Both base-
line and post-cuff deflation were calculated as the average
of the measurements at three cardiac cycles. The Doppler
signal after cuff release yielded the hyperemic VTI (a mea-
sure of the peak flow through the artery after cuff defla-
tion), which is expressed as the distance the blood has
traveled adjusted for HR (cm). For consistency, if fewer
than three VTI cycles were captured due to technical diffi-
culty with the scan, the same ordinal cycles were utilized
for analysis across all six studies for a given subject (e.g.,
first and second, first only, third only).

FMD is expressed as the percentage change in artery
diameter and was calculated for each of the time points
using the following equation:

The highest (%) FMD within 30–120 seconds was used in
the analyses.

BAU Quality Rating Because the technical quality of
brachial artery studies is variable, the BAU Core Labora-
tory developed a list of objective metrics to judge the tech-
nical quality of each MOSES study at each individual time
point before the data were unblinded. Three levels were
defined: excellent, adequate, and poor (for more details see
SOP 32, Additional Materials 2). The statistical analyses
were conducted using all of the data and again after the
images rated poor were excluded.

Phlebotomy

Blood was obtained from the antecubital vein of the arm
not used for BAU or BP measurements. In situ platelet and
endothelial activation were minimized by a short tourniquet
time, minimizing trauma at needle entry, and discarding the
first 5 mL of blood. Subjects with difficult venous access
were excluded. The following tubes were collected:

1. A sodium citrate tube whose content was split into two
tubes, one for immediate flow cytometry analysis (plate-
let activation) and one frozen for MP-TFA analysis.

2. A sodium citrate tube frozen for soluble markers
analysis.

3. A sodium citrate tube whose content was split into
three tubes for archiving (including GSTM1 analysis).

4. An EDTA tube for complete blood count.

Blood was collected on the day before exposure, and at
3.5 hours and 22 hours after the end of each exposure for a
total of 9 measurements.

Microparticle-Associated Tissue Factor Activity (MP-TFA 
Core Lab)

Plasma samples for this assay were analyzed as previ-
ously described (Khorana et al. 2008; Wang et al. 2009).
Briefly, MPs were isolated from plasma by adding 1 mL
calcium-free HEPES buffer to each 200 µL sample and pel-
leting at 20,000g for 15 minutes at 4°C. The pellet was
rewashed, resuspended in the same buffer, and well
mixed. The MP-TFA assay depends on adding calcium in
the presence of activated human factor VII (FVIIa)
(Enzyme Research Lab). The TF-FVIIa complex plus Ca++
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activates added factor X (FX) (Enzyme Research Lab). The
resulting FXa is then assayed colorimetrically (absorbance
at 405 nm) in the MP pellet suspension along with suitable
controls and standards in a 96-well plate with Pefachrome
FXa 8595 (Pentapharm #085-27, Aesch, Switzerland)
(Wang et al. 2009). An essential control in this system — the
determination of TF-independent FXa generation —
involves first neutralizing TF with antihuman TF antibody
(HTF-1) (Becton-Dickinson Biosciences #550252, San Jose,
CA). Two plasma samples, in duplicate, were analyzed for
each subject time point. The data are reported as the average
of the two measurements.

Platelet Activation and Circulating Microparticles

We measured blood platelet activation and circulating
MPs using immunofluorescence and flow cytometry, with
modifications of methods previously reported (Stewart et
al. 2010). The flow cytometry analyses were conducted at
each clinical center within one hour of the blood draw, on
18-color LSRII flow cytometers (Becton Dickinson Biosci-
ences, San Jose, CA), using the following laser options:
blue 488, 515/20 nm band pass; red 633, 620/20 nm band
pass; and green 532, 575/25 nm band pass. Standardized
beads were run simultaneously with the subject samples
for sizing (SORP-NIST sizing beads, obtained by special
order from Becton Dickinson), event counting (AccuCount
Beads, ACBP-20-10, obtained by special order from Sphe-
rotech, Lake Forest, IL), and fluorescence intensity
(Rainbow Beads, RCP-60-5, Spherotech). Platelets and
MPs were characterized both unstimulated and primed
with thrombin receptor activator peptide-6 (H-8365,
Bachem Americas Inc., Torrance, CA), at a concentration
just below that causing detectable activation using our
methods (2.34 µM). Table 5 lists the measured marker

ligands. Measurements included both counts of positive
events and mean fluorescence intensity of the event popu-
lation. Data were collected in list mode and sent to the
Flow Core Laboratory for analysis when each subject’s
exposures were completed.

Analysis of Platelet Activation and Circulating 
Microparticles (Flow Core Lab)

When each subject had completed all three exposures,
list-mode data were sent to the Flow Core Laboratory for
analysis using FloJo software (TreeStar, Ashland, OR).
Platelets and monocyte–platelet conjugates were analyzed
using a method adapted from Li and colleagues (1999).
MPs were identified using the sizing beads and surface
markers of the cells of origin (Jimenez et al. 2005). Before
starting the study, the analysis protocols and procedures
were developed and validated using a series of pilot blood
samples from healthy volunteers at each study site, with
analysis at the Flow Core Laboratory, to assure consistent
results among the study sites. All data were analyzed at
the Flow Core Laboratory by the same individual. A sec-
ond technician performed duplicate analyses using the
same methods on complete data from three subjects, one
from each site, to confirm that results were not operator
dependent.

Peripheral Blood Biomarkers

We measured the following markers in plasma: CRP,
IL-6, 8-isoprostane, nitrotyrosine, fibrinogen, ET-1, vWF,
and CC16. Plasma samples were shipped to the AssayGate
commercial laboratory for analysis. The specific assays
used are described below. The laboratory utilized custom-
designed antibody kits that are proprietary. The limit of

Table 5. Markers of Platelet Activation and Circulating Microparticles

Measurement Surface Ligand

Monocyte–platelet conjugate count 
(primary endpoint)

Events in monocyte gate expressing both leukocyte common 
antigen (CD45) and a platelet activation marker (CD62P).

Activated platelets Platelets expressing one or both platelet activation markers 
P-selectin (CD62P) and CD40 ligand (CD154).

Tissue factor microparticle count Microparticles expressing tissue factor (CD142).

Platelet microparticle count Microparticles expressing platelet marker CD42b.

Activated platelet microparticle count Microparticles expressing both platelet marker (CD42b) and 
a platelet activation marker (CD62P or CD154).
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detection (LOD) of each assay was defined as the value cal-
culated from the standard curve at the point lying 2 stan-
dard deviations above the mean background media
fluorescence intensity for 10 replicates. The LODs are
reported in Appendix A, available on the HEI website.

Luminex Bead-Based Multiplex Immunoassay This assay
was used to measure CRP, fibrinogen, vWF, IL-6, and
P-selectin. The multiplex assay methodology is based
upon the Luminex xMAP technology (Austin, TX), which
is capable of performing a variety of immunoassays on
the surface of fluorescent-coated beads. Briefly, multiple
analytes in a single aliquot of plasma are determined
quantitatively and simultaneously with the Bio-Plex 200
Bead Reader System. Microbeads are dyed with differing
concentrations of two fluorophores to generate distinct
bead sets. Each bead set is coated with capture antibody
specific for one analyte. The captured analyte is detected
using a biotinylated detection antibody and streptavidin-
phycoerythrin. The bead analyzer is a dual laser, flow-based,
sorting and detection platform. One laser is bead-specific
and determines which analyte is being detected. The other
laser determines the magnitude of the phycoerythrin-
derived signal, which is in direct proportion to the amount
of analyte bound. Protein concentrations of samples are
determined by a 5-parameter logistic regression algorithm
with analysis of the median fluorescence intensity read-
ings of an 8-point protein standard curve. This regression
provides a larger range of quantitation than standard linear
regression analysis. Once a regression equation is derived,
the fluorescence intensity values of the standards are
treated as unknowns, and the concentration of each stan-
dard is calculated. A ratio of the calculated value to the
expected value of this standard is determined. A ratio
between 70% and 130% for each of the standards indicates
a good fit. Dilution was performed for samples falling out-
side the range of the standard curves. Samples were tested
in duplicate. Positive controls with known analyte con-
centrations and negative controls on each bead plate
allowed for assay QA.

Sandwich Enzyme-linked Immunosorbent Assay 
(ELISA) This assay was used for CC16, ET-1, and nitroty-
rosine. Samples, calibrators, and controls are added to
wells coated with monoclonal antibody specific to the
target marker. After an incubation step, the target in the
samples binds to the monoclonal antibody on the well.
After a wash step with an ELISA Washer (BioTek: ELx
405), antitarget antibody HRP conjugate is incubated in
wells and binds to the target. Unbound target and HRP
conjugate are washed off with buffer. Upon the addition of
the substrate, the intensity of color detected with an ELISA
plate reader (Molecular Device SpectraMax Plus 384,

Sunnyvale, CA) is proportional to the concentration of
target in the samples. A 4-parameter standard curve is pre-
pared relating color intensity to the concentration of the
target on each plate. Positive and negative controls on a
plate allow for assay QA.

Competitive ELISA This assay was used for 8-isoprostane.
A constant concentration of 8-isoprostane-acetylcholines-
terase (AChE) conjugate (8-isoprostane tracer) and varying
concentrations of 8-isoprostane in unlabeled standard or
samples compete for a limited number of 8-isoprostane-
specific rabbit antiserum binding sites. Therefore, the con-
centration of the 8-isoprostane tracer specifically bound to
the antiserum is inversely proportional to the 8-isoprostane
concentrations of the standards or samples in the well. This
rabbit antiserum-8-isoprostane (either free or tracer) com-
plex binds to the monoclonal mouse antirabbit IgG antibody
coated to the well. After washing away the unbound compo-
nents, Ellman reagent (which contains substrate to AChE) is
added to the well. The enzymatic reaction generates a
yellow color that can be measured at 412 nm. The intensity
of this yellow color is proportional to the amount of 8-iso-
prostane tracer bound to the well, which is inversely pro-
portional to the amount of free 8-isoprostane in the sample
or standard. The 8-isoprostane concentrations of samples
are determined by a 4-parameter logistic regression algo-
rithm with analysis of the median optical intensity readings
of an 8-isoprostane standard curve. Positive and negative
controls on each plate allow for assay QA.

Spirometry

Pulmonary function was assessed by spirometry. Ac-
cording to the study’s common protocol, spirometry was
one of the qualifying tests administered during the screen-
ing visit and then to assess the response to the exposure at-
mosphere of those who were enrolled in the study. The
outcomes of interest were FVC, FEV1, FEV1/FVC, and
FEF25–75 (i.e., forced expiratory flow between 25% and 75%
of FVC) corrected for BTPS. Spirometry was measured
10 minutes before the exposure, then 20 minutes and
22 hours after the end of each exposure, for a total of 9
measurements per individual.

The spirometers were calibrated weekly. Each institu-
tion followed the common SOP for spirometry except for
the instrument operation section, which was site-specific.
All three institutions used a dry seal spirometer: URMC
used a KoKo PFT Spirometer (Nspirehealth, Longmont,
CO); UNC used VIASYS 10.2-L model 1022 interfaced to a
computer (SensorMedics; Palm Springs, CA); and UCSF
employed an S&M Instrument, PDS Instrumentation (Lou-
isville, CA).
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Briefly, with the subject seated and wearing a nose clip,
at least three technically acceptable trials were acquired at
each measurement session. The results from each session
were recorded in the MOSES Spirometry Data Form and
entered in the DCAC data management system. For data
analyses, the values for the outcomes of interest were
selected from the acceptable trials according to the Amer-
ican Thoracic Society/European Respiratory Society per-
formance criteria (Miller et al. 2005). Specifically, the
largest FVC and FEV1 (all measurements corrected to
BTPS) were selected and reported, even if they came from
different trials. Other variables came from the acceptable
trials with the largest sum of FVC and FEV1.

Sputum Biomarkers

Sputum was obtained 22.5 hours after the end of each
exposure, for a total of three measurements. A detailed
description of the procedure and the analytic methods has
been provided previously (Alexis et al. 2000, 2001) and can
be found in SOP 7 (Sputum Induction, Processing and
Sample Shipping and Analysis, in Additional Materials 2).

Sputum Induction In brief, following measurement of a
baseline FEV1, subjects inhaled 3%, 4%, and 5% hyper-
tonic saline from an ultrasonic nebulizer (Devilbiss
UltraNeb 99 Nebulizer or NOUVAG UltraNeb 2000 Nebu-
lizer) for three 7-minute inhalation periods, respectively.
At the end of each 7-minute inhalation period, subjects
performed a 3-step cleansing procedure (gargle with water,
scrape the back of the throat, blow the nose) prior to
coughing up secretions from the airways. Care was taken
to avoid scraping the back of the throat during all cough
attempts, and salt water and saliva were expectorated into
a separate waste cup to avoid contamination and dilution
of the expectorated sample. The FEV1 was checked after
each inhalation period prior to advancing to the next inha-
lation period with the next saline concentration. During
the procedure, the sample was kept on ice. If the FEV1 did
not fall more than 10% from the baseline FEV1, the subject
proceeded to the next inhalation period using the next
highest saline concentration. At the completion of the
induction procedure, the sample was processed in the lab-
oratory without delay, and the subject was monitored until
his/her FEV1 returned to within 10% of baseline.

Sputum Processing Shortly after collection, sputum
sample characteristics were recorded in terms of color,
consistency, presence of visible plugs and salivary content.
The sample was weighed, and plug selection was then per-
formed. The plug sample was weighed, and a volume of
0.1% dithiothreitol equal to four times the plug weight

(mg) was added. The sample was agitated for 15 minutes
and incubated for 5 minutes in an equal volume of Dul-
becco phosphate-buffered saline. After filtration with a
48–52 micron mesh filter, the filtrate was centrifuged
(500g for 10 minutes), and 3–6 aliquots of the supernatant
were stored at �70°C for future soluble markers analyses.
Total cell counts and cell viability were assessed on the
sputum cell pellet, and cytospin slides were generated and
stained (Hema 3 stain kit) for differential leukocyte count
analysis. Sputum samples considered acceptable for pro-
cessing had a minimum of 75 mg of selected plug material,
cell viability greater than 50%, and squamous epithelial
cells less than 40%. Sputum supernatants and cytospin
slides were stored frozen and shipped to the Sputum Core
Laboratory at UNC in batches for analysis.

Sputum Soluble Markers and Differential Cell Count 
Analysis (Sputum Core Lab) Sputum supernatants were
analyzed for IL-6, IL-8, TNF-�, and cluster of differentia-
tion 40 ligand (CD40L) by immunoassay using the Meso-
Scale Discovery (Rockville, Maryland)/MSD platform as
previously published (Frey et al. 2012) and for total pro-
tein by the Coomassie Plus (Bradford) Protein Assay.

Differential leukocyte analysis was performed on Hema
3-stained slides. A minimum of two independent readers
assessed each slide and operated with a between-reader
acceptance criterion of 10% for all major cell types present
(PMN, macrophages, monocytes, eosinophils). A third
reader was used to achieve the 10% agreement criteria
(with either reader 1 or 2) should this not be met initially
with the first two readers. If agreement could not be
reached with a third reader, the slide was disqualified. A
minimum of 500 cells were counted on all slides, and dif-
ferential percentages were based on total cell counts that
did not include squamous epithelial cells.

DATA MANAGEMENT

Each clinical center developed a data management plan
describing the team’s organization, QA/QC responsibilities
and procedures, data type and file format, data acquisition
and transfer, coding of missing data, and data access,
storage, and archiving.

The DCAC also developed a data management plan that
described the data management services provided by
NERI. These included the development and programming
of case report forms (CRFs); database design, maintenance,
and security; site training and support in the electronic
data capture (EDC) system; monitoring of data collection;
and data cleaning with resolution of discrepancies through
a query process. The complete DCAC data management
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plan is provided in Additional Materials 4, available on
the HEI website.

Description of the EDC System

At the beginning of the study, NERI’s proprietary data
management system, ADEPT, was used for EDC purposes.
However, all NERI studies were transitioned to eCOS
(eClinicalOS, Merge Healthcare, Research Triangle Park,
North Carolina) in 2013; all existing MOSES data were
transferred to eCOS in June 2013. After that point, all pro-
spective data were captured in eCOS, which is a fully inte-
grated product suite that can be used in a manner that is
compliant with FDA requirements and HIPAA and EU Pri-
vacy regulations.

Data were downloaded on a daily basis and stored in the
NERI data repository. The repository resides on a secure
network drive and contains secure folders. Access to the
repository is restricted to a specific user list (data man-
agers and statisticians); each center needed to provide the
user list to the network staff to request access.

Study Conduct Workflow

Site coordinators at the three participating study sites
completed information on electronic CRFs. Information
entered into the EDC system was identified by subject ID
number; no names of subjects were entered.

Each clinical research center was shipped specimen
labels with the appropriate subject ID. Shipping instruc-
tions for blood and sputum samples, PES filters, BAU
tapes, and Holter cards were provided to sites and also
maintained at NERI. When sample batches were ready for
shipment, a chain of custody was initiated. NERI prepared
a manifest for review, and the sites would proofread it and
provide a tracking number for the shipment. Shipping
information was collected in the EDC.

The EDC system remained the central location of data
entry and tracking throughout the study. Initial screening
questionnaires, randomization, and pre-, mid-, and post-
exposure visit information, patient measurements, and lab-
oratory data were all managed through this system. Data
from each clinical center, including blood cell counts, VE,
spirometry, BP, HR (and other vital signs), and sputum plug
weight, were entered into CRFs electronically.

Results of analyses conducted by the core and contract
laboratories were sent to NERI in Excel workbooks or other
formats. Depending on the laboratories, results were
received on a monthly, quarterly or as-available basis.
NERI performed initial review of the data, and the results
were combined into data tables in SAS (SAS Institute,
Cary, NC).

QUALITY ASSURANCE PROCEDURES

The study adhered to HEI QA/QC procedures. The pro-
cedures include the following components: (1) a common
study protocol; (2) common SOPs; (3) qualified personnel;
(4) record keeping procedures; (5) documented data man-
agement procedures; and (6) QC procedures for all data
collected.

The common protocol defined the study’s objectives,
criteria for inclusion and exclusion, experimental proce-
dures and methodologies, analysis plan, and safety guide-
lines. Specifically, it included:

  1. Rationale for the study and hypotheses to be tested,

  2. Subject selection procedures, including inclusion and
exclusion criteria,

  3. Procedures for obtaining informed consent,

  4. Description of all experimental procedures during
each visit to the CRC and requirements for the sub-
jects in the day preceding each visit,

  5. Description of all outcomes and the time of their mea-
surements,

  6. Guidelines for the ozone concentrations and environ-
mental parameters in the exposure chamber,

  7. Data safety monitoring,

  8. Randomization procedures and data analysis plan,

  9. Safety precautions to be employed, and

10. Assessment of the possible risks involved in
breathing ozone and in the procedures administered.

The common protocol (Additional Materials 1) was devel-
oped by the three CRC investigators in consultation with the
MOSES Oversight Committee, and it was approved by the
HEI Research Committee and the respective IRBs. The proto-
col was amended as often as necessary to accommodate
changes to the experimental design. All amendments were
approved by all HEI investigators and their IRBs before be-
coming effective, and these approvals were documented in
writing by the MOSES Project Officer. Major changes to the
protocol were approved by the Research Committee and are
included in Additional Materials 1 (additions shown in red;
deletions crossed out).

The plan for data analyses was developed by the DCAC
in collaboration with the principal and co-principal inves-
tigators of the CRCs through periodic conference calls and
face-to-face meetings and in consultations with the
Research Committee. The final plan was approved by the
Research Committee.

Common SOPs were developed and approved by the
MOSES investigators for all procedures with the exception
of the chamber exposure-related SOPs, which were center-
specific. All SOPs were updated as needed and signed by
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the principal investigators. Revised SOPs were uniquely
identified and dated. A meeting of the three clinical coor-
dinators, the Data Manager, the MOSES QA Officer, and
the MOSES Project Officer was held before the start of
recruitment to go over the entire time line of all the proce-
dures to be performed during each visit to ensure consis-
tency in following the protocol.

The clinical coordinators were trained in the sputum
induction procedure by the lead investigator of the
Sputum Core Laboratory. The sonographers who were to
perform the BAU were trained by the personnel of the
BAU Core Laboratory. The majority of the samples col-
lected at the clinical centers were analyzed by core labora-
tories to reduce intercenter variability. These laboratories
adhered to their internal SOPs and QA/QC procedures.

Deviations from the protocol and the SOPs were docu-
mented and reported electronically to the DCAC using a
specially designed form. Important deviations from the
protocol are included in Additional Materials 7, available
on the HEI website.

Written records documented all aspects of the research
effort at the clinical centers. This includes the use of stan-
dardized checklists, data forms, and notebooks. All entries
were made in indelible ink, and then dated and signed or
initialed by the individual making the entry.

All four centers developed a data management plan
describing the procedures to be used to assure the integrity
of the data collected. These include standardized forms
for data collection and reporting, and procedures for data
validation, storage, back-up, and transfer. The data man-
agement plan also described internal QA/QC audit proce-
dures for reviewing the data acquisition, tracking, and
entry into the MOSES data management system. The prin-
cipal investigator of each clinical center designated a
study QA/QC officer who reviewed all data to verify their
completeness and accuracy and to ensure that the data
were accurately recorded from the source onto data forms
and into the MOSES data management system. Adverse
events and overall data quality were monitored periodi-
cally by the Monitoring Board.

In addition, HEI appointed an independent MOSES QA
Officer to verify the degree of adherence to the MOSES
protocol and SOPs and the quality of the data during
onsite QA audits at the three clinical centers and the core
laboratories. The scope of these audits is described below.

QA AUDITS AT THE CLINICAL CENTERS BEFORE THE 
START OF SUBJECT RECRUITMENT

The goal of this prestudy audit was to evaluate each
ozone chamber system to verify that adequate SOPs for
ozone generation and characterization were in place and to
ensure the comparability of the ozone measurements made
in the three chambers under test conditions. Thus, these
audits included assessment of the following:

• accuracy of the ozone analyzers,

• stability of the ozone generation and measurement
systems, temperature, and RH in the chamber over a
1–3 hour period,

• traceability of the ozone transfer standard at each
study center to a Standard Reference Photometer, per
U.S. EPA protocols, and

• evaluation of operational and calibration procedures
at each center to ensure accuracy and repeatability
over the entire study period, and consistency within
the study.

The centers started subject recruitment after sign-off
from the MOSES QA Officer that the audit requirements
had been met.

QA AUDITS AT THE CLINICAL RESEARCH CENTERS 
DURING THE CONDUCT OF THE STUDY

Two audits were conducted by the MOSES QA Officer
after subject recruitment started, one during year 1 when
subject testing was in progress and one after the subjects’
testing had been completed (final audit).

The audits focused on (1) monitoring compliance with
study procedures during a complete exposure session for
one subject, including pre-exposure, exposure, and post-
exposure visits (year 1 audit only); (2) reviewing IRB docu-
mentation and compliance with inclusion and exclusion
criteria; (3) reviewing chamber operations (including cali-
bration and transfer standard procedures and collected
chamber data); and (4) reviewing data collection and man-
agement, and comparing hardcopy records and forms
against database files for four or five randomly selected
subjects (for a total of nine subjects over the two audits).

After each audit the MOSES QA Officer prepared a Busi-
ness Confidential report of the audit. The report detailed
the nature of the audit, significant findings, and any
requirements for corrective action(s). The audit report was
provided to the HEI Director of Science and the MOSES
Project Officer for transmission to and discussion with the
principal investigator. The principal investigator was
required to respond in writing to HEI. If corrective
action(s) was required, the principal investigator ensured
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that such action(s) was taken and documented in a
response letter to HEI. Where errors in data records were
found, most were corrected during the QA audit.

AUDIT OF THE MOSES FINAL REPORT AT THE DATA 
COORDINATING AND ANALYSIS CENTER

An audit of the MOSES final report and the codes and
codebook for the statistical analyses was conducted to
verify that the data reported could be tracked back to the
database and the results were reproducible. The QA state-
ment related to this audit is provided in this report.

STATISTICAL METHODS AND DATA ANALYSES

POWER CALCULATIONS

The power calculations were conducted in November
2011, before the study started, and then again in January
2014 using the data from the first 27 MOSES subjects. The
calculations are based on a simplification of the model in
which we compare the mean change between pre-expo-
sure and four hours post-exposure in an outcome measure
in adjacent exposure groups (0 ppb vs. 70 ppb and 70 ppb
vs. 120 ppb). To account for the fact that there are two

comparisons for each outcome measure, we used a two-
sided 2.5% significance level (� = 0.025) and 90% power
(1 � � = 0.90).

We have estimated the minimum difference to be
detected between two adjacent exposure levels (effect size)
for four outcome measures, assuming two sample sizes
and four combinations of the within-subject correlation of
the pre- and post-exposure measures (r) and the correla-
tion of difference between two adjacent ozone concentra-
tions (r	). The calculations did not determine the power to
test for interactions.

At the time of the 2011 power calculations, the designa-
tion of primary outcomes was still being discussed, and we
selected four outcomes for which data were available in
the literature that could be used for the calculations. The
four outcome measures selected were:

• endothelial function (FMD),

• cardiac function (HRV and SDNN),

• repolarization (QTc), and

• prothrombotic marker (vWF antigen).

For the 2014 calculations we used all the primary out-
comes.

Table 6 shows the 2011 power calculations for each out-
come, including the minimum difference between two

Table 6. Results of 2011 Power Calculations (for Standardized Effect Size) 

Variable

Correlation Between 
Pre-Exposure and 
Post-Exposure (r)

Correlation of Change at 
Two Adjacent Visits (r	)

Sample Size

N = 90 N = 54

FMD (%) 0.8 0.2 1.12 1.45
0.1 1.18 1.54

0.5 0.2 1.76 2.30
0.1 1.87 2.44

QTc (ms) 0.8 0.2 6.2 8.1
0.1 6.6 8.5

0.5 0.2 9.8 12.7
0.1 10.4 13.5

SDNN (ms) 0.8 0.2 8.4 11.0
0.1 9.0 11.7

0.5 0.2 13.3 17.4
0.1 14.2 18.4

vWF (ng/mL) 0.8 0.2 3.6 4.7
0.1 3.8 5.0

0.5 0.2 5.7 7.5
0.1 6.1 7.9
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exposures to be detected as statistically significant at the
2.5% significance level, with 90% power for two sample
sizes and four combinations of within-person correlation of
the measures. The results are summarized below. The com-
plete results of the 2011 and 2014 calculations can be found
in Additional Materials 5, available on the HEI website.

Endothelial Function

FMD was measured the day before the exposure and
four hours after exposure. The outcome is the difference
between exposures in the change between pre- and post-
exposure. If r is 0.8 and r	 is 0.2, then a sample with 90 par-
ticipants (30 per site) provides 90% power to detect a dif-
ference in change between exposures of 1.12%. If the
sample size is 54 participants (18 per site), then the differ-
ence in change between the two exposure groups would
need to be 1.45% or greater to have the same power.

In the 2014 power calculations for FMD (the only
common outcome between the sets of calculations) using
the SD and r (= 0.58) determined from MOSES data (and
assuming r = r	), a sample size of 90 provides 90% power to
detect a difference in change between exposures of 0.74%.

Cardiac Function

QTc and SDNN were measured by ECG using a 24-hour
Holter monitor. The QTc and SDNN values immediately
pre-exposure and four hours post-exposure were com-
pared. The outcome is the difference between exposure
levels in the mean change in each measure between pre-
and post-exposure.

For QTc, if r is 0.8 and r	 is 0.2, then a sample with 90
participants (30 per site) provides 90% power to detect a
difference in QTc change between exposures of 6.2 ms. If
the sample size is 54 participants (18 per site), then the dif-
ference in change between the two exposure groups would
need to be 8.1 ms or greater to have the same power.

For SDNN, if r is 0.8 and r	 is 0.2, then a sample with 90
participants (30 per site) provides 90% power to detect a
difference in SDNN change between exposures of 8.4 ms. If
the sample size was 54 participants (18 per site), then the
difference in change between the two exposure groups
would need to be 11.0 ms or greater to have the same power.

Prothrombotic Marker

vWF antigen was measured in venous blood sampled the
day before and at two times after the exposure. The values
before exposure and 3.5 hours post-exposure were com-
pared. The outcome is the difference between exposure
levels in the mean change in vWF between pre- and post-
exposure. For vWF power calculations we used SD = 12.

If r is 0.8 and r	 is 0.2, then a sample with 90 participants
(30 per site) provides 90% power to detect a difference in
change between exposures of 3.6 ng/mL. If the sample size
was 54 participants (18 per site), then the difference in
change between the two exposure groups would need to be
4.7 ng/mL or greater to have the same power.

STATISTICAL ANALYSIS

The statistical analyses were conducted according to the
Statistical Analysis Plan approved by the HEI Research
Committee. As we started to conduct the analyses, a few
modifications to the plan were made and described in the
Addendum to the Statistical Analysis Plan (see Statistical
Analysis Plan in Additional Materials 5).

Initially, raw data were assessed for outlying values.
Any value that was not within ±2 SDs of the mean was
returned to the data source for verification. All suspect
values were either verified or corrected. Outcomes were
then calculated by subtracting the pre-exposure value from
each post-exposure value, when outcomes were measured
before and after exposure. When outcomes were only mea-
sured one time per exposure, these values were analyzed.
Outcomes were first assessed for normality using the
Kolmogorov-Smirnov (KS) test. Optimal power transfor-
mations were considered that would maximize the nor-
mality of the data according to the KS test. Ultimately the
natural log transformation (with the addition of 0.001 to
0 values) was chosen for outcome variables that were non-
normal, based on KS tests and assessment of histograms.
The reason that 0.001 was added rather than 0.1 or 0.5 is
because the measurement accuracy for these outcomes was
between one and two decimal places. Further, adding 0.1
or 0.5 would have changed the rank order of the data for
some of the outcomes as some observations were less than
0.1. These variables were summarized by medians and
interquartile ranges. Variables that were normally distrib-
uted were summarized using means and SDs.

The first test that was performed was to assess whether
the treatment assignment randomization resulted in bal-
anced exposure groups. Age, BMI, SBP, and diastolic blood
pressure (DBP) were assessed using a one-way analysis of
variance (ANOVA), where the independent variable was
an indicator variable for the randomization order.

Mixed-effect linear models accounting for repeated
measures, with a random subject effect and a covariance
structure, were used to evaluate the impact of exposure to
ozone on the prespecified primary and secondary out-
comes. The covariance structure assigned is the standard
variance component matrix where a distinct variance com-
ponent is assigned to each effect for the matrix. Ozone was
treated as a categorical (3-level) variable in all regression
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models. Site and time (when multiple measurements were
taken) were controlled for in the models.

The main effects model for this design is: 

where y is the change in the outcome measure (post-
exposure minus pre-exposure) for subject i at center j at
ozone concentration k at time t, µ is the intercept, 
 is the
effect of ozone concentration k, � is the effect of center j, �
is the effect of subject i in center j, � is the effect of time t,
and e is the independent and identically distributed
Gaussian random errors. In the tables of the model’s results
presented in the Results section we report the P values
from the model Type III sum of squares (Type III SS),
which tests for the main effect after other main effects and
interactions, and the mixed model effect estimates (and
confidence interval) at each ozone exposure.

When there was a statistically significant effect of ozone
on an outcome, the ozone by time interaction was assessed
to determine whether the ozone effect was consistent
across the post-exposure times. The interaction model for
this design is:

where y is the change in the outcome measure (post-expo-
sure minus pre-exposure) for subject i at center j at ozone
concentration k at time t, µ is the intercept, 
 is the effect of
ozone concentration k, � is the effect of center j, � is the
effect of subject i in center j, � is the effect of time t, 
� is
the interaction effect of treatment k at time t, and e is the
independent and identically distributed Gaussian random
errors.

Three analogous interaction models were fit with the
inclusion of (1) the main effect for subject’s sex and the
interaction between sex and ozone concentration; (2) the
main effect for subject’s age and the interaction between
age and ozone concentration; and (3) the main effect for
subject’s GSTM1 status (null or sufficient) and the interac-
tion between GSTM1 status and ozone concentration. Age
was treated as a continuous value and centered by sub-
tracting the subject’s age from the mean age for the cohort
(60.2 yr). Thus a negative effect estimate in the interaction
model with age should be interpreted to mean that an
increase in the outcome from pre- to post-exposure is asso-
ciated with an increase in age when comparing 70 and 120
ppb versus 0 ppb. We did not test whether there was an
effect of age, sex, or GSTM1 status independent of ozone
concentration on any of the outcomes evaluated.

For FEV1 and FVC we used a t test to calculate the signif-
icance of the change from pre- to post-exposure at 0 ppb
ozone.

Scatter plots were used to illustrate the degree of correla-
tion between specified variables. A post-hoc analysis was
performed to further examine possible relationships
between ozone effects on respiratory variables (FEV1 and
PMN % in sputum) and on the primary cardiovascular out-
comes. For FEV1, subjects were divided into two groups:
> median and �median change from pre-exposure in FEV1
15 minutes after 120 ppb ozone exposure. For PMN %, the
two groups were > median and �median PMN % in sputum
after 120 ppb ozone exposure. The main effects models
described above were run separately on these subject sub-
groups for all of the primary cardiovascular outcomes.

In order to compare the effects of ozone concentration
on symptoms, the Fisher exact test was used to analyze the
Symptom Questionnaire data since the mixed models
were not converging.

Analyses were performed using SAS, version 9.3 or later
(SAS Institute, Cary, NC) and R version 3.2.2 or later (The
R Foundation for Statistical Computing).

This study involved a large number of comparisons, and
we addressed this with two approaches. First, after discus-
sion with the Research Committee we used � = 0.01 as a
reasonably conservative threshold for statistical signifi-
cance. Effect estimates with P values greater than 0.01 and
less than 0.05 were considered marginally significant.
Second, we prespecified a limited number of outcomes
within each physiological response pathway as primary
(total of 10 primary variables). Results were then interpreted
within the context of coherence among related variables,
and plausibility. Significant changes in secondary variables
were to be considered hypothesis-generating but not defini-
tive, unless there were changes consistent with effects on
the primary outcome variable(s) for that response pathway.
In that case the secondary variable was considered sup-
portive of the findings for the primary variable(s).

MISSING DATA

Analyses were performed on the N = 87 subjects who
completed all three ozone exposures out of the N = 94 sub-
jects who were randomized. For outcomes that were
assessed multiple times post-exposure, a subject needed to
have a pre-exposure value and at least one post-exposure
value to be included in the analysis for that outcome. As
we can see from Appendix A, the missingness ranged from
0% missing for BP to 41% missing for sputum PMN count,
because of the inability of several subjects to generate suf-
ficient sputum for analysis.

 ,tj ijijkt k ijkty � 
 � � � �    

,  tj ijijkt k kt ijkty � 
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RESULTS

SUBJECT RECRUITMENT

Never-smoking, physically active male and female
English-speaking volunteers of all ethnic backgrounds
were recruited from the general population for this IRB-
approved study.

At URMC 451 individuals contacted the coordinator to
request information about the study and were sent a study
summary document approved by the IRB. Of those indi-
viduals, 74 called the coordinator to request an initial
phone screening, and of these, 56 attended screening visits
and were enrolled. Of these, 23 subjects failed screening
and were withdrawn. One subject completed two expo-
sures, and 32 completed all three exposures.

At UNC 269 individuals responded to the advertise-
ment, and 253 responded to the initial phone screening.
Subsequently, 189 were found to be ineligible based on re-
sponses to the phone questionnaire or did not attend the
scheduled screening session. The remaining 64 individu-
als enrolled in the study. Of these, 30 failed the screening
sessions, 2 withdrew from the study prior to any expo-
sures, 2 were withdrawn after being randomized for safety
concerns, 1 completed two exposures, and 29 completed
all three exposures.

At UCSF 342 individuals responded to the advertise-
ment, and 267 responded to the initial phone screening. Of
these, 218 were determined to be ineligible. The remaining
49 individuals were sent study documents, were sched-
uled for screening visit 1, and were consented. Of these, 22
were deemed ineligible or withdrew from the study. One
subject completed two exposures, and 26 completed all
three exposures.

In total 87 subjects completed all three exposures, and 3
subjects completed two exposures. Two of the women were
premenopausal. A summary of the number of subjects at the

various stages of recruitment and enrollment is provided
in Table 7.

ADVERSE EVENTS

Table 8 summarizes the number of adverse events overall
and by center for all subjects who completed all three expo-
sures (N = 87). Overall 39 adverse events occurred in 20 sub-
jects; 12 subjects had 1 event, 6 subjects had 3 events, 1
subject had 4 events, and 1 subject had 5 events. The grad-
ing of events can be found in the MOSES common protocol
in Additional Materials 1.

Adverse events were generally mild or moderate, with
the most common being headache, which was attributed to
caffeine withdrawal. Tylenol was offered to the subject
when those events occurred. The most serious events were
eight adverse events in two participants (one of grade 3)
associated with nitroglycerin administration in the fall of
2012, which resulted in the decision to discontinue nitro-
glycerin administration for the measurement of flow-inde-
pendent FMD. The only other grade 3 event was associated
with hip and groin pain, but this was not related to any
procedures. The list and the description of all adverse
events by grade and by center can be found in Additional
Materials 6, available on the HEI website.

DEVIATIONS FROM THE PROTOCOL AND SOPS

Table 9 summarizes the protocol deviations by clinical
site. There were a total of 43 protocol deviations, and 30
subjects who completed all three exposures had at least
one protocol violation. The four subjects who did not meet
all the inclusion and exclusion criteria had smoked one
joint of marijuana per day for more than one year. These
subjects were identified during the final QA audit and
were included in the analyses. Deviations are provided in
Additional Materials 7. None of the protocol deviations
were deemed to have a significant impact on the outcomes
measured.

Table 7. Summary of Subject Recruitment and Testing by Center

Center Responded
Not 

Interested
Phone 

Screened

Ineligible or 
Not 

Available
Enrolled 

(Consented)

Withdrew 
after Consent 
or Ineligible

Completed 2 
Exposures

Completed 3 
Exposures

URMC 451 377 74 18 56 23 1 32
UNC 269 16 253 189 64 34 1 29

UCSF 342 75 267 218 49 22 1 26

Total 3 87
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SUBJECT CHARACTERISTICS

The characteristics of the 87 subjects who completed all
three exposures and were included in the analyses are
shown in Table 10. Of those, 52 (60%) were women and 35
were men. UNC had the highest percentage of women
(69%) and UCSF had the lowest (46%). The mean (±SD)
age of the subjects was 59.9 (4.5) years. The majority of
subjects (88%) identified themselves as white, with
African American being the next most common with 5
(6%). Overall, 50 (57%) of the subjects were GSTM1 null,
and the prevalence was consistent across the three centers.
DBP differed significantly across the centers, with URMC
having the lowest and UNC the highest.

EXPOSURE CONDITIONS AND MINUTE VENTILATION 
DURING EXPOSURE

Exposure Conditions

Table 11 presents the exposure conditions of the envi-
ronmental chambers, overall and by center. The ozone
concentrations in the chambers were very close to the
target values at all three centers. The technology at UNC
was such that these target values were obtained almost
exactly. The overall mean (±SD) temperature for all expo-
sures was 22.3 (0.7)°C, compared to the target of 22°C, and
the mean (±SD) relative humidity was 41.4 (3.0)%, com-
pared to the target of 40%. The RH at URMC was slightly
higher than the other two sites. At UNC the chamber temper-
ature and RH were computer-controlled so that the chamber

Table 8. Number of Adverse Events for Subjects Completing All 3 Exposures by Center

Number of Adverse Events
URMC

N = 32 Subjects
UNC

N = 29 Subjects
UCSF

N = 26 Subjects
Total

N = 87 Subjects

0 26 20 21 67

1 3 5 4 12

2 0 0 0 0

3 2 3 1 6

4 1 0 0 1

5 0 1 0 1

Total Adverse Events 13 19 7 39

Table 9. Protocol Deviations for Subjects Completing all 3 Exposures by Center (N = 87)

 URMC UNC UCSF

Number of subjects who had at least 1 protocol deviation 12 7 11

Total protocol deviations 18 7 18

Study procedures/assessments performed prior to consent 0 0 0

Obtained consent with outdated/expired consent document 0 0 0

Enrolled subject who did not meet all inclusion/exclusion criteria 3 0 1

Performed study procedure not approved by IRB 0 0 0

Enrolled subject after IRB approval expired 0 0 0

Failed to report adverse event to IRB or sponsor 0 0 0

Failed to follow randomized ozone dosing amount 0 0 0

Failed to perform study procedure as outlined in protocol 14 5 14

Other deviation 1 2 3
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environment was maintained precisely at target values. The
particle count at UNC is substantially higher than at the
other two sites since it includes condensation particles
down to 4 nm versus 7 nm at URMC and 20 nm at UCSF.

Minute Ventilation During Exposure

Minute Ventilation During Exercise Decreased During 
Ozone Exposure. Mean VE remained within the target
value of 15–17 L/min/m2 BSA (BTPS). The average 0 ppb
VE across the three sites was 16.6 L/min/m2. During 70 ppb
ozone exposure, compared with 0 ppb, VE decreased by
0.53 L/min/m2 BSA (95% CI, �0.87 to �0.20; P = 0.002).
During 120 ppb, compared with 0 ppb, VE decreased by

0.60 L/min/m2 BSA (95% CI, �0.94 to �0.27; P < 0.001,
data not shown). We found no interactions with sex, age or
GSTM1 status. Distribution statistics are in Appendix A.

EFFECTS OF OZONE ON HEALTH OUTCOMES

The following sections describe the results of the mixed-
effect linear models used to evaluate the impact of exposure
to ozone on the prespecified primary and secondary con-
tinuous outcomes. Descriptive statistics for all primary
and secondary outcomes across all exposures are shown in
Appendix A. Results of the regression models without and
with interaction for all the outcomes are presented in
Appendices B and C, available on the HEI website.

Table 10. Characteristics of MOSES Subjects by Center

URMC (N = 32) UNC (N = 29) UCSF (N = 26) Overall (N = 87) P Valuea

Gender 0.236

Male 12 (38%) 9 (31%) 14 (54%) 35 (40%)

Female 20 (63%) 20 (69%) 12 (46%) 52 (60%)

Race 0.038

American Indian 1 (3%) 0 (0%) 0 (0%) 1 (1%)

Asian 0 (0%) 0 (0%) 2 (8%) 2 (2%)

African American 1 (3%) 4 (14%) 0 (0%) 5 (6%)

White 28 (87%) 25 (86%) 23 (88%) 76 (88%)

Hawaiian 0 (0%) 0 (0%) 1 (4%) 1 (1%)

Unknown 2 (7%) 0 (0%) 0 (0%) 1 (1%)

GSTM1 0.632

Wild type 15 (47%) 13 (45%) 9 (35%) 37 (43%)

Null 17 (53%) 16 (55%) 17 (65%) 50 (57%)

Age (yr) 59.1 ± 3.8 60.4 ± 5.1 60.3 ± 4.7 59.9 ± 4.5 0.444

BMI (kg/m2) 25.0 ± 2.4 24.8 ± 3.7 24.8 ± 3.6 24.9 ± 3.2 0.948

Systolic BP (mmHg) 122.4 ± 11.4 120.4 ± 9.7 122.2 ± 12.8 121.7 ± 11.2 0.750

Diastolic BP (mmHg) 69.0 ± 7.5 76.1 ± 7.8 73.7 ± 10.7 72.8 ± 9.1 0.007

Heart rate (beats/min) 65.8 ± 11.4 63.9 ± 9.9 65.3 ± 10.1 65.0 ± 10.4 0.772

Cholesterol total (mg/dL) 208.3 ± 34.7 215.3 ± 30.7 215.8 ± 47.5 212.9 ± 37.6 0.696

LDL calc (mg/dL)b 118.4 ± 30.0 119.6 ± 29.2 123.7 ± 41.8 120.4 ± 33.4 0.832

% predicted FEV1 104.0 ± 12.8 102.4 ± 13.9 102.6 ± 12.9 103.0 ± 13.1 0.867

FEV1 (L) 3.06 ± 0.65 2.89 ± 0.59 3.24 ± 0.73 3.06 ± 0.66 0.144

FVC (L) 3.96 ± 0.89 3.76 ± 0.79 4.24 ± 0.97 3.98 ± 0.89 0.131

a P values for categorical variables were calculated using Fisher Exact tests; P value for continuous variables were calculated using ANOVA.

b LDL calc = calculated low-density lipoprotein.
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Table 11. Exposure Chamber Conditionsa

All Three Sites

Ozone Target Concentrations

All Exposures
(N = 261)

0 ppb 70 ppb 120 ppb

(N = 87) (N = 87) (N = 87)

Ozone concentration (ppb) 2.1 ± 2.4 69.9 ± 1.2 119.6 ± 1.3
1.0 (0.0 to 8.1) 70.0 (66.6 to 72.5) 120.0 (115.0 to 122.5)

Relative humidity (%)
41.6 ± 3.2 41.3 ± 2.9 41.4 ± 2.9 41.4 ± 3.0

40.0 (35.9 to 48.7) 40.0 (33.9 to 48.6) 40.0 (35.0 to 48.9) 40.0 (33.9 to 48.9)

Temperature (°C)
22.2 ± 0.7 22.3 ± 0.6 22.3 ± 0.7 22.3 ± 0.7

22.0 (17.3 to 23.3) 22.0 (21.1 to 24.2) 22.0 (21.0 to 25.5) 22.0 (17.3 to 25.5)

URMC (N = 32) (N = 32)  (N = 32)  (N = 96)

Ozone concentration (ppb) 4.9 ± 1.6 71.0 ± 0.5 120.4 ± 0.7
5.0 (2.3 to 8.1) 70.9 (70.4 to 72.5) 120.3 (119.3 to 122.5)

Relative humidity (%)
44.8 ± 3.0 43.7 ± 3.4 44.2 ± 3.2 44.2 ± 3.2

45.2 (36.4 to 48.7) 43.8 (33.9 to 48.6) 44.8 (35.0 to 48.9) 44.8 (33.9 to 48.9)

Temperature (°C)
22.0 ± 1.1 22.4 ± 0.9 22.4 ± 0.9 22.3 ± 1.0

22.2 (17.3 to 23.3) 22.6 (21.1 to 24.2) 22.5 (21.0 to 24.0) 22.4 (17.3 to 24.2)

Particle count 
(number/cm3)b

70.9 ± 50.3 112.5 ± 141.7 80.9 ± 74.3 87.9 ± 97.1
58.9 (12.3 to 187.0) 70.0 (15.0 to 752.4) 52.5 (12.9 to 336.1) 56.3 (12.3 to 752.4)

UNC  (N = 29)  (N = 29)  (N = 29)  (N = 87)

Ozone concentration (ppb)c 0.4 ± 0.5 70.0 ± 0.0 120.0 ± 0.0
0.0 (0.0 to 1.0) 70.0 (70.0 to 70.0) 120.0 (120.0 to 120.0)

Relative humidity (%)c
40.0 ± 0.0 40.0 ± 0.0 40.0 ± 0.0 40.0 ± 0.0

40.0 (40.0 to 40.0) 40.0 (40.0 to 40.0) 40.0 (40.0 to 40.0) 40.0 (40.0 to 40.0)

Temperature (°C)c
22.0 ± 0.0 22.0 ± 0.0 22.0 ± 0.0 22.0 ± 0.0

22.0 (22.0 to 22.0) 22.0 (22.0 to 22.0) 22.0 (22.0 to 22.0) 22.0 (22.0 to 22.0)

Particle count 
(number/cm3)d

707.0 ± 218.5 795.8 ± 183.4 830.6 ± 193.0 778.4 ± 202.4
798.0 (48.0 to 875.0) 859.0 (336.0 to 1,012.0) 810.0 (578.0 to 1,144.0) 806.0 (48.0 to 1,144.0)

UCSF (N = 26) (N = 26) (N = 26) (N = 78)

Ozone concentration (ppb) 0.7 ± 0.7 68.4 ± 0.9 118.1 ± 1.5
0.7 (0.0 to 3.1) 68.6 (66.6 to 70.5) 117.8 (115.0 to 121.5)

Relative humidity (%)
39.3 ± 1.4 39.8 ± 2.0 39.4 ± 1.0 39.5 ± 1.5

39.0 (35.9 to 44.9) 39.0 (38.6 to 48.3) 39.1 (38.9 to 43.7) 39.0 (35.9 to 48.3)

Temperature (°C)
22.5 ± 0.3 22.4 ± 0.3 22.6 ± 0.7 22.5 ± 0.5

22.5 (21.7 to 23.0) 22.4 (21.8 to 23.3) 22.5 (21.7 to 25.5) 22.4 (21.7 to 25.5)

Particle count 
(number/cm3)e,f

107.0 ± 55.2 191.0 ± 218.4 249.0 ± 150.8 189.9 ± 168.1
85.0 (51.0 to 190.0) 99.0 (48.0 to 793.0) 218.0 (60.0 to 497.0) 152.0 (48.0 to 793.0)

a Data are mean ±SD followed by median (range).

b Particle count was measured using a condensation particle counter with a size range of 7 nm to 3 µm.

c Variations in the mean and confidence interval disappear once the values are reduced to one decimal place.

d Particle count was measured during quarterly QA/QC of the chamber using a condensation particle counter with a size range of 4 nm to 3 µm. The subject 
was not in the chamber; however, personnel periodically entered the chamber during the QA/QC activities. 

e Particle count was measured using a P-TRAK counter with a size range of 20 nm to 1 µm.

f Measurement of particle count started on September 4, 2013.
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Effects of Ozone on Cardiac Function

The distribution of each outcome as measured at pre-
exposure, and 15-minute, 4-hour, and 22-hour post-exposure
is shown in Table 12. Endpoints that were not normally dis-
tributed (24-hr-average RMSSD; 24-hr-average HF; 24-hr-
average LF) were log transformed for all subsequent analyses.

Autonomic Function We found no significant effects of
ozone exposure on autonomic function. We analyzed both
time- and frequency-domain measures of heart rate vari-
ability (HRV) on the 24-hour Holter recording, as indica-
tors of changes in cardiac autonomic function. The
outcomes were averaged over distinct 5-minute rest
periods and over the entire 24-hour period. Primary
markers of HRV measured as 5-minute averages are HF and
LF; secondary markers are RMSSD, SDNN, and HR. The
primary outcome measured as a 24-hour average is
RMSSD; the secondary outcomes are HF, LF, SDNN, and
HR. There were no statistically significant changes from
pre- to post-exposure for any primary or secondary mea-
sure of autonomic function among the three ozone expo-
sures (0 ppb, 70 ppb, and 120 ppb) (Table 13). Although
not statistically significant, we did observe similar pat-
terns of response for HF, LF, and RMSSD at different times
after exposure, when analyzing the 5-minute data (P =
0.067, P = 0.109, and 0.116, respectively). There was an
immediate increase in RMSSD 15 minutes after exposure,
which was strongest for the 120 ppb ozone exposure
(Figure 3). However, this increase was much smaller or not
present at the 4-hour and 22-hour post-exposures.
Although less distinct, changes in HF and LF showed sim-
ilar patterns. Consistent with this, small nonsignificant but
ozone concentration-related decreases in HR also occurred
15 minutes and 4 hours after exposure.

Independent of ozone exposure level, we observed sig-
nificantly faster 5-minute-average HRs (3.1 beats/min;
95% CI, 1.1 to 5.1; P = 0.003) and marginally significantly
decreased levels of natural logarithm (Ln) LF 24-hour
average (�0.403; 95% CI, �0.732 to �0.074; P = 0.017) in
females compared to males (Appendix Tables B.1.16f and
B.1.15f, respectively).

We found no convincing evidence for interactions
between ozone exposure and age, sex, or GSTM1 status for
any primary or secondary marker of autonomic function.
There was a statistically significant interaction between
age and ozone exposure on the Ln of 24-hour-average
RMSSD, a primary outcome (P = 0.008; Appendix Table
B.1.4c), but without a concentration–response relation-
ship. The individual comparisons between 70 and 0 ppb
and between 120 and 0 ppb were not significant, and were
in opposing directions (Appendix Table B.1.4d).

There was a marginally significant interaction between
ozone exposure and age for 24-hour-average Ln LF, a sec-
ondary outcome (P = 0.028) (Appendix Table B.1.15c).
However, each 1-year increase in age was associated with a
marginally significant increase from pre- to post-exposure
in Ln LF when comparing 70 ppb to 0 ppb ozone (�0.02 Ln
of ms2; 95% CI, �0.03 to 0.00; P = 0.020), but not when
comparing 120 ppb to 0 ppb ozone (0.00 Ln of ms2; 95%
CI, �0.01 to 0.01; P = 0.956) (Appendix Table B.1.15d).

We also observed marginally significant interactions
between ozone and GSTM1 for HR (based on 5-minute
averages of the NN interval, P = 0.012) (Appendix Table
B.1.16g). Heart rate decreased in GSTM1-sufficient sub-
jects relative to GSTM1-null subjects after exposure to 120
ppb ozone compared to 0 ppb ozone (�2.5 beats/minute;
95% CI, �4.3 to �0.7; P = 0.006), but not after exposure to
70 ppb ozone relative to 0 ppb ozone (�0.3 beats/minute;
95% CI, �2.1 to 1.4; P = 0.700) (Appendix Table B.1.16h).

We also examined changes in 5-minute averages of ECG
outcomes of autonomic function (primary: HF and LF; sec-
ondary: RMSSD, SDNN, and HR from pre-exposure to expo-
sure exercise 6, excluding other portions of the exposure
session). Exercise session 6 was the last exercise session
during each exposure. As shown in Table 12, values of HF,
LF, RMSSD, and SDNN were substantially lower, and the
LF/HF ratio and HR substantially higher, during exercise 6
than during the pre-exposure and three post-exposure time
periods for all exposures, independent of ozone concentra-
tion. Consistent with our analysis of the post-exposure
5-minute periods, there were no statistically significant
ozone effects on the 5-minute averages during exercise 6
for either of the HRV primary outcomes: HF (P = 0.390) and
LF (P = 0.549) (Table 14). We saw no significant or margin-
ally significant changes in the secondary outcomes either
(all P values >0.05). See Appendix C.1.

RepolarizationWe found no significant effects of ozone
exposure on any electrocardiographic index of repolariza-
tion. Changes in cardiac repolarization were assessed
using 5-minute and 24-hour averages of T-wave amplitude
(primary outcome), QTc (secondary outcome), and ST seg-
ment changes. We measured ST segment changes in three
ECG leads: V5 (primary outcome), and II and V2 (sec-
ondary outcomes). There were no statistically significant
ozone-related changes from pre- to post-exposure for any
repolarization marker (Table 15 and Figure 4). The overall
effect of ozone exposure on 24-hour-average ST segment
change measured in V2 was marginally significant (P =
0.019). Compared to 0 ppb ozone, 120 ppb ozone caused a
small increase (4.7 µV, 95% CI, 1.0 to 8.5; P = 0.013), while
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Table 12. Descriptive Statistics of Primary and Secondary Autonomic Function and Repolarization Outcomes 

Outcomea

0 ppb 70 ppb 120 ppb

N Mean SD N Mean SD N Mean SD

HF 5-min average (ms2)
Pre-exposure 85 945.2 4,052.9 87 664.7 1,831.2 84 508.5 1,064.4
During exposure exercise 6 83 83.6 348.2 86 113.5 496.7 83 117.1 577.6
15-min Post-exposure 85 1,288.2 5,496.9 87 903.4 2,429.1 84 1,693.2 6,112.0
4-hr Post-exposure 85 773.9 2,317.7 87 897.2 3,073.4 83 845.3 2,530.2
22-hr Post-exposure 83 1,191.8 4,760.9 84 542.5 1,564.4 78 1,066.8 4,697.3

LF 5-min average (ms2)
Pre-exposure 85 593.7 1,141.7 87 492.7 1,001.5 84 542.8 1,119.3
During exposure exercise 6 83 133.7 460.5 86 155.9 645.1 83 135.9 496.2
15-min Post-exposure 85 707.1 1,083.2 87 565.4 648.5 84 821.8 1,137.7
4-hr Post-exposure 85 550.1 720.2 87 543.0 757.6 83 650.5 813.9
22-hr Post-exposure 83 646.8 928.6 84 423.3 480.0 78 740.1 2,023.7

Ln of RMSSD 24 hr (ms) 86 3.258 0.476 87 3.262 0.450 85 3.249 0.486

LF/HF 5 min
Pre-exposure 85 2.66 3.72 87 2.04 2.81 84 2.44 3.37
During exposure exercise 6 83 4.78 4.07 86 5.49 5.94 83 6.01 6.07
15-min Post-exposure 85 3.21 6.05 87 2.03 2.44 84 2.54 4.49
4-hr Post-exposure 85 2.78 3.52 87 2.41 3.12 83 2.44 2.93
22-hr Post-exposure 83 2.47 2.51 84 2.51 3.43 78 2.63 4.63

RMSSD 5 min (ms)
Pre-exposure 85 28.5 24.4 87 28.0 24.9 84 26.8 19.7
During exposure exercise 6 84 13.1 18.0 87 13.1 22.0 83 10.2 14.0
15-min Post-exposure 85 29.6 21.1 87 32.0 21.9 84 33.6 24.9
4-hr Post-exposure 85 28.3 23.2 87 29.5 23.6 83 29.0 21.0
22-hr Post-exposure 83 30.1 24.8 84 28.1 20.4 78 29.0 23.2

SDNN 5 min (ms)
Pre-exposure 85 48.1 39.0 87 48.2 36.6 84 49.5 38.3
During exposure exercise 6 84 21.5 22.1 87 21.5 26.0 83 21.7 28.2
15-min Post-exposure 85 53.9 45.9 87 55.2 44.5 84 58.4 47.3
4-hr Post-exposure 85 57.2 46.0 87 54.9 46.0 83 56.4 42.5
22-hr Post-exposure 83 54.3 44.2 84 50.7 41.0 78 51.5 50.0

SDNN 24 hr (ms) 86 154.3 34.6 87 155.0 38.2 85 156.4 37.6

HR, 5 min (beats/min)
Pre-exposure 85 67.5 8.6 87 67.6 8.2 84 67.6 9.3
During exposure exercise 6 84 104.2 15.5 87 104.6 15.1 83 103.8 15.8
15-min Post-exposure 85 67.6 10.5 87 67.2 9.5 84 66.8 10.3
4-hr Post-exposure 85 67.4 9.5 87 66.6 9.0 83 66.1 9.2
22-hr Post-exposure 83 64.0 8.8 84 64.4 8.4 78 64.7 10.1

Ln of HF, 24 hr (ms2) 86 5.450 1.099 87 5.421 1.029 85 5.458 1.123

Ln of LF, 24 hr (ms2) 86 6.353 0.776 87 6.340 0.727 85 6.354 0.808

HR, 24 hr (beats/min) 86 70.6 7.8 87 70.9 8.1 85 70.7 8.3

(Table continues next page)

a Primary outcomes are bolded.
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Table 12 (continued). Descriptive Statistics of Primary and Secondary Autonomic Function 
and Repolarization Outcomes 

Outcomea

0 ppb 70 ppb 120 ppb

N Mean SD N Mean SD N Mean SD

T-wave amplitude, 5 min (µV)
Pre-exposure 85 661.9 295.7 87 652.6 282.3 84 662.4 295.3
During exposure exercise 6 83 660.8 281.2 86 681.3 298.0 83 687.6 294.8
15-min Post-exposure 85 808.2 329.4 87 819.1 316.8 84 827.8 344.5
4-hr Post-exposure 85 697.7 313.7 87 708.8 300.9 83 714.2 319.8
22-hr Post-exposure 83 728.6 313.5 84 708.4 301.4 78 716.5 326.8

T–wave amplitude, 24 hr (µV) 86 651.4 278.8 87 648.5 273.9 85 652.6 280.9

QTc, 5 min (ms)
Pre-exposure 85 425.4 16.3 87 426.8 16.4 84 425.1 17.2
During exposure exercise 6 84 430.0 18.4 87 432.0 19.0 83 431.0 22.5
15-min Post-exposure 85 421.8 18.0 87 422.7 17.9 84 419.9 18.5
4-hr Post-exposure 85 424.7 19.9 87 424.4 17.5 83 423.1 18.0
22-hr Post-exposure 83 416.4 18.9 84 419.5 16.7 78 418.3 19.8

ST in V5, 5 min (µV)
Pre-exposure 85 24.9 37.5 87 23.4 34.2 84 24.6 34.5
During exposure exercise 6 84 8.2 52.0 87 7.7 51.6 83 13.4 55.1
15-min Post-exposure 85 33.1 39.8 87 32.5 37.9 84 34.0 38.6
4-hr Post-exposure 85 27.4 37.2 87 26.1 33.7 83 28.2 34.7
22-hr Post-exposure 83 30.6 37.7 84 28.4 35.9 78 27.8 36.2

ST in V5, 24 hr (µV) 86 23.7 37.7 87 22.8 35.7 85 24.4 35.8

ST in V2, 5 min (µV)
Pre-exposure 85 92.6 63.7 87 94.4 63.4 84 98.7 61.7
During exposure exercise 6 84 67.0 58.2 87 66.4 57.8 83 72.1 60.1
15-min Post-exposure 85 97.2 67.4 87 98.7 64.9 84 107.4 68.5
4-hr Post-exposure 85 92.2 70.2 87 95.7 70.7 83 97.1 66.3
22-hr Post-exposure 83 97.6 62.0 84 97.5 62.4 78 105.0 63.0

ST in V2, 24 hr (µV) 86 79.0 56.8 87 79.6 54.0 85 84.7 55.8

ST in lead II, 5 min (µV)
Pre-exposure 85 30.3 43.5 87 31.8 41.5 84 32.8 42.9
During exposure exercise 6 84 7.0 57.8 87 8.0 60.7 83 10.1 56.6
15-min Post-exposure 85 41.8 44.5 87 45.0 44.0 84 43.9 43.5
4-hr Post-exposure 85 34.4 43.6 87 37.1 42.4 83 38.7 42.7
22-hr Post-exposure 83 38.1 41.9 84 38.7 40.9 78 36.4 43.9

ST in lead II, 24 hr (µV) 86 28.6 41.7 87 30.7 41.8 85 30.2 42.0

a Primary outcomes are bolded.
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70 ppb ozone exposure caused no change (0.1 µV; 95% CI,
�3.6 to 3.8; P = 0.943) (Table 15 and Appendix Table
B.1.22b). However, we observed no such effects of ozone
on 24-hour-average ST segment changes measured in leads
V5 or II.

We did not find any statistically significant interactions
between ozone exposure and age for any biomarker of
repolarization.

Independent of ozone exposure level, we observed a
marginally significant difference by sex in 5-minute

T-wave amplitude (P = 0.011), a significant difference in
24-hour T-wave amplitude (P < 0.001), a marginally signifi-
cant difference in 5-minute average QTc (P = 0.039), and a
significant difference in 24-hour ST segment change in V5 (P
< 0.001), with T-wave amplitude and ST in V5 decreasing,
and QTc increasing, in women relative to men (Appendix
Tables B.1.5e, B.1.6e, B.1.18e, and B.1.8e, respectively).

In addition, we observed marginally significant interac-
tions between sex and ozone exposure for 5-minute
average QTc (P = 0.034) (Appendix Table B.1.18e). Ozone

Figure 3. Effect of ozone on HF, LF, RMSSD, and HR (5 min averages). Changes from pre-exposure in (A) HF, (B) LF, (C) RMSSD, and (D) HR, for exposures to
0, 70, and 120 ppb ozone at 15 min, 4 hr, and 22 hr post-exposure. Pre-exposure mean and SD values are shown as an insert. The whiskers represent 95% CIs.

(Continues next page)
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caused a larger decrease in 5-minute QTc from pre- to post-
exposure in females compared to males when exposed to
70 ppb compared to 0 ppb ozone (�4.2 ms; 95% CI, �7.4 to
�1.0; P = 0.010) but not when comparing 120 ppb to 0 ppb
ozone exposure (�2.7 ms; 95% CI, �5.9 to 0.5; P = 0.101)
(Appendix Table B.1.18f), but not for either 5-minute (P =
0.70) or 24-hour-average T-wave amplitude (P = 0.05).
There was no significant ozone–sex interaction for either
5-minute (P = 0.70) or 24-hour-average T-wave amplitude
(P = 0.05) (Appendix Tables B.1.5e and B.1.6e).

We did observe a statistically significant interaction
between ozone exposure and GSTM1 status for 5-minute-
average QTc (P = 0.009), a secondary outcome. In GSTM1-
sufficient relative to GSTM1-null subjects, QTc decreased
after exposure to 120 relative to 0 ppb exposure (�5.1 ms;
95% CI, �8.3 to �1.8; P = 0.002), but not after exposure to
70 relative to 0 ppb ozone (�2.2 ms; 95% CI, �5.4 to 0.9; P =
0.167). (See Appendix Tables B.1.18h and B.1.18i.) How-
ever, the interactions between ozone exposure and GSTM1
status for 5-minute-average and 24-hour-average T-wave

Figure 3. (Continued)
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Table 13. Main Analyses: Ozone Effects on Autonomic Function 

Outcomea
Ozone
(ppb)

Differences in 
Effect Estimatesb 95% CI

Type III SS
P Value

HF 
(ms2; 5 min)

120 545.3 9.1 to 1,081.4

0.06770 �13.0 �540.6 to 514.7

0 — —

LF 
(ms2; 5 min)

120 150.8 �27.0 to 328.5

0.10970 �25.4 �200.2 to 149.5

0 — —

Ln of RMSSD 
(ms; 24 hr)

120 �0.012 �0.071 to 0.046

0.81170 0.006 �0.052 to 0.064

0 — —

LF/HF
(5 min)

120 0.04 �0.54 to 0.63

0.92170 0.12 �0.46 to 0.70

0 — —

RMSSD 
(ms; 5 min)

120 2.9 0.2 to 5.7

0.11670 1.3 �1.4 to 4.0

0 — —

SDNN
(ms; 5 min)

120 �1.3 �5.8 to 3.3

0.75770 �1.6 �6.1 to 2.9

0 — —

SDNN
(ms; 24 hr)

120 2.4 �1.7 to 6.5

0.51470 1.0 �3.0 to 5.1

0 — —

HR 
(beats/min; 5 min)

120 �0.4 �1.3 to 0.5

0.65070 �0.3 �1.2 to 0.6

0 — —

Ln of HF
(ms; 24 hr)

120 0.003 �0.092 to 0.098

0.73070 �0.031 �0.126 to 0.063

0 — —

Ln of LF 
(ms; 24 hr)

120 0.000 �0.064 to 0.064

0.93070 �0.010 �0.074 to 0.053

0 — —

HR 
 (beats/min; 24 hr)

120 0.3 �0.6 to 1.1

70 0.3 �0.5 to 1.2 0.736

0 — —

a Primary outcomes are bolded.

b Change from pre- to post-exposure for each ozone concentration, compared to change from pre- to post-exposure at 0 ppb.
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Table 14. Main Analysis: Ozone Effects on Autonomic and Repolarization Outcomes During Exposure Exercise 6

Outcomea
Ozone
(ppb)

Differences in 
Effect Estimatesb 95% CI

Type III SS
P Value

HF
(ms2; 5 min) 

120 474.7 �207.2 to 1,156.6

0.39070 219.5 �454.9 to 893.9

0 — —

LF 
(ms2; 5 min) 

120 64.8 �122.3 to 251.9

0.54970 101.7 �83.0 to 286.5

0 — —

RMSSD 
(ms; 5 min) 

120 �0.7 �5.7 to 4.3

0.91470 0.4 �4.5 to 5.3

0 — —

SDNN 
(ms; 5 min) 

120 �1.2 �9.2 to 6.9

0.96070 �0.5 �8.4 to 7.5

0 — —

HR 
(beats/min; 5 min) 

120 0.1 �1.9 to 2.1

0.79070 0.6 �1.3 to 2.6

0 — —

T-wave amplitude
(µV; 5 min)

120 22.2 �6.6 to 51.0

0.06470 33.7 5.2 to 62.3

0 — —

QTc B 
(ms; 5 min)

120 1.6 �2.0 to 5.1

70 1.1 �2.4 to 4.6 0.663

0 — —

ST in V5
(µV; 5 min)

120 5.2 �0.6 to 10.9

0.18270 1.2 �4.4 to 6.9

0 — —

ST in lead II
(µV; 5 min)

120 0.3 �4.2 to 4.7

0.98270 �0.2 �4.5 to 4.2

0 — —

ST in V2
(µV; 5 min)

120 �1.4 �6.8 to 4.1

70 �2.2 �7.5 to 3.2 0.722

0 — —

a Primary outcomes are bolded.

b Change from pre- to during-exposure (exercise 6) for each ozone concentration, compared to change from pre- to post-exposure at 0 ppb.
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Figure 4. Effect of ozone on T-wave amplitude, QTc, ST segment lead V5, and ST segment lead V2 (5 min averages). Changes from pre-exposure in (A) T-
wave amplitude, (B) QTc, (C) ST segment in lead V5, and (D) ST segment in lead V2 for exposures to 0, 70, and 120 ppb ozone 15 min, 4 hr, and 22 hr post-
exposure. Pre-exposure mean and SD values are shown as an insert. The whiskers represent 95% CIs. (Continues next page)
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Figure 4. (Continued)
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amplitude, both primary outcomes, were not significant
(P = 0.060 and P = 0.594 respectively). (See Appendix Tables
B.1.5g and B.1.6g.)

We also examined changes in 5-minute averages of ECG
outcomes of repolarization from pre-exposure to exposure
exercise 6 (primary: T-wave amplitude and ST in V5; sec-
ondary: QTc, ST in II, and ST in V2). As shown in Table 12,
values of ST in V5, ST in lead II, and ST in V2 were

substantially lower during exercise 6 than during the pre-
exposure and three post-exposure time periods for all
three ozone exposures. In contrast, QTc and T-wave ampli-
tude values during exercise 6 were similar to measures
made during both the pre- and post-exposure periods.
Consistent with our analysis of the post-exposure
5-minute periods, there were no statistically significant
ozone effects on any of the repolarization markers during

Table 15. Main Analyses: Ozone Effects on Repolarization 

Outcomea Ozone (ppb)
Differences in 

Effect Estimatesb 95% CI
Type III SS

P Value

T-wave amplitude
(µV; 5 min)

120 6.4 �8.0 to 20.7

0.33370 10.6 �3.5 to 24.8

0 — —

T-wave amplitude 
(µV; 24 hr)

120 �4.3 �20.3 to 11.7

0.47770 �9.8 �25.7 to 6.1

0 — —

QTc
(ms; 5 min)

120 0.1 �1.5 to 1.7

0.98570 0.0 �1.6 to 1.5

0 — —

ST in lead V5
(µV; 5 min)

120 0.3 �1.5 to 2.1

0.93270 0.3 �1.5 to 2.1

0 — —

ST in lead V5
(µV; 24 hr)

120 0.3 �2.3 to 2.9

0.49170 �1.2 �3.7 to 1.4

0 — —

ST in lead II
(µV; 5 min)

120 �0.4 �2.5 to 1.7

0.57270 0.7 �1.4 to 2.8

0 — —

ST in lead II
(µV; 24 hr)

120 1.1 �2.8 to 5.0

0.67270 1.7 �2.1 to 5.6

0 — —

ST in V2
(µV; 5 min)

120 1.5 �1.1 to 4.0

0.40370 �0.1 �2.6 to 2.4

0 — —

ST in V2
(µV; 24 hr)

120 4.7 1.0 to 8.5

0.01970 0.1 �3.6 to 3.8

0 — —

a Primary outcomes are bolded.

b Change from pre- to post-exposure for each ozone concentration, compared to change from pre- to post-exposure at 0 ppb.
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exercise 6 (Table 14). For more details on these analyses,
see Appendix C.1.

Arrhythmia We found no statistically significant effect
of ozone exposure on ventricular or supraventricular
arrhythmia. We quantified ventricular ectopy and supra-
ventricular ectopy in each 24-hour Holter recording,
including single premature beats, couplets, and runs.
There were no differences among ozone exposures in the
percentage of VE and SE singles and VE and SE couplets or
runs (Table 16). In addition, the distribution of VE and SE
singles, couplets, and runs (for subjects with at least one
single, or one couplet or run) was very similar for each
ozone exposure level (Table 17).

In our mixed model analyses (Table 18), there was a
marginally significant association between ozone expo-
sure and the odds ratios (OR) of VE couplets or runs when
comparing the 70 ppb and 0 ppb exposures (OR = 2.51;
95% CI, 1.03 to 6.07; P = 0.042) but not when comparing
the 120 ppb and 0 ppb ozone exposures (OR = 1.71; 95%
CI, 0.69 to 4.26; P = 0.243). Further, there was no clear
concentration–response relationship as the largest OR was
for the 70 ppb exposure rather than the 120 ppb exposure.
Similarly, there was no association between ozone expo-
sure and the odds of SE couplets or runs, either when

comparing the 70 ppb and 0 ppb ozone exposures (OR =
1.11; 95% CI, 0.55 to 2.23; P = 0.777) or when comparing
the 120 ppb and 0 ppb exposures (OR = 0.61; 95% CI, 0.30
to 1.21; P = 0.158). We did not evaluate interactions be-
tween ozone and age, sex, and GSTM1 on the odds of VE or
SE, because of the small number of VE and SE events in
this healthy study population. These results do not sup-
port effects of ozone exposure on VE or SE. For more de-
tails on the results of the statistical analyses, see Appendix
B, sections 23 and 24.

Similarly, we counted the number of single VE and SE
beats and the number of VE and SE couplets or runs during
the 3-hour exposure periods. The percentages of ECG
recordings with at least 1 VE single beat, at least 1 SE
single beat, at least 1 VE couplet or run, and at least 1 SE
couplet or run were similar across the three ozone expo-
sures (0 ppb, 70 ppb, 120 ppb) (Table 16). However, the
number of recordings with at least 1 VE or SE couplet or
run was small for all ozone exposures. Further, among
those with any single ectopic beats on their recording, the
number of VE and SE events was similar across ozone
exposures (Table 17). The mixed model analyses of cou-
plets and runs did not show any effect of ozone (Table 18),
consistent with the results of the 24-hour analyses.

Table 16. Number and Percent of Subjects With any VE and SE Singles and With Any Couplets or Runs by
Ozone Concentration 

Outcome
Ozone

Concentration

�1 Ectopic Beat �1 Couplet or Run

N % N %

24-hr Recording From Pre- to Post-Exposure
VE 0 ppb (N = 86) 76 88 13 15

70 ppb (N = 86) 70 81 23 27
120 ppb (N = 85) 75 88 18 21

SE 0 ppb (N = 86) 84 98 54 63
70 ppb (N = 86) 83 97 56 65

120 ppb (N = 85) 82 96 45 53

3-hr Recording During Exposure
VE 0 ppb (N = 85) 36 42 3 4

70 ppb (N = 86) 36 42 8 9
120 ppb (N = 83) 38 46 4 5

SE 0 ppb (N = 85) 59 69 17 20
70 ppb (N = 86) 59 69 13 15

120 ppb (N = 83) 52 63 10 12
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Table 17. Distribution of VE Singles, SE Singles, VE Couplets or Runs, and SE Couplets or Runs Among Subjects with at 
Least 1, by Ozone Exposurea

Measure

0 ppb 70 ppb 120 ppb

N % N % N %

24-hr Recording From Pre- to Post-Exposure
VE singles N = 76 N = 70 N = 75

1–5 40 53 34 49 37 49
6–10 9 12 5 7 11 15
11–100 17 22 17 24 18 24
101–1,000 8 11 12 17 7 9
1,001–10,000 1 1 1 1 1 1
>10,000 1 1 1 1 1 1

SE singles N = 84 N = 83 N = 82
1–5 13 14 14 17 19 23
6–10 14 17 14 17 16 20
11–100 49 58 45 54 43 52
101–1,000 6 7 5 6 9 11
1,001–10,000 4 5 5 6 5 6
>10,000 0 0 0 0 0 0

VE couplets or runs N = 13 N = 23 N = 18
1 8 62 12 52 10 56
2 1 8 6 26 3 17
3 1 8 2 9 1 6
4+ 3 23 3 13 4 22

SE couplets or runs N = 54 N = 56 N = 45
1 17 31 17 30 12 27
2 7 13 11 20 8 18
3 5 9 5 9 4 9
4+ 25 46 23 41 21 47

3-hr Recording During Exposure
VE singles N = 36 N = 36 N = 38

1–5 25 69 21 58 25 66
6–10 5 14 6 17 4 11
11–100 5 14 8 22 6 16
>100 1 3 1 3 3 8

SE singles N = 59 N = 59 N = 52
1–5 44 75 43 73 33 63
6–10 7 12 7 12 6 12
11–100 5 8 6 10 10 19
>100 3 5 3 5 3 6

VE couplets or runs N = 3 N = 8 N = 4
1 1 33 3 38 1 25
2 0 0 2 25 0 0
3 0 0 1 13 1 25
4+ 2 67 2 25 2 50

SE couplets or runs N = 17 N = 13 N = 10
1 12 71 7 54 7 70
2 3 18 1 6 0 0
3 0 0 2 12 0 0
4+ 2 12 3 18 3 30

a Raw data can be found in Appendices B.1 and C.1 (available on the HEI website). N = number of subjects. 
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Effects of Ozone on Systemic Inflammation, Oxidative 
Stress, and Vascular Function

Systemic Inflammation and Oxidative Stress Ozone
caused no change in plasma CRP, IL-6, 8-isoprostane, or
P-selectin. We measured CRP (primary outcome) and IL-6,
markers of systemic inflammation that have been associated
with risk of adverse cardiovascular outcomes; 8-isoprostane,
a marker of lipid peroxidation that has been used as a
marker of oxidative stress; and P-selectin, an adhesion
molecule that is a marker of endothelial cell activation, at
three time points, the day prior to exposure and 4 hours
and 22 hours after exposure. The descriptive statistics are
shown in Table 19, and the model’s results are shown in
Table 20. The distribution of values for CRP is skewed (see
Table 21 and Figure 5). In linear regression analysis, there
were no statistically significant associations of ozone with
any of these biomarkers, and no interactions with sex, age,
or GSTM1 status. For details on the results of the statistical
analyses see Appendix B.2. In a sensitivity analysis, there
were no significant ozone effects on CRP when subjects
with baseline CRP values above the median were excluded
(see Appendix Table B.2.3).

Ozone caused a decrease in plasma nitrotyrosine after
120 ppb, but not after 70 ppb exposure. We measured
nitrotyrosine (secondary outcome), a metabolite of nitric
oxide (NO) and a marker of oxidative stress, at three time
points: the day prior to exposure and 4 hours and 22 hours
after exposure. In linear regression analysis, ozone effects
on nitrotyrosine were marginally statistically significant (P
= 0.016) (Table 20). While there was no change in nitroty-
rosine after 70 ppb at either time point, there was a statisti-
cally significant decrease after 120 ppb (P = 0.005, Figure 6,
panel A). We found no significant interaction of ozone
with sex, age, or GSTM1 status. (See Appendix B.2.10.).

Vascular Function Ozone caused no change in blood
pressure. We measured systolic BP (primary outcome) and
diastolic BP on the day before exposure, 30 minutes pre-
exposure, twice during exposure rest periods, and at
15 minutes, 4 hours, and 22 hours after exposure. The
descriptive statistics for these and the other vascular func-
tion variables are shown in Table 19, and the results are
shown in Table 20. There were changes in both SBP and
DBP over time, independent of ozone exposure, with DBP

Table 18. Relative Odds (and 95% Confidence Interval) of a VE or SE Couplet or Run Associated With 70 ppb and 
120 ppb Ozone Exposures, Compared to 0 ppb Ozone Exposure

Outcome / Recording
Ozone Exposure

(ppb) Odds Ratio 95% CI P Value

VE Couplets or Runs

24-HR RECORDING
FROM PRE- TO POST-EXPOSURE

120 1.71 0.69 to 4.26 0.243
70 2.51 1.03 to 6.07 0.042

0 1.00

3-hr Recording 
during exposure

120 1.48 0.27 to 8.07 0.649
70 3.70 0.80 to 17.22 0.094

0 1.00

SE Couplets or Runs
24-hr Recording 
from pre- to post-exposure

120 0.61 0.30 to 1.21 0.158
70 1.11 0.55 to 2.23 0.777

0 1.00
3-hr Recording 
during exposure

120 0.49 0.19 to 1.26 0.138
70 0.67 0.28 to 1.61 0.361

0 1.00
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Table 19. Descriptive Statistics of Primary and Secondary Inflammatory and Vascular Outcomes 

Outcomea

0 ppb 70 ppb 120 ppb

N Mean SD N Mean SD N Mean SD

CRP (mg/L)
Pre-exposure 85 2.72 3.56 85 2.94 3.66 84 3.05 4.01
4-hr Post-exposure 85 2.49 3.42 85 2.48 3.43 84 2.71 3.67
22-hr Post-exposure 82 2.75 3.66 85 2.81 3.83 82 2.70 3.84

IL-6 (pg/mL)
Pre-exposure 85 3.25 3.14 85 3.26 3.03 84 3.03 2.65
4-hr Post-exposure 85 3.28 2.85 85 2.84 2.21 84 2.83 2.34
22-hr Post-exposure 82 3.34 2.80 85 3.31 3.33 82 2.89 2.73

8-Isoprostane (pg/mL)
Pre-exposure 85 61.65 30.12 85 61.07 31.49 84 61.99 33.72
4-hr Post-exposure 85 57.98 27.13 85 55.38 25.11 84 59.55 30.86
22-hr Post-exposure 82 63.00 32.74 85 59.89 28.69 82 60.40 26.29

Nitrotyrosine (nM)
Pre-exposure 85 621.6 885.8 85 641.0 1,066.7 84 606.5 807.2
4-hr Post-exposure 85 629.3 905.2 85 659.1 1,169.0 84 592.9 758.6
22-hr Post-exposure 82 678.0 1,010.3 85 647.6 1,138.5 82 514.9 437.0

P-selectin (ng/mL)
Pre-exposure 85 68.59 76.95 85 69.93 69.88 84 65.43 55.57
4-hr Post-exposure 85 63.09 48.74 85 55.62 35.02 84 62.10 41.30
22-hr Post-exposure 82 116.71 285.96 85 77.06 85.65 82 84.26 141.08

SBP (mmHg)
Pre-exposure 87 111.9 11.8 87 111.9 11.8 87 112.2 10.5
During exposure (rest period 2) 87 110.9 11.4 87 112.2 10.2 87 111.4 11.4
During exposure (rest period 4) 87 111.7 11.7 87 110.4 10.4 87 110.1 10.2
15-min Post-exposure 87 110.5 11.2 87 109.6 9.6 87 110.0 9.9
4-hr Post-exposure 87 113.9 11.8 87 113.1 10.6 87 113.7 10.1
22-hr Post-exposure 87 110.2 11.8 87 112.1 10.9 87 112.4 10.6

DBP (mmHg)
Pre-exposure 87 67.3 8.4 87 67.3 8.0 87 67.7 7.1
During exposure (rest period 2) 87 70.9 7.4 87 71.1 7.5 87 70.8 7.2
During exposure (rest period 4) 87 71.6 7.2 87 72.0 7.1 87 71.9 6.7
15-min Post-exposure 87 71.5 7.4 87 71.2 7.1 87 71.2 6.3
4-hr Post-exposure 87 69.3 8.7 87 68.7 7.7 87 69.2 7.5
22-hr Post-exposure 87 68.0 9.0 87 68.5 8.0 87 68.8 8.4

FMD (%)
Pre-exposure 75 5.1 2.9 74 5.1 2.9 75 5.1 3.0
4-hr Post-exposure 75 5.9 2.6 74 5.9 3.3 75 5.7 3.3

VTI (cm)
Pre-exposure 83 77.8 27.3 84 77.1 25.1 78 75.5 25.0
4-hr Post-exposure 83 75.2 24.1 84 75.7 25.9 78 76.6 23.6

BAD (mm)
Pre-exposure 80 3.48 0.72 81 3.47 0.71 80 3.47 0.71
4-hr Post-exposure 80 3.42 0.66 81 3.42 0.70 80 3.43 0.69

ET-1 (pg/mL)
Pre-exposure 85 1.27 0.42 85 1.26 0.35 84 1.18 0.40
4-hr Post-exposure 85 1.24 0.43 85 1.22 0.36 84 1.24 0.47
22-hr Post-exposure 82 1.23 0.51 85 1.17 0.40 82 1.20 0.44

Fibrinogen (µg/mL)
Pre-exposure 85 1,649.4 2,270.0 85 1,790.0 2,118.4 84 1,319.0 1,304.7
4-hr Post-exposure 85 1,459.2 1,836.7 85 1,520.8 1,625.4 84 1,346.0 1,321.3
22-hr Post-exposure 82 1,657.1 2,069.0 85 1,544.9 1,795.9 82 1,749.0 1,864.5

WBC count (1,000/µL)
Pre-exposure 85 5.9 1.4 86 5.9 1.4 86 5.9 1.5
4-hr Post-exposure 85 6.3 1.6 86 6.2 1.6 85 6.3 1.7
22-hr Post-exposure 81 5.0 1.4 86 5.0 1.5 82 4.9 1.3

a Primary outcomes are bolded.
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Table 20. Main Analysis: Ozone Effects on Inflammatory and Vascular Outcomes

Outcomea Ozone (ppb)
Differences in Effect 

Estimatesb 95% CI Type III SS P Value

CRP (mg/L) 120 �0.15 �0.54 to 0.23

0.65570 �0.16 �0.54 to 0.23

0 — —

IL-6 (pg/mL) 120 �0.22 �0.73 to 0.29

0.56770 �0.25 �0.75 to 0.26

0 — —

8-Isoprostane (pg/mL) 120 �0.88 �5.87 to 4.10

0.74970 �1.91 �6.85 to 3.04

0 — —

Nitrotyrosine (nM) 120 �41.5 �70.1 to �12.8

0.01770 �14.2 �42.7 to �14.2

0 — —

P-selectin (ng/mL) 120 �14.06 �42.37 to 14.26

0.23570 �24.28 �52.41 to 3.85

0 — —

SBP (mm Hg) 120 �1.3 �3.7 to 1.2

0.95070 �0.6 �3.1 to 1.8

0 — —

SBP (mm HG)
(during exposure)

120 �0.8 c �2.3 to 0.8

70 0.0 c �1.5 to 1.6 0.518

0 — —

DBP (mm Hg) 120 �0.1 �1.2 to 1.0

0.81670 �0.1 �1.2 to 1.0

0 — —

DBP (mm Hg)
(during exposure)

120 �0.4 c �1.3 to 0.6

70 0.2 c �0.8 to 1.2 0.546

0 — —

FMD (%) 120 �0.1 �1.1 to 0.9

0.63770 �0.6 �1.6 0.4

0 — —

VTI (cm) 120 3.9 �1.4 to 9.1

0.34270 1.3 �3.9 to 6.4

0 — —

BAD (mm) 120 0.02 �0.01 to 0.05

0.52370 0.01 �0.02 to 0.04

0 — —

ET-1 (pg/mL) 120 0.07 0.01 to 0.14

0.00870 �0.03 �0.09 to 0.04

0 — —

a Primary outcomes are bolded.

b Change from pre- to post-exposure for each ozone concentration, compared to change from pre- to post-exposure at 0 ppb, unless otherwise indicated.

c Change from pre- to during- exposure (rest periods 4 and 6) for each ozone concentration, compared to change from pre- to post-exposure at 0 ppb.
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Figure 5. Distribution of CRP values obtained the day before exposure. (A) Raw data; (B) Ln-transformed data.

Table 21. Median and IQR of Skewed Data for CRP

CRP (mg/L)

0 ppb 70 ppb 120 ppb

N Median IQR N Median IQR N Median IQR

Pre-exposure 85 1.51 (0.59 to 3.43) 85 1.91 (0.65 to 3.75) 84 1.73 (0.65 to 3.17)
4-hr Post-exposure 85 1.48 (0.65 to 2.97) 85 1.44 (0.52 to 2.87) 84 1.33 (0.67 to 2.88)
22-hr Post-exposure 82 1.39 (0.60 to 3.60) 85 1.40 (0.63 to 3.27) 82 1.45 (0.72 to 3.61)

increasing during and 15 minutes after exposure and SBP
increasing 4 hours after exposure (Figure 7). However, in
linear regression analysis, we observed no statistically sig-
nificant effects of ozone on either SBP or DBP (Table 20),
and there were no significant interactions with sex, age, or
GSTM1 status (see Appendix B.2.2 and B.2.6).

Ozone caused no change in brachial artery ultrasound
parameters. Flow-mediated dilatation (primary outcome)
was measured the day prior to exposure and four hours
post-exposure. While there was a slight increase in FMD
after all three exposures (Table 19), no statistically signifi-
cant difference was observed due to ozone. In linear
regression analysis (Table 20), we found no interaction
with sex, age, or GSTM1 status (Appendix B.2.4). In sensi-
tivity analyses, exclusion of FMD measurements judged to
have lower image quality did not change the results.
Ozone exposure did not significantly alter FMD when

subjects with poorer baseline vascular function (FMD �5%)
were excluded. Further, FMD was unaffected when subjects
were stratified by baseline CRP (see Appendix B.2.4).

Two additional secondary measures of vascular function
obtained during BAU sessions — brachial artery diameter
and velocity time integral — were unaffected by ozone.
BAD increased 0.08 mm in women relative to men after
exposure (95% CI, 0.02 to 0.14; P = 0.013), independent of
ozone (Appendix Table B.2.8f). We observed no statisti-
cally significant interaction of changes in BAD with sex,
age, or GSTM1 status (Appendix B.2.8). For VTI there was
a marginally significant interaction with age (P = 0.044).
For each year of increasing age, and relative to air expo-
sure, VTI increased 1.3 cm after 70 ppb (P = 0.021) and 1.2
cm after 120 ppb ozone (P = 0.049) (Appendix Table B.2.7c
and d). There was no significant interaction with either sex
or GSTM1 status (see Appendix Tables B.2.7 and B.2.8).
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Figure 6. Effect of ozone on ET-1 and nitrotyrosine. Changes from pre-exposure in (A) ET-1 and (B) nitrotyrosine for exposures to 0, 70, and 120 ppb ozone
at 4 hr and 22 hr post-exposure. Pre-exposure mean and SD values are shown as an insert. The whiskers represent 95% CIs.

Ozone increased plasma endothelin-1 after 120 ppb, but
not after 70 ppb exposure. We measured ET-1 (secondary
outcome), a potent vasoconstrictor produced by endothelial
cells, at three time points: the day prior to exposure and 4
hours and 22 hours after exposure. The changes from pre- to
post-exposure over time are shown in Figure 6, panel B. In
linear regression analysis, ozone effects on ET-1 were statis-
tically significant (P = 0.008) (Table 20). While there was no
change in ET-1 after 70 ppb at either time point, there was a
marginally statistically significant increase after 120 ppb
compared with 0 ppb (P = 0.028, Appendix Table B.2.12b).
We found no statistically significant interactions of ozone
with sex, age, or GSTM1 genotype (Appendix B.2.12).

Effects of Ozone on Prothrombotic Vascular Status

Ozone exposure did not increase platelet activation. We
used flow cytometry to measure several markers of platelet
activation at three time points: the day prior to exposure
and approximately 4 hours and 22 hours after exposure.
Monocyte–platelet conjugates, formed when activated
platelets adhere to monocytes, is the primary outcome. We
hypothesized that ozone exposure would increase markers
of platelet activation. The descriptive statistics are shown
in Table 22, and the model results are shown in Table 23.
There were no significant ozone effects on any of the
markers of platelet activation. We found a marginally
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significant interaction between ozone and age for monocyte–
platelet conjugates (P = 0.013), with monocyte–platelet
conjugate count decreasing with increasing age after
70 ppb ozone exposure. There was a marginally significant
interaction with GSTM1 (P = 0.049): monocyte–platelet
conjugate count increased after 70 ppb but not 120 ppb
ozone exposure in sufficient relative to GSTM1-null sub-
jects (Appendix Table B.3.3g). There were no significant
interactions with sex or GSTM1 status. See Appendix B.3.3.

Ozone exposure did not affect circulating microparti-
cles. MPs originate from plasma membranes of injured or
activated platelets, endothelial cells, leukocytes, and red
blood cells. They are considered to be prothrombotic, and
may express tissue factor (TF). We used a novel approach
to quantitate MP-TFA (primary outcome) from isolated
MP, and used flow cytometry to determine counts of MP
from platelets (CD42b+), MP from activated platelets
(CD42b+ and CD62P+), and MP expressing TF (CD142+) or
CD40L. There were no significant ozone effects on MP. MP
expressing CD40L showed a significant ozone–sex interac-
tion (P < 0.001), with decreases in females relative to males
after 120 ppb ozone relative to air exposure (Figure 8 and
Appendix Table B.3.11e and f). There were no significant
age or GSTM1 interactions for these outcomes. (See
Appendix B.3.11.)

Ozone exposure did not alter plasma concentrations of
vWF or fibrinogen (secondary outcomes). vWF is released
from injured or activated endothelial cells and from plate-
lets, and is considered a marker of endothelial perturba-
tion. Fibrinogen is a coagulation factor and also a marker
of systemic inflammation. There were no main ozone

effects on vWF. We observed a marginally significant
ozone–age interaction (P = 0.018). For every 1-year
increase in age, exposure to 120 ppb ozone resulted in an
increase of 1,382 ng/mL in vWF (95% CI, �2,512 to �252;
P = 0.017). See Appendix Table B.3.5c and d.

Fibrinogen decreased with 70 ppb ozone (�157 µg/mL)
and increased with 120 ppb ozone (317 µg/mL) relative to
air exposure, with marginal statistical significance (P =
0.048) (Appendix Table B.3.6a). Relative to GSTM1-null
subjects, fibrinogen decreased 575 µg/mL (95% CI: �1,144
to �6; P = 0.048) from pre- to post-exposure in GSTM1-
sufficient subjects, independent of ozone exposure
(Appendix Table B.3.6h). However, there was no interaction
between ozone and GSTM1 status (P = 0.11), and there were
no significant age or sex interactions. (See Appendix B.3.6.)

Effects of Ozone on Lung Function, Airway 
Inflammation, and Lung Injury

Although our hypothesis focused on possible acute car-
diovascular effects of the inhalation of low levels of ozone,
we recognize that the initial effects of ozone inhalation
involve the lower airways, and that any cardiovascular
effects would be generated by mediators, or impulses,
released from airway cells. Therefore, we looked for
changes in lung function, which are known to occur
during ozone inhalation and are maximal at the end of
exposure; for cellular evidence and mediators of airway
inflammation in induced sputum obtained 22 hours after
exposure; and for evidence of airway epithelial cell injury
(increases in plasma CC16 and sputum total protein).

Figure 7. Effect of ozone on SBP. Changes from pre-exposure in SBP for exposures to 0, 70, and 120 ppb ozone at rest periods 2 and 4 during exposure and
at 4 hr and 22 hr post-exposure. Pre-exposure mean and SD values are shown as an insert. The whiskers represent 95% CIs.
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Table 22. Descriptive Statistics of Primary and Secondary Prothrombotic Vascular Outcomes 

Outcomea

0 ppb 70 ppb 120 ppb

N Mean SD N Mean SD N Mean SD

Monocyte–platelet conjugate count

Pre-exposure 78 50.1 47.7 73 47.4 42.0 76 52.9 49.7

4-hr Post-exposure 78 51.2 42.6 73 44.8 31.2 76 51.0 42.2

22-hr Post-exposure 74 45.1 40.1 73 42.7 27.8 74 49.7 41.9

Activated platelet count
Pre-exposure 82 20,927.7 21,222.8 80 18,031.1 18,312.0 82 19,654.0 16,465.4
4-hr Post-exposure 81 17,532.7 12,192.9 79 16,117.8 14,006.0 82 16,152.5 13,679.8
22-hr Post-exposure 78 20,587.0 37,302.4 79 15,922.9 14,867.4 80 16,487.2 13,555.2

MP-TFA (pg/mL)

Pre-exposure 84 0.149 0.170 84 0.130 0.178 86 0.154 0.201

4-hr Post-exposure 84 0.147 0.192 84 0.136 0.154 86 0.177 0.199

22-hr Post-exposure 80 0.143 0.150 84 0.121 0.141 84 0.152 0.159

Platelet MP count
Pre-exposure 81 5,205.2 4,028.4 80 5,101.1 2,940.9 81 5,397.6 4,112.5
4-hr Post-exposure 80 4,677.8 3,207.6 79 5,025.9 3,619.3 81 5,038.3 3,314.0
22-hr Post-exposure 77 4,236.3 2,237.8 79 4,557.0 2,554.8 79 4,948.2 3,251.6

Activated platelet MP count
Pre-exposure 81 832.3 1,076.6 80 723.0 752.1 81 763.0 561.3
4-hr Post-exposure 80 686.8 620.1 79 706.8 679.5 81 685.6 448.8
22-hr Post-exposure 77 590.8 415.8 79 603.3 427.4 79 668.1 422.4

CD142+MP count

Pre-exposure 80 25,033.5 40,847.4 80 22,555.8 32,787.7 80 29,834.9 56,386.7
4-hr Post-exposure 79 22,881.8 50,998.0 79 15,907.7 20,139.5 80 20,071.2 31,808.0
22-hr Post-exposure 76 15,082.1 23,611.4 79 17,851.5 31,657.5 78 19,492.0 28,543.7

CD40 Ligand+ MP count
Pre-exposure 80 33,283.4 57,668.5 80 32,007.5 48,664.5 80 37,502.8 66,018.2
4-hr Post-exposure 79 30,629.2 60,380.1 79 23,561.1 31,098.3 80 24,390.1 31,387.4
22-hr Post-exposure 76 21,909.8 30,699.2 79 20,977.3 23,635.2 78 26,681.8 36,682.2

Platelet count (1,000/µL)
Pre-exposure 84 236.8 51.8 85 237.2 59.3 85 233.9 51.3
4-hr Post-exposure 83 231.4 48.5 85 230.7 61.2 84 228.8 52.3
22-hr Post-exposure 80 230.3 54.9 85 226.7 61.5 81 225.9 52.7

vWF (ng/mL)
Pre-exposure 85 23,774.0 24,127.0 85 22,101.0 26,088.1 84 22,450.3 21,076.3
4-hr Post-exposure 85 23,606.5 26,519.2 85 23,198.3 26,646.7 84 21,234.9 19,271.9
22-hr Post-exposure 82 24,703.3 25,631.4 85 22,359.2 36,850.5 82 21,645.4 24,122.8

Fibrinogen (µg/mL)
Pre-exposure 85 1,649.4 2,270.0 85 1,790.0 2,118.4 84 1,319.0 1,304.7
4-hr Post-exposure 85 1,459.2 1,836.7 85 1,520.8 1,625.4 84 1,346.0 1,321.3
22-hr Post-exposure 82 1,657.1 2,069.0 85 1,544.9 1,795.9 82 1,749.0 1,864.5

a Primary outcomes are bolded.
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Table 23. Main Analysis: Ozone Effects on Prothrombotic Vascular Outcomes

Outcomea  Ozone (ppb)
Differences in Effect 

Estimatesb 95% CI
Type III SS

P Value

Monocyte–platelet 
conjugates (count)

120 �0.2 �6.8 to 6.4

0.87370 �1.6 �8.3 to 5.0

0 — —

Activated platelets 
(count)

120 �1,437.3 �5,686.6 to 2,812.0

0.78170 �314.3 �4,591.6 to 3,962.1

0 — —

MP-TFA (pg/mL) 120 0.009 �0.030 to 0.048

0.77270 �0.005 �0.044 to 0.034

0 — —

Platelet MP (count) 120 213.7 �382.6 to 810.0

0.52470 341.7 �256.9 to 940.3

0 — —

Activated platelet MP 
(count)

120 75.3 �92.6 to 243.2

0.51470 92.9 �75.7 to 261.5

0 — —

CD142 MP (count) 120 �4,444.2 �12,932.0 to 4,043.6

0.55170 �927.1 �9,418.6 to 7,564.3

0 — —

CD40L MP (count) 120 �6,516.9 �15,307.0 to 2,273.6

0.30670 �5,186.7 �13,984.0 to 3,610.7

0 — —

Platelet count 
(1,000/µL)

120
70

0

1.3
�1.5
—

(�1.7 to 4.4)
(�4.5 to 1.6)

—
0.190

vWF (ng/mL) 120 �1,527.6 �6,719.4 to 3,664.2

0.76570 246.3 �4,913.4 to 5,406.0

0 — —

Fibrinogen (µg/mL) 120 317.3 �67.8 to 702.4

0.04870 �157.3 �539.9 to 225.4

0 — —

a Primary outcomes are bolded.

b Change from pre- to post-exposure for each ozone concentration, compared to change from pre- to post-exposure at 0 ppb.

Because these outcomes addressed secondary hypotheses
they were considered secondary. The descriptive statistics
are shown in Table 24, and the model’s results are shown
in Table 25. Results of the statistical analyses can be found
in Appendix B.4.

FEV1 and FVC increased after exposure to 0 ppb; ozone
attenuated this increase. The FEV1 increased significantly
15 minutes after 0 ppb exposure (t test: by 85 mL; 95% CI,

64 to 106; P < 0.001), and remained significantly increased
from pre-exposure at 22 hours (by 45 mL; 95% CI, 26 to 64;
P < 0.001). The increase in FVC followed a similar pattern,
with a statistically significant increase at 15 minutes (by
73 mL; 95% CI, 45 to 101; P < 0.001), which became mar-
ginally significant 22 hours after exposure (by 25 mL; 95%
CI, 4 to 47; P = 0.023).
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Ozone exposure attenuated these increases in FEV1 (P =
0.003) and FVC (P = 0.011) in a concentration–response
pattern (Table 25 and Figures 9 A and B). The largest
increases followed 0 ppb (clean air) exposure, with smaller
increases at 70 ppb and minimal, if any, increases at
120 ppb. There was no significant ozone-by-time interac-
tion (FEV1, P = 0.589; FVC, P = 0.628; Appendix B.4 Tables
B.4.9i and B.4.10i, respectively), reflecting a persistent
ozone effect at 22 hours after exposure. The ozone effects
on FEV1 and FVC did not differ by site, age, sex, or GSTM1
status. (See Appendix B.4, sections 9 and 10.)

There is no suggestion of a subgroup with larger ozone
responses. The distribution of individual changes in FEV1
15 minutes after 0 ppb and 120 ppb ozone are shown in
Figure 10. The distribution curve after 120 ppb is slightly,
but rather uniformly, shifted left compared with 0 ppb
ozone exposure. 

We found no significant ozone effect on either
FEV1/FVC or FEF25–75 (Table 25 and Appendix B.4, sec-
tions 11 and 12). 

Ozone increased sputum PMN 22 hours after exposure.
The sputum PMN % increased with ozone concentration
(Figure 11), with marginal statistical significance (P = 0.012,

Table 25). PMN % increased 8.2 percentage points (95% CI;
2.8 to 13.5) after 120 ppb compared to 0 ppb ozone (P = 0.003)
(Appendix Table 25 and B.4.6b). The values of the sputum
markers were highly skewed (see Table 26). Therefore we
also ran the model using the natural logarithm (Ln) of the
values. The results are shown in Table 27 (and in Appendix
B.4). PMN count (Ln value) also showed a positive but non-
significant association with increasing ozone concentra-
tion (Appendix B.4.7). The sputum total protein, IL-6, IL-8,
and TNF-� Ln values were unaffected by ozone. We found
no interactions with sex, age, or GSTM1 status. (See
Appendix B.4, sections 2–4.)

Ozone increased plasma CC16 4 hours after exposure.
Plasma CC16 increased with increasing ozone concentra-
tions (P < 0.001; see Table 25) with the greatest effect 4
hours after exposure to 120 ppb (Figure 12). CC16 levels 22
hours after exposure increased relative to pre-exposure,
but with no ozone effect. The ozone–time interaction was
significant (P < 0.001; see Table B.4.8j). We found no inter-
action with age, sex, or GSTM1 status (Appendix B.4, sec-
tion 8). There was no significant relationship between
maximum change in CC16 and PMN% after 120 ppb ozone
(see Appendix D). 

Figure 8. Effect of ozone on CD40 ligand MP count by sex. Changes from pre-exposure across 0, 70, and 120 ppb exposure sessions at 4 hr and 22 hr post-
exposure in females and males.
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Table 24. Descriptive Statistics of Lung Function, Airway Injury, and Airway Inflammation

Outcome

0 ppb 70 ppb 120 ppb

N Mean SD N Mean SD N Mean SD

FEV1 (L)

Pre-exposure 87 2.946 0.632 87 2.949 0.620 87 2.962 0.637

15-min Post-exposure 87 3.031 0.650 87 3.027 0.638 86 3.011 0.646

22-hr Post-exposure 87 2.991 0.634 87 2.971 0.621 87 2.965 0.635

FVC (L)

Pre-exposure 87 3.904 0.872 87 3.904 0.867 87 3.912 0.870

15-min Post-exposure 87 3.978 0.894 87 3.968 0.886 86 3.939 0.871

22-hr Post-exposure 87 3.930 0.877 87 3.899 0.851 87 3.891 0.866

FEV1/FVC (%)

Pre-exposure 87 75.74 4.76 87 75.80 4.89 87 75.99 4.84

15-min Post-exposure 87 76.51 4.66 87 76.57 4.71 86 76.67 4.51

22-hr Post-exposure 87 76.40 4.87 87 76.40 4.37 87 76.50 4.56

FEF25–75 (L/sec)

Pre-exposure 87 2.481 0.781 87 2.508 0.790 87 2.527 0.812

15-min Post-exposure 87 2.657 0.782 87 2.678 0.836 86 2.652 0.836

22-hr Post-exposure 87 2.586 0.778 87 2.582 0.779 87 2.596 0.786

CC16 (ng/mL)a

Pre-exposure 85 16.38 8.12 85 16.59 8.00 84 16.47 7.62

4-hr Post-exposure 85 16.69 8.10 85 17.79 7.93 84 20.46 8.80

22-hr Post-exposure 82 19.12 8.63 85 20.01 9.30 82 19.78 8.93

PMN % of totalb 61 46.8 23.7 62 50.7 22.8 62 56.2 19.3

Ln of PMN (count/mg)b 61 6.0 2.7 61 6.5 2.2 62 6.8 1.5

Ln of IL-6 (pg/mL) b 77 �0.61 1.93 80 �0.44 2.04 76 �0.55 2.34

Ln of IL-8 (pg/mL) b 78 4.59 1.91 80 4.99 1.48 76 4.65 2.40

Ln of TNF-� (pg/mL)b 78 �2.34 2.04 80 �2.35 2.42 76 �2.17 2.18

Ln of total protein (µg/mL)b 77 5.62 0.90 80 5.52 1.06 76 5.39 1.03

aMeasured in plasma on the day before exposure and 4 and 22 hours post-exposure.

bMeasured in sputum 22 hours post-exposure.

There were no significant associations among ozone-
induced changes in lung function, airway inflammation,
airway injury, or HF HRV. There were no significant rela-
tionships between maximum changes in FEV1 and PMN %,
between CC16 and PMN %, between FEV1 and CC16,
between FEV1 and HF, or between CC16 and HF, after
120 ppb ozone. Scatter plots are shown in Appendix D, Sec-
tion 2, available on the HEI website. To further examine pos-
sible relationships between ozone effects on the respiratory
outcomes (FEV1 and PMN %) and cardiovascular outcomes,
and to look for responder subgroups, subjects were divided

into two groups based on the median response to 120 ppb
ozone for each of these two respiratory variables, and sepa-
rate linear regression models were run on each group for all
primary cardiovascular outcomes. Table 28 provides
descriptive data for the groups. The complete results of
these analyses can be found in Appendix D.

Only one primary cardiovascular outcome approached
statistical significance in these subgroup analyses: mono-
cyte–platelet conjugate count for the group with � median
change in FEV1 (P = 0.03). The monocyte–platelet conjugate
count decreased by �12.0 after 70 ppb relative to 0 ppb
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Table 25. Ozone Effects on Lung Function, Airway Injury, and Airway Inflammation

Outcome
Ozone
(ppb)

Differences in 
Effect Estimatesa 95% CI

Type III SS
P Value

FEV1 (L)b 120 �0.033 (�0.051 to 0.014)
70 �0.015 (�0.033 to �0.004) 0.003

0 — —
FVC (L)b 120 �0.037 (�0.061 to �0.013)

70 �0.019 (�0.043 to 0.005) 0.011
0 — —

FEV1/FVC (%)b 120 �0.134 (�0.466 to 0.200)
70 �0.023 (�0.355 to 0.308) 0.695

0 — —

FEF25–75 (L/sec)b 120 �0.041 (�0.093 to 0.010)
70 �0.018 (�0.069 to 0.033) 0.286

0 — —
CC16 (ng/mL)c 120 1.98 (1.06 to 2.90)

70 0.69 (�0.23 to 1.60) <0.001
0 — —

PMN (% of total)d 120 8.2e (2.8 to 13.5)
70 4.1e (�1.3 to 9.4) 0.012

0 — —

a Change from pre- to post-exposure for each ozone concentration, compared to change from pre- to post-exposure at 0 ppb, unless otherwise indicated.

b Measured immediately before the exposure and 15 minutes and 22 hours post-exposure.

c Measured in plasma on the day before exposure and 4 and 22 hours post-exposure.

d Measured in sputum 22 hours post-exposure.

e Single post-exposure measurement, change from 0 ppb.

Figure 9. Effect of ozone on FEV1 and FVC. Changes from pre-exposure in (A) FEV1 and (B) FVC for exposures to 0, 70, and 120 ppb ozone at 15 min and
22 hr post-exposure. Pre-exposure mean and SD values are shown as an insert. The whiskers represent 95% CIs.
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Figure 10. Distribution of changes in FEV1 at 0 and 120 ppb ozone. Distribution of 15 min post- to pre-exposure change in FEV1 at (A) 0 ppb and
(B) 120 ppb ozone.

Figure 11. Effect of ozone on sputum PMN. (A) PMN percentage and (B) PMN count Ln values for exposures to 0, 70, and 120 ppb at 22 hr post-
exposure. The whiskers represent 95% CIs.

Table 26. Median and IQR of Skewed Data for Sputum Outcomes

Outcome

0 ppb 70 ppb 120 ppb

N Median IQR N Median IQR N Median IQR

PMN 
(count/mg)

61 594.6 (253.9 to 1,116.8) 61 839.1 (465.6 to 1,690.4) 62 1,138.2 (509.0 to 1,800.1)

IL-6 (pg/mL) 77 0.75 (0.29 to 1.93) 80 0.97 (0.29 to 2.37) 76 1.04 (0.48 to 1.92)

IL-8 (pg/mL) 78 117.67 (55.50 to 281.11) 80 165.81 (74.78 to 355.89) 76 153.46 (65.53 to 294.07)

TNF-� 
(pg/mL)

78 0.15 (0.04 to 0.33) 80 0.18 (0.04 to 0.49) 76 0.18 (0.05 to 0.34)

Total protein 
(µg/mL)

77 277.19 (165.41 to 529.17) 80 220.42 (131.99 to 479.22) 76 242.68 (117.57 to 434.36)
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Table 27. Ozone Effects on Ln-Transformed Sputum Outcomes

Outcome
Ozone
(ppb)

Differences
in Estimatesa 95% CI

Type III SS 
P Value

120 0.7 (�0.0 to 1.4)

Ln of PMN (count/mg) 70 0.5 (�0.3 to 1.2) 0.160
0 — —

120 0.10 (�0.41 to 0.62)
Ln of IL-6 (pg/mL) 70 0.25 (�0.25 to 0.75) 0.610

0 — —
120 0.02 (�0.56 to 0.60)

Ln of IL-8 (pg/mL) 70 0.38 (�0.19 to 0.96) 0.330
0 — —

120 0.09 (�0.39 to 0.57)
Ln of TNF-� (pg/mL) 70 0.01 (�0.46 to 0.48) 0.926

0 — —
120 �0.22 (�0.50 to 0.05)

Ln of Total Protein (µg/mL) 70 �0.09 (�0.37 to 0.18) 0.275

0 — —

a Single post-exposure measurement, change from 0 ppb.

Figure 12. Effect of ozone on plasma CC16. Changes from pre-exposure for exposures to 0, 70, and 120 ppb ozone at 4 hr and 22 hr post-exposure. Baseline
mean and SD values are shown as an insert. The whiskers represent 95% CIs.

ozone exposure (P = 0.007), and by �5.5 after 120 ppb rel-
ative to 0 ppb (P = 0.20) (Appendix Table D.3.2w). The
absence of a concentration response, the marginal signifi-
cance, and the absence of changes in other cardiovascular
outcomes makes this likely to be a random observation.

Site Differences

We found significant differences by study site for nine
of the health outcomes. Three of these outcomes were
primary (T-wave amplitude, 5 min; ST in lead V5, 5 min;

SBP) and six were secondary (SDNN, 24 hr; ST in lead V2,
24 hr; ST in lead II, 5 min; QTc, 5 min; VE singles 100 or
more; and DBP). None of these outcomes showed signifi-
cant ozone effects. No single site stood out as differing
from the others across these variables.

Effects of Ozone on Symptoms

Ozone exposures did not significantly affect any symp-
toms recorded by questionnaire. Some symptoms, such as
fatigue, nasal congestion, and headache, increased slightly
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over the course of the exposures, but these changes were
independent of ozone concentration.

ANALYSES OF PES AND AMBIENT AIR QUALITY 
MEASUREMENTS

Shown in Table 29 are the distributions of the personal
ozone and NO2 concentrations in the 72 hours before each
pre-exposure visit, by clinical center. Personal ozone con-
centrations were similar across the centers. Personal NO2
concentrations differed by center, with medians ranging
from 12.0 ppb for UCSF subjects, to 7.2 ppb for URMC sub-
jects, to 3.0 ppb for UNC subjects.

We also obtained ambient hourly ozone, NO2, CO, SO2,
and PM2.5 concentrations, as well as temperature and RH

measurements for the entire study period in each MOSES
clinical center (Table 30). Median ambient ozone concen-
trations were generally higher at the UNC (28.1 ppb) and
URMC monitoring sites (27.0 ppb) compared to the UCSF
site (22.8 ppb). However, median ambient NO2 and CO con-
centrations were substantially higher at the UCSF moni-
toring site (NO2: 8.9 ppb; CO: 3.4 ppm) than the UNC site
(NO2: 4.1 ppb; CO: 0.2 ppm) and the URMC site (NO2: 5.1
ppb; CO: 0.2 ppm). Although not substantially different
across sites, median hourly ambient PM2.5 concentrations
were highest at the UNC site (7.8 µg/m3), followed by the
UCSF site (7.0 µg/m3) and the URMC site (6.2 µg/m3).

These personal pollution exposure and ambient pollu-
tion data are preliminary, and these distributions may

Table 28.  Subgroups Showing FEV1 and PMN Responses after Exposure to 120 ppb Ozone

Change in FEV1 (L) Change in PMN (%)

� Mediana > Median � Medianb > Median

Male, N (%) 12 (27.9) 22 (51.2) 17 (54.8) 9 (29.0)

Female, N (%) 31 (72.1) 21 (48.8) 14 (45.2) 22 (71.0)

Age, years ± SE 59.3 ± 4.3 60.4 ± 4.8 60.0 ± 4.8 60.2 ± 4.67

Mean ± SE change �0.01 ± 0.05 0.13 ± 0.06 40.8 ± 12.6 71.7 ± 10.3

a FEV1 measured at 15 min pre- and post 120 ppb exposure. Median change in FEV1: 0.055 L. 

b PMN measured at 22 hr post 120 ppb vs. 0 ppb exposure. Median change in PMN %: 57.4.

Table 29. Distributions of PES Measurements in the 72 Hours Before the Pre-Exposure Visit, by Centera,b

Pollutant
Clinical 

Site
Subjects

(N)
PES
(N) Mean SD Minimum

Percentile

Maximum25th 50th 75th

O3 (ppb)c UCSF 26 73 3.7            3.2 �0.0            1.5 2.6            4.7 13.3

UNC 29 85 3.2            3.9 �7.0 1.3 2.6 4.5 17.6

URMC 32 93 3.9            4.6 �1.3 0.8            2.0            5.4 20.0

NO2 (ppb)c UCSF 26 73 14.4 11.0            1.0            7.9           12.0           16.6 71.3

UNC 29 85 4.2            5.8 �2.9 0.5            3.0            5.3 29.8

URMC 32 93 10.0 9.8 �1.9 4.5            7.2           12.4 72.4

a Includes data from all subjects who completed all three exposures and had a least one PES.

b Analyses are preliminary and further data cleaning and checks will be done in future analyses.

c Statistics were calculated based on the blank-corrected data. O3 = ozone. 
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change after complete data cleaning and analysis. Updated
results will be presented in a separate final report, MOSES
Part 2. That report will summarize our assessments of
whether these PES and ambient pollutant concentrations

predict pre- to post-exposure outcome changes, indepen-
dent of the controlled ozone exposures, whether they predict
pre-exposure outcome levels, and whether they modify
controlled ozone exposure effects on these outcomes.

Table 30. Distributions of Hourly Ambient Pollutant Measurements, Temperature, and Humidity During the Study 
Period, by Centera

Pollutant / 
Clinical Site N Mean SD Minimum

Percentile

Maximum25th 50th 75th 

O3 (ppb)b

UCSF 23,223 21.6 11.6 �0.5 13.8           22.8           30.0 79.8

UNC 20,544 27.6 17.5 �1.3 15.9 28.1 38.8 664.7

URMC 22,557 26.5  13.2 0.0 18.0 27.0 34.0 86.0

NO2 (ppb)

UCSF 23,164 13.3 11.2 0.4 5.0            8.9           18.6 83.7

UNCc 18,037 6.6 7.9 �0.5 2.6 4.1 7.6 430.2

URMC 20,337 7.0 6.7 �2.5 2.5 5.1 9.4 67.7

CO (ppm)

UCSF 23,226 4.0 1.9 1.4 2.8             3.4 4.5 20.3

UNC 20,435 0.2 0.1 �0.1 0.1 0.2 0.2 1.6

URMC 21,552 0.2  0.1 �0.0 0.2 0.2 0.2 1.3

SO2 (ppb)

UCSFd — — — — — — — —

UNC 17,783 0.3 1.1 �0.9 �0.1 0.1 0.4 77.8

URMC 22,596 1.0 1.6 �0.6 0.3 0.6 1.1 32.1

PM2.5 (µg/m3)

UCSF 23,666 8.8  7.3 �7.0 4.0             7.0                         12.0 146.0

UNC 19,093 9.0  8.9 0.3 5.3 7.8 11.2 313.7

URMC 22,149 7.1 5.0 �4.9 3.6 6.2 9.7 47.7

Temperature (°C)

UCSF 23,943 14.1  3.4 2.9 11.9           13.9 16.0 34.1

UNC 23,554 14.5 9.5 �14.4 6.9 15.6 22.3 35.6

URMC 22,967 10.1  11.6 �20.6 0.9 10.3 19.7 36.8

Relative humidity (%)

UCSF 17,990 75.1  16.9 12.1 67.3           79.5           87.5 98.5

UNC 23,554 66.9  20.8 15.0 50.0 70.0 86.0 101.0

URMC 22,967 66.6  19.0 14.0 53.0 68.0 82.0 103.0

a The averaging period for USCF and UNC was from July 1, 2012, through April 30, 2015. For URMC it was from July 1, 2012 through February 28, 2015 
(when subject testing was completed). The data in this table are not final and need to be cleaned and validated.

b O3 = ozone.

c NO2 was not measured directly and was calculated as all oxides of nitrogen (NOy) – NO.

d Not measured.
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DISCUSSION

The MOSES study is a randomized controlled exposure
study in which the experimental design was consistent
across the three centers. We tested the hypothesis that short-
term exposure of healthy older adults to ambient levels of
ozone would induce acute cardiovascular responses
through the following mechanisms: autonomic imbalance,
systemic inflammation leading to endothelial dysfunction,
and development of a prothrombotic vascular state.
Because aging affects these pathways, we postulated that
ozone effects would be more likely to occur in older than
younger participants, even though ozone effects on lung
function decline with increasing age. Primary outcomes
were identified for each of these potential mechanistic
pathways (HRV parameters, BP, FMD, CRP, MP-TFA, and
monocyte–platelet conjugate count). We also postulated
that ozone-induced acute cardiovascular responses would
be associated with increased systemic oxidative stress,
airway inflammation, lung injury, and lung function decre-
ments and that the GSTM1-null genotype would modify
these responses to ozone exposure. In this panel of 55- to
70-year-old healthy volunteers, we did not expect to see
substantial decrements in lung function given the rela-
tively low exposure concentrations and minute ventilation
during exercise, and prior evidence that ozone lung func-
tion effects decline with increasing age. However, we did
observe a small but statistically significant effect of ozone
on pulmonary function, airway inflammation, and airway
injury. In contrast, we found little evidence for acute car-
diovascular effects. We consider the findings in more
detail below, beginning with the pulmonary findings.

LUNG FUNCTION, AIRWAY INFLAMMATION, AND 
LUNG INJURY

We observed that spirometric lung function increased
after 0 ppb ozone exposure with intermittent exercise. The
immediate post-exposure FEV1 increased from pre-expo-
sure by 85 mL (+3.0%) and the FVC by 73 mL (+1.9%). The
increases persisted 22 hours after exposure (FVC +0.8%
and FEV1 +1.4%). Some previous air pollution clinical
studies in healthy subjects have described such lung func-
tion increases (Adams 2006; Drechsler-Parks et al. 1987;
Gong et al. 1997), but others have not (Arjomandi et al.
2015; Drechsler-Parks et al. 1990; Reisenauer et al. 1988). It
is unclear why exposure to 0 ppb ozone (clean air)
increased spirometric lung function in our study as well as
in some prior studies. We speculate that several plausible
mechanisms may be involved in the increase in spiro-
metric parameters after intermittent exercise in clean air.
Healthy airways are almost fully dilated at rest. Brief

exercise, as in our study, reduces vagal activity leading to
maximal bronchodilation. Concomitant release of cate-
cholamines and possibly other mediators such as leukotri-
enes will sustain the airways relaxation (Gotshall 2006). In
addition, increased tidal volume during exercise and/or
diurnal variation in skeletal muscle performance (chest
wall) likely contribute to post-exercise increases in FEV1
and FVC. The smaller but still significant increases 22
hours after exposure suggest that some of these mecha-
nisms remain active for this duration.

In our study, ozone exposure reduced the increases in
lung function seen 15 minutes after 0 ppb exposure, in a
concentration-dependent fashion. This response pattern,
albeit waning, persisted and remained statistically signifi-
cant 22 hours after exposure.

During the late 1980s and early 1990s several laborato-
ries reported the results of studies of elderly subjects
exposed to ozone using substantially higher ozone concen-
trations than in our study. The age of the healthy volun-
teers ranged from 51–89 years, with exposure durations
lasting from one hour with continuous exercise to four hours
with intermittent exercise at moderate ventilation rates (20–
29 L/min). Ozone concentrations spanned 240 ppb to 450 ppb
(Bedi et al. 1988, 1989; Drechsler-Parks et al. 1987, 1989,
1990; Gong et al. 1997; Reisenauer et al. 1988). Exposures
to 450 ppb ozone for two hours with intermittent exercise
(Drechsler-Parks et al. 1987) elicited statistically signifi-
cant decrements in spirometric variables (FVC �5.3%,
FEV1 �5.6%). The mean response was driven by a few
high-responders. In the Gong and colleagues (1997) study
of healthy older men, an ozone exposure dose roughly
equivalent to that of Drechsler-Parks and colleagues
(1987), 240 ppb for four hours with intermittent exercise
reduced mean FEV1, albeit nonsignificantly, by 1.9%.
One-hour exposure via mouthpiece to 200 and 300 ppb
ozone with moderate intermittent exercise (~1/4 of the
inhaled dose used in Drechsler-Parks et al. 1987) did not
produce any significant spirometric effects (Reisenauer et
al. 1988).

In our study we exposed 55- to 70-year-old healthy vol-
unteers to 0, 70, and 120 ppb ozone for three hours with
intermittent exercise (ventilation rate ~33 L/min). Our ap-
proximate inhaled dose (ozone concentration [ppm] � du-
ration of exposure [min] � VE [L/min]) for the 120 ppb
exposure was about one-third of the inhaled dose in the
study by Drechsler-Parks and colleagues (1987), which ex-
posed subjects to 450 ppb for two hours, or in Gong and
colleagues (1997), using 240 ppb for four hours with com-
parable ventilation rates. Although the inhaled ozone
dose was lower in our study than most prior studies, our
sample size was more than four-fold larger than any of the
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above-referenced studies, and thus had substantially more
power to detect small differences.

It has been well documented that acute exposure to
ozone initiates an involuntary reflex inhibition of inspira-
tion (Hazucha et al. 1989; Passannante et al. 1998). This
reflex response is triggered by direct stimulation by ozone
of sensory vagal afferents, such as rapidly adapting recep-
tors and bronchial C-fibers (the majority of vagal afferents).
More recent evidence suggests that oxidative products
(including those generated by ozone) also activate vagal
bronchopulmonary C-fibers via opening of TRPA1 and
transient receptor potential vanilloid 1 (TRPV1) cation
channels (Taylor-Clark and Undem 2011). Furthermore,
activation of sensory airway afferents in animal models
causes changes in lung mechanics and bronchoconstric-
tion (Coleridge et al. 1993; Schelegle et al. 1993). We did
not find evidence for bronchoconstriction in this study;
there were no significant effects on FEV1/FVC or FEF25–75.

The mean VE during exposure exercise sessions signifi-
cantly decreased in an ozone concentration-dependent
fashion, even though VE was maintained within the target
range of 15–17 L (BTPS)/minute/m2 body surface area by
manually adjusting the exercise load. During 0 ppb expo-
sure, VE approximated 17 L/minute/m2 BSA, while during
ozone exposures, it decreased toward 15 L/minute/m2

BSA. The reasons for this are unknown; possibly ozone
exposure caused small reductions in tidal volume during
exercise that were not completely compensated by
increases in respiratory rate. This small (less than 4%)
decrease in VE between 0 and 120 ppb ozone is considered
insufficient to affect ozone dosing or other outcomes in
this study.

Previous controlled human exposure studies have docu-
mented that inhalation of high ambient levels of ozone
results in airway neutrophilia (Aris et al. 1993; Frampton
et al. 1997; Seltzer et al. 1986), which is detectable in
induced sputum (Alexis et al. 2009, 2013; Fry et al. 2012,
2014; Hernandez et al. 2012; Kim et al. 2011). Airway neu-
trophilic inflammatory responses to ozone have been
reported using sputum, after exposures to concentrations
as low as 60 ppb, corresponding to inhaled doses of
�700 ppm-L (Kim et al. 2011). In comparison, our study
used a concentration and inhaled dose of ozone as low as
70 ppb and ~220 ppm-L, respectively. We found that ozone
inhalation, even at these low levels, causes neutrophilic
influx into airways as indicated by the significant increase
in the percentage of PMN and the near-significant increase
in absolute count of PMN in induced sputum.

Previous studies have also documented that inhalation
of high levels of ozone causes increases in the airway pro-
inflammatory cytokines IL-8, IL-6, IL-1�, and TNF-�

(Alexis et al. 2009, 2013; Balmes et al. 1997; Fry et al.
2012), which may be accountable in part for the ozone-
induced influx of PMN into airways (Williams et al. 2007).
We did not find significant ozone effects on sputum IL-6,
IL-8, or TNF-� after ozone exposure. Possible explanations
for this discrepancy may be the lower inhaled dose of
ozone and the older age of the subjects in our study (55–70
versus 19–35 years of age). It is also possible that our
sputum collection at 22 hours after exposure missed the
increase in levels of these cytokines, which would be
expected to peak prior to the maximum cellular inflamma-
tory response.

Club cell secretory anti-inflammatory protein released
by club cells in the epithelium of respiratory bronchioles
has been found to be a suitable biomarker of lung epithe-
lial injury and permeability. We observed an ozone con-
centration-dependent CC16 increase 4 hours after
exposure, which was no longer significant 22 hours after
exposure. We found no significant relationship between
ozone effects on FEV1 and CC16 blood levels. A prior clin-
ical study (Blomberg et al. 2003) observed significant
increases in circulating CC16 at 2 and 6 hours after expo-
sure to 200 ppb ozone for 2 hours with intermittent exer-
cise. They also found no relationship with lung function
effects. Bergamaschi and colleagues (2001) found
increases in blood CC16 in cyclists after 2 hours of expo-
sure to ambient ozone >80 ppb while cycling, but also
reported a strong correlation between lung function (FEV1)
and CC16 changes. The increase in CC16 suggests that
injury to small airways has occurred and that epithelial
integrity may have been compromised, and it is consistent
with the finding of increased airway inflammation. We
demonstrate these effects for the first time in older subjects
at relatively low exposure concentrations.

We did not find significant ozone interactions with age,
sex, or GSTM1 status for any of the respiratory outcomes.
It has been repeatedly demonstrated that healthy older
individuals are less responsive to ozone-induced lung
function effects than are healthy young individuals (Bedi
et al. 1989; Drechsler-Parks et al. 1987; Hazucha et al.
2003). The pathophysiological mechanisms involved in
the loss of responsiveness to ozone with increasing age are
unclear. It has been speculated that the upper airway
receptors in older adults are less responsive to irritants
such as ozone (Bedi et al. 1988). In our study, with a
narrow age range of 55–70 years, there were no significant
interactions between ozone effects and age.

Several previous studies in younger adults have
explored the influence of GSTM1 gene deletion on pulmo-
nary functional and inflammatory responses to ozone. In a
field study of cyclists (Bergamaschi et al. 2001), those with
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GSTM1-null and NQO1 wild-type genotype seemed to be
more susceptible to ozone-induced airway inflammation
and lung function decrements than individuals with other
NQO1 and GSTM1 combinations. A previous study in
young healthy adults (Alexis et al. 2009) reported persis-
tent increases in ozone-induced sputum PMN 24 hours
after exposure in GSTM1-null, but not in GSTM1-sufficient,
subjects. The peak ozone concentration was 400 ppb with
an inhaled dose of ~984 ppm-L. However, post-exposure
changes in lung function of subjects exposed to 100 ppb
ozone for two hours with intermittent exercise were not
related to GSTM1 status (Corradi et al. 2002). Even expo-
sures of young healthy individuals as high as 400 ppb for
two hours, with intermittent exercise at 30–40 L/minute,
failed to find an influence of GSTM1 status on ozone-
induced changes in spirometric lung function (Alexis et al.
2009). A recent clinical study (Frampton et al. 2015) of 24
young healthy volunteers (12 GSTM1-null and 12 GSTM1-
sufficient) exposed to 0, 100, and 200 ppb ozone for three
hours with intermittent exercise, in a protocol very similar
to ours, reported ozone effects on lung function that were
not associated with GSTM1 status. No GSTM1 interaction
was found in a separate study with lower ozone levels
(60 ppb and ~697 ppm-L) (Kim et al. 2011). At the levels
examined in our study in older adults, we did not find any
association between either ozone-induced change in lung
function or sputum neutrophilia and the GSTM1-null
genotype.

We conclude that 120 ppb ozone exposure in older sub-
jects, under the conditions of this study, causes small but
statistically significant reductions in lung function (mani-
fested as attenuation of the increases observed after 0 ppb),
airway inflammation, and airway epithelial injury.
Although effects of 70 ppb were not statistically signifi-
cant, effects on FEV1, sputum PMN, and plasma CC16 all
showed concentration–response relationships. The persis-
tence of significant ozone lung function effects to 22 hours
after exposure is a surprising observation, and raises a
question of whether ozone airway effects persist longer in
older than in younger subjects.

ELECTROCARDIOGRAPHIC PARAMETERS

There was no significant ozone effect on any ECG out-
come measure. We did observe a marginally significant (P
= 0.046) increase in mean HF (by 545.3 ms2; 95% CI 9.1 to
1,081.4), immediately after exposure to 120 ppb ozone
compared to 0 ppb ozone, reflecting parasympathetic input
in the frequency domain. The mean LF (reflecting largely
sympathetic input) was also increased after 120 ppb ozone,
although not significantly (by 150.8 ms2; 95% CI, �27.0 to
328.5; P = 0.096). The LF/HF ratio was stable at all three

post-exposure time points irrespective of the level of
ozone exposure. SDNN, a measure of autonomic effect in
the time domain, was also unaffected by ozone exposure
level. However, at 15 minutes and 4 hours after exposure
to 120 ppb ozone, the 5-minute average HR was about
1 beat/minute slower than the control. (Pre-exposure HR
values were identical for all three exposures.) This might
suggest an increase in vagal tone at the two earlier time
points, but not at 22 hours. This early decrease in HR
seems to be driven by the GSTM1-sufficient individuals,
in which the 120 ppb exposure caused a 2.5 beats/minute
reduction in HR (95% CI, �4.3 to �0.7; P = 0.006). During
exercise session 6, all HRV measures were substantially
lower and the LF/HF ratio substantially higher than pre-
and post-exposure periods. Since this pattern was
observed across all exposure levels, this likely reflects
increased sympathetic tone due to exercise.

Other studies have examined HRV responses to con-
trolled ozone exposures, with inconsistent findings. An
earlier report of exposure to 120 ppb compared to 0 ppb
ozone for two hours at rest found no effect on any metric of
HRV (Sivagangabalan et al. 2011). However, since that
study involved exposures at rest and our study had inter-
mittent exercise, the cumulative inhaled dose of ozone in
the two studies was markedly different. For example, the
cumulative inhaled ozone dose in the Sivagangabalan and
colleagues (2011) study was certainly lower even than that
of our 70 ppb exposure. Using an ozone exposure level
which was similar to ours (target of 120 ppb), but at rest,
Fakhri and colleagues (2009) reported a borderline signifi-
cant 467 ms2 (P = 0.051) increase in HF. This was similar
in size to the 545 ms2 increase in HF we observed. Further,
although Barath and colleagues (2013) found no statisti-
cally significant effect of a 300 ppb ozone exposure for 75
minutes, with exercise, on any metric of HRV, normalized
HF increased from 13 to 24 ms2 two hours after exposure
to the same 300 ppb ozone, which was greater than the
increase from pre-exposure to 2-hour post-exposure to
clean air (P = 0.07). On the other hand, Arjomandi and col-
leagues (2015) reported a significant increase in mean nor-
malized LF (and a reciprocal decrease in mean normalized
HF) 20 hours after exposure, based on regression modeling
of combined data from 4-hour exposures to 0 ppb, 100 ppb,
and 200 ppb ozone in 26 young nonsmokers, 10 of whom
had mild asthma. In that study, the major difference in
HRV parameters among the three exposures may have
been regression to the mean, caused by differences in the
pre-exposure baselines (e.g., normalized LF — 0 ppb: 54.4;
100 ppb: 49.1; 200 ppb: 46.6) rather than the post-exposure
measures (e.g., normalized LF 24 hours post-exposure —
0 ppb: 51.5; 100 ppb: 52.0; 200 ppb: 51.6). There was very
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little difference in the pre- versus immediate post-expo-
sure values of SDNN for any of the exposures. In an earlier
study (Devlin et al. 2012), healthy young nonsmokers were
exposed to 300 ppb ozone for two hours with intermittent
moderate exercise. They reported a 41% decrease in HF
one hour after ozone exposure (pre-exposure: 3,132 ms2; 1
hour after: 2,897 ms2). But LF also fell substantially imme-
diately after ozone exposure (�36%), so that their reported
mean LF/HF ratio values post-exposure were similar for
air and ozone. Together, these studies do not provide clear
evidence of an ozone-provoked increase in autonomic
sympathetic tone. The ozone-provoked ST segment change
in lead V2 averaged over 24 hours was marginally signifi-
cant (P = 0.019), driven by the 120 ppb exposure (4.7 µV;
95% CI, 1.0 to 8.5; P = 0.013). This 4.7 µV increase in mean
ST in lead V2 (24-hour average) represents a 6% increase
from the 0 ppb exposure. However, 70 ppb ozone provoked
no increase, no similar change was seen in lead II or in
lead V5 after ozone exposure, and no significant changes
in 5-minute-average ST segment height estimates were
observed in any of these leads. Furthermore, the 4.7 µV
change is well below the threshold considered clinically
significant on the ECG (100 µV). Therefore the 6% increase
in the height of the ST segment (24-hour average) after 120
ppb ozone exposure in lead V2 likely represents an iso-
lated finding and should not be considered indicative of
myocardial ischemia.

There were ozone-independent significant differences
between men and women in pre- to post-exposure changes
in several cardiac outcomes. These included faster 5-
minute average heart rates in females, lower levels of 24-
hour-average LF in males, longer 5-minute average QTc in
females, and lower 24-hour average T-wave amplitude in
females. The existence of such differences between adult
men and women has previously been studied by multiple
investigators (Abhishekh et al. 2013; Kappus et al. 2015;
Smetana and Malik 2013). In our study of 55- to 70-year-
old volunteers, all the women were postmenopausal. Sex
differences are thought to emerge during adolescence and
are thought to reflect testosterone effects on ion channels
(Vicente et al. 2014). Aging may diminish the sex differ-
ences, decreasing HR and shortening QTc in women. It
should be kept in mind that our analyses compared
changes from pre- to post-exposure; we did not directly
examine sex-based differences independent of exposure.

The limited age range of the MOSES participants would
decrease the likelihood of detecting age-related effects of
ozone, as already indicated for the lung function
responses. We found age–ozone interactions for Ln
RMSSD (24-hour average) and Ln LF (24-hour average).

These are considered isolated findings; there were no con-
sistent or convincing age-related ozone effects.

As noted above for lung function, Frampton and col-
leagues (2015) studied 12 GSTM1-null and 12 GSTM1-suf-
ficient healthy young adults exposed to air, 100 ppb ozone,
and 200 ppb ozone with intermittent, moderate exercise
for three hours. Those investigators found no effect modi-
fication by GSTM1 status (null versus sufficient) of ozone-
induced changes in a broad range of vascular indicators,
despite clear spirometric decrements provoked by 200 ppb
ozone in both groups. Electrocardiographic assessments
such as HRV were not performed.

In the MOSES study, in which 50 of 87 participants were
GSTM1 null, we noted several possible effects of GSTM1
status on the response to ozone. After exposure to 120 ppb
relative to 0 ppb ozone, 5-minute HR in GSTM1-sufficient
subjects had a 2.5 beat/minute decrease relative to
GSTM1-null subjects. This might suggest a relative
increase in parasympathetic tone for GSTM1-sufficient
subjects, but no GSTM1 effect modification was seen for
the LF/HF ratio. We noted also a significant interaction
between ozone exposure and GSTM1 status for 5-minute
average QTc, with decreasing QTc in GSTM1-sufficient
subjects relative to GSTM1-null subjects, after exposure to
120 ppb relative to 0 ppb ozone (�5.1 ms; 95% CI, �8.3 to
�1.8; P = 0.002). In summary, we found very limited evi-
dence of effect modification of electrophysiological end-
point responses to ozone exposure by GSTM1 genotype.

The absence of ozone exposure-related increases in ven-
tricular or supraventricular ectopy or in repolarization
changes in both the 5-minute and 24-hour Holter record-
ings is important given the reported associations between
increased ambient ozone concentrations and acute cardiac
events, including out-of-hospital sudden death, reported
in some epidemiology studies (Raza et al. 2014; Rosenthal
et al. 2013; Teng et al. 2014). However, as suggested in a
recent review (Langrish et al. 2014), controlled ozone
exposure studies and epidemiology studies are often not in
agreement. Associations with ambient ozone have been
reported less frequently than have associations with
ambient PM. However, controlled ozone or PM exposure
studies of volunteers (some with known coronary artery
disease) have also failed to find increased arrhythmias.

SYSTEMIC INFLAMMATION AND OXIDATIVE STRESS

Chronic inflammation has been implicated in the patho-
genesis of atherosclerosis, and CRP is the inflammatory
biomarker that has been most consistently associated with
cardiovascular disease risk (Buckley et al. 2009). It is an
acute-phase protein that is produced in the liver in
response to pro-inflammatory cytokines, in particular IL-6.
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It is considered a nonspecific marker of inflammation, and
the mechanism by which CRP contributes to cardiovas-
cular disease risk is unknown.

Several controlled human exposure studies have docu-
mented that inhaled ozone at high ambient concentrations
can cause airway inflammation characterized by increased
PMN and cytokine levels in bronchoalveolar lavage or
sputum (Devlin et al. 1991; Kim et al. 2011). It is reason-
able to suspect that ozone-induced lung inflammation
might spill over into the systemic circulation, and some
data exist to support this concept. A study of baseline
levels of serum IL-6 among 45 participants in controlled
human exposure studies in relation to ambient pollutant
concentrations in Toronto reported a positive association
between IL-6 and ozone, with the strongest association
using a 4-day moving average (~30 ppb) in the summer
(Thompson et al. 2010). Serum CRP increased in two
recent controlled human exposure studies in which the
ozone concentration ranged from 100–300 ppb (Arjomandi
et al. 2015; Devlin et al. 2012). CRP increased after expo-
sure to 200 ppb, but not 100 ppb, in the study by Arjo-
mandi and colleagues, and only relatively late (18–24 hrs)
after exposure in both studies. The mean pre-exposure
levels of CRP in the MOSES study were higher than that
reported in those two studies (2.7–3.1 mg/L versus 0.6–0.7
mg/L), likely reflecting the older age of our subjects. A sen-
sitivity analysis using only subjects whose pre-exposure
values were below the median of 1.5 mg/L did not change
the results (see Sensitivity Analysis, Appendix B.2.3).

Oxidative stress represents an imbalance between the
formation of ROS in a tissue and that tissue’s antioxidant
capacity to detoxify the reactive intermediates. Oxidative
stress has been implicated in the pathogenesis of athero-
sclerosis and has been suggested as a risk factor for adverse
cardiovascular outcomes (Schnabel and Blankenberg
2007). Ozone is a prototypic oxidant gas that can increase
oxidative stress in the lung. There are both epidemiolog-
ical and controlled human exposure data to support
increased systemic oxidative stress after ozone exposure
(Chen et al. 2007; Chuang et al. 2007). 8-Isoprostane, a
product of lipid peroxidation, has been used as a marker of
oxidative stress in previous studies (Morrow 2006; Patrig-
nani and Tacconelli 2005).

Nitrotyrosine is a product of tyrosine nitration mediated
by reactive nitrogen species such as peroxynitrite anion
and NO. Oxidative stress increases the production of
superoxide (O2

�) and NO, forming peroxynitrite, a
destructive free radical oxidant. Peroxynitrite is capable of
oxidizing lipoproteins and nitrating tyrosine residues in
proteins. Nitrotyrosine is much easier to measure than

peroxynitrite and as such is used as a marker of NO-depen-
dent, reactive nitrogen species-induced nitrative stress. To
our knowledge, MOSES is the first controlled human expo-
sure study of ozone to measure nitrotyrosine. In a mouse
model, an increase in nitrotyrosine residues in the lung after
ozone exposure was shown to be an inducible NO synthase
(NOSII)-dependent response (Laskin et al. 2001).

Based on these data, we hypothesized that ozone expo-
sure would increase serum levels of IL-6, CRP, 8-isopros-
tane, and nitrotyrosine. Our results showed no evidence of
an effect of ozone at either 70 or 120 ppb on IL-6, CRP, or
8-isoprostane; surprisingly, nitrotyrosine levels decreased
with 120 ppb ozone. We can only speculate about the
reason for this unexpected finding, but it may be due to
ozone-induced upregulation of antioxidants that could
quench reactive nitrative stress. There is some plausibility
to this explanation, because in one animal study the com-
bination of ozone and PM2.5 caused less nitrotyrosine gen-
eration than did PM2.5 exposure alone (Kumarathasan et
al. 2015). In addition, a provocation study of patients with
suspected vasospastic angina pectoris (VSAP) provided
some interesting results relevant to our finding. In patients
who were found to have VSAP, serum nitrotyrosine
increased with intracoronary acetylcholine provocation,
but in those who did not have VSAP, serum nitrotyrosine
decreased (Tanabe et al. 2014). Since MOSES subjects were
screened to not have active coronary artery disease, the
decrease in nitrotyrosine we observed is consistent with
the results of this study. Our finding of a reduction in
nitrotyrosine in response to 120 ppb ozone, and its pos-
sible mechanisms and significance, will require additional
studies.

A potential reason for the difference between MOSES
results and those of previous controlled human exposure
studies is that MOSES subjects were 55–70 years of age,
while previous studies recruited young adults. Another
potential reason is the higher inhaled dose of ozone to
which the young adult subjects were exposed in previous
studies. It is also possible that ozone oxidative stress
effects occurred earlier than the 4-hour post-exposure
measurements and were missed. However, this time point
was selected based on the significant increase reported by
Chen and colleagues (2007) after exposure of young adults
to 200 ppb over four hours with intermittent exercise.
Nonetheless, given that we measured only two biomarkers
of oxidative stress, in plasma only (measurement in urine
or exhaled breath condensate are alternative approaches),
we cannot exclude the possibility of ozone-induced sys-
temic oxidative stress in exercising older subjects.
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VASCULAR FUNCTION

Elevated blood pressure is an established risk factor for
cardiovascular disease (Lloyd-Jones et al. 2010). Epidemi-
ological studies of the association between ambient ozone
concentrations and BP have shown conflicting results
(Cakmak et al. 2011; Chen et al. 2012; Chuang et al. 2011;
Hoffmann et al. 2012). Controlled human exposure studies
have mostly reported negative results regarding the effect
of short-term exposures to ozone on systolic and diastolic
BP (Barath et al. 2013; Brook et al. 2009; Frampton et al.
2015). We also found no ozone-induced changes in BP.

Endothelial dysfunction can be defined as an imbalance
in the relative contribution of endothelium-derived
relaxing and contracting factors and is posited to be an
important mechanism by which atherosclerosis leads to
adverse cardiovascular outcomes (Lerman and Zeiher
2005). Exposures to active and secondhand tobacco smoke
and PM2.5 have been linked to endothelial dysfunction
(Frey et al. 2012; Krishnan et al. 2012; Messner and Bern-
hard 2014). Research on the effect of ozone on endothelial
function is limited. Brachial artery flow-mediated dilata-
tion is a noninvasive test of nitric oxide-dependent vasodi-
lation that is an established metric of overall vascular
endothelial health, as well as an independent predictor of
cardiovascular disease (Flammer et al. 2012). Brook and
colleagues (2002) showed that coexposure of healthy vol-
unteers to concentrated ambient particles and ozone
caused brachial artery vasoconstriction, without signifi-
cant change in FMD, but in a later study this same group
reported that ozone alone did not have this effect (Brook et
al. 2009). However, a more recent panel study in subjects
with type-2 diabetes mellitus did report an association
between ambient ozone concentrations and FMD (Lanz-
inger et al. 2014). We found no effect of ozone on brachial
artery diameter or FMD at either 70 or 120 ppb. Because
nitroglycerin-mediated vasodilation was not evaluated in
our protocol, we could not distinguish between effects on
the endothelium versus smooth muscle function. Since we
found no overall effect of ozone on FMD, this is a moot
point.

Endothelin-1 is a potent vasoconstrictor peptide origi-
nally isolated from endothelial cells that is now known to
be produced by multiple cell types when stimulated and
has been linked to air pollution exposure (Bossard et al.
2015; Calderón-Garcidueñas et al. 2007; Yu et al. 2015). To
our knowledge, ET-1 has not been previously evaluated as
an outcome in a controlled human exposure study of ozone.
Based on previous reports of the biological effects induced
by ET-1, including vasoconstriction, pro-inflammatory
responses, mitogenesis, cell proliferation, stimulation of
free radical formation, and platelet activation (Bohm and

Pernow 2007), we hypothesized that ozone exposure
would increase ET-1. While we found no change in ET-1
after 70 ppb at either 4 or 22 hours after exposure, we did
observe a significant overall ozone effect on ET-1 (P =
0.008) with a marginally statistically significant increase
after 120 ppb (P = 0.028). ET-1 has important interactions
with NO and is involved in the development of endothe-
lial dysfunction. Increased production of ET-1 and its
receptors may contribute to the pathogenesis of atheroscle-
rosis (Pernow et al. 2012).

PROTHROMBOTIC VASCULAR STATUS

Increased propensity for vascular thrombosis has been
posited as one of the pathways by which exposure to air
pollution leads to adverse cardiovascular events. We
found no convincing evidence for ozone effects on platelet
activation, circulating microparticles, or MP-TFA. We did
find a significant ozone–sex interaction for CD40L+ MP,
which decreased in females and increased in males after
ozone exposure, relative to air exposure (P < 0.001, Figure 8).
None of the other thrombosis markers supported an ozone
effect or interaction, so we conclude there is no effect at
these exposure levels in this population.

A few other clinical studies have examined ozone
effects on markers of coagulation or thrombosis, with vari-
able results. Frampton and colleagues (2015) exposed
younger, healthy subjects to 0, 100, and 200 ppb ozone for
three hours, with intermittent exercise. There were no sig-
nificant effects on platelets or circulating MPs four hours
after exposure, using methods similar to those in the
present study. Devlin and colleagues (2012) exposed
healthy subjects to 0 and 300 ppb for two hours with inter-
mittent exercise. They found no effects on plasma levels of
vWF or D-dimer. Plasminogen levels increased 24 hours
after air exposure but decreased after ozone exposure.
There was a statistically significant increase in tissue plas-
minogen activator (tPA) and a significant reduction in
plasma activator inhibitor-1, the primary inhibitor of tPA,
24 hours after ozone exposure, relative to air. These find-
ings indicate possible activation of fibrinolysis after ozone
exposure, which is opposite of the hypothesized pro-
thrombotic effect.

Arjomandi and colleagues (2015) found no effects of
exposure to 100 and 200 ppb ozone on fibrinogen, plas-
minogen activator inhibitor-1 (PAI-1), prothrombin time,
partial thromboplastin time, or platelet count. Similarly,
Barath and colleagues (2013) found no effects of exposure
to 300 ppb ozone for 75 minutes, with intermittent exer-
cise, on tPA or PAI-1 after infusion of bradykinin, two and
six hours after exposure to ozone.
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A recent clinical study examined the effect of varying
temperature on the effects of ozone exposure (Kahle et al.
2015). Healthy volunteers were exposed to 0 and 300 ppb
ozone for two hours with intermittent exercise, at two dif-
ferent ambient temperatures. At 22°C, PAI-1 decreased
52%, plasminogen decreased 12%, and D-dimer increased
18%. In contrast, at 32.5°C, PAI-1 increased 45%, and plas-
minogen increased 28%. D-dimer decreased 12.5%. This
suggested that the fibrinolytic pathway is impaired after
ozone exposure at the lower temperature and activated at
the higher temperature.

A few panel studies have examined the effects of ozone
exposure on propensity for thrombosis, but the findings
are also mixed. Strak and colleagues (2013) obtained blood
from young healthy volunteers at five different locations
with varying pollutant concentrations. Intrinsic thrombin
generation was associated with increased exposures to
NO2, nitrates, and sulfates, but not to ozone. In 76 young,
healthy subjects in Taiwan, increased ozone exposure was
associated with increased fibrinogen and PAI-1, which
held up in 2-pollutant models (Chuang et al. 2007).

Liao and colleagues (2005) examined data from the
Atherosclerosis Risk in Communities study that included
10,208 middle-aged people; they found ozone exposure
was associated with increases in fibrinogen and vWF
levels, with greater effects in people with diabetes and car-
diovascular disease.

A recent weight-of-evidence review (Goodman et al.
2015) described evidence from clinical studies for small
increases in markers of inflammation and oxidative stress,
but no consistent effects on blood coagulation in either
clinical or epidemiological studies.

STRENGTHS AND LIMITATIONS

This multicenter study has a number of strengths. It is
one of the largest controlled human exposure studies of
ozone to be conducted to date, providing greater statistical
power than previous studies. The study was designed to
comprehensively evaluate the major pathways by which
air pollutants may contribute to acute cardiovascular tox-
icity. While the primary goal was to assess the acute car-
diovascular toxicity of ozone in older individuals, we also
were able to study acute respiratory effects, including
airway inflammation and epithelial injury, which had not
previously been evaluated in such individuals. Another
strength is the careful adherence to protocols that was
achieved across the three study centers. In addition, the
statistical analysis tested only a priori hypotheses and
used a strict criterion for statistical significance (P < 0.01)
to address the issue of multiple comparisons.

This study was deliberately designed to assess the acute
cardiovascular effects of exposure to ambient levels of
ozone in healthy older individuals, and this design engen-
ders unavoidable limitations. We cannot generalize our
lack of cardiovascular findings to populations exposed to
higher concentrations. We cannot exclude the possibility of
cardiovascular effects of chronic or repeated exposures, or
effects delayed longer than 22 hours after exposure. More-
over, the study was designed to test the effects of ozone
under controlled laboratory conditions in the absence of
other pollutants. It is possible that other pollutants in
ambient air could generate secondary reaction products, or
in some other way exert synergistic, potentiating, or attenu-
ating cardiovascular effects in combination with ozone.

The chamber ozone exposure levels of 120 ppb and
70 ppb used in MOSES were similar to ambient ozone
levels occurring at the study centers in Chapel Hill (North
Carolina), Rochester (New York), and San Francisco (Cali-
fornia) on some days during the study periods (Table 30),
and personal ozone exposures measured in the 72 hours
before the pre-exposure visit (Table 29). Thus, it is possible
that ambient ozone and other pollutant exposures experi-
enced by the study subjects before and during the study
may have independently affected the study biomarkers,
and/or modified, blunted, or lessened any biomarker
responses to the controlled ozone exposures. These ques-
tions will be examined in separate analyses that are
already ongoing and will be published in a separate report.

By design, we restricted participation to older, healthy
subjects, who were physically fit enough to complete the
exercise regimen. Thus our subjects cannot be considered
representative of the general population, or of all people in
this age range. People with pre-existing cardiovascular or
pulmonary disease may differ in their responses to ozone
exposure. The choice to study older subjects was based on
the hypothesis that these individuals would be most at risk
for acute cardiovascular effects of ozone. This may not be
the case, however. Younger individuals are known to be
more responsive to the effects of ozone on lung function,
and they also may be more responsive with regard to car-
diovascular parameters.

IMPLICATIONS OF FINDINGS

This is the first multicenter controlled air pollution study
and the first to focus on cardiovascular outcomes in older
subjects. Older people are considered to have increased sus-
ceptibility to the health effects of air pollution. We exam-
ined markers of several mechanistic pathways contributing
to cardiovascular disease, including cardiac autonomic con-
trol, repolarization, and arrhythmia, as well as markers of
systemic inflammation, vascular function, oxidative stress,
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and propensity for thrombosis. The overall absence of sig-
nificant cardiovascular effects was generally robust and
consistent. Therefore, our study does not provide toxico-
logical support or mechanistic plausibility for the recent
epidemiological findings of ambient ozone-associated
increases in cardiovascular mortality and morbidity. How-
ever, our findings do not exclude the possibility of ozone-
related cardiovascular effects via mechanisms not exam-
ined in this study.

This study included measures to avoid ozone secondary
reaction products during the exposures and was limited to
the effects of pure ozone, without other pollutants. It is
possible that associations between ozone exposure and
cardiovascular effects observed in some recent epidemio-
logical studies reflect effects of reactions or interactions
between ozone and other air pollutants. Our second set of
planned separate analyses, which are ongoing, will
address this research question. 

We did find subtle but consistent evidence for respira-
tory effects, despite the relatively low inhaled dose of
ozone and the older ages of our subjects. Prior studies have
found that ozone effects on lung function decrease with
increasing age, yet we found relative reductions in FEV1,
showing that older subjects do not completely lose sensi-
tivity to the effects of ozone on lung function. Ozone-
related effects on FEV1 were still present 22 hours after
exposure, raising the question of whether respiratory
effects after ozone inhalation take longer to resolve with
increasing age. We also found evidence for airway inflam-
mation and airway injury after 120 ppb exposure. These
relatively small effects are not clinically important for
healthy people, but raise concern for those with under-
lying respiratory or cardiovascular disease.

SUMMARY AND CONCLUSIONS

In this multicenter clinical study of older healthy subjects,
ozone exposure caused concentration-related limitations in
lung function and evidence for airway inflammation and
injury. However, there was no convincing evidence for
effects on cardiovascular function or systemic inflamma-
tion. Blood levels of the potent vasoconstrictor endothelin-1
increased with ozone exposure, with marginal statistical
significance, but there were no effects on blood pressure,
flow-mediated dilatation, or other markers of vascular
function. Blood levels of nitrotyrosine decreased with
ozone exposure, the opposite of our hypothesis. Our study
does not support acute cardiovascular effects of low-level
ozone exposure in healthy older subjects. We cannot
exclude the possibility of effects with higher ozone expo-
sure concentrations or more prolonged exposure, or the
possibility that subjects with underlying vascular disease,

such as hypertension or diabetes, would show effects
under these conditions.
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HEI QUALITY ASSURANCE STATEMENT

The conduct of this study was subjected to independent
audits by Mr. David Bush of T&B Systems, Inc., Valencia,
CA. Mr. Bush is an expert in quality assurance for air
quality monitoring studies and data management. The
audits included several on-site reviews of study activities
for conformance to the study protocol and operating proce-
dures. The dates of the audits are listed below, along with a
brief summary of each audit effort.

February–July 2012

Mr. David Gemmill of Quality Assurance Consulting,
Inc., Temecula, CA, assisted with on-site audits at the three
study centers. The audit concentrated on evaluating the
chamber system and operations at each center, focusing on
ozone measurements and data traceability. The audit
included performance checks of each center’s ozone and
environmental measurement systems against a certified
audit standard. While all ozone performance checks were
good, recommendations were made to assure data trace-
ability at all centers.

July–November 2013

Mr. Uday Patel, Regulatory Affairs Certified, Atlanta,
GA, assisted with on-site audits at the three study centers
during active collection of data during subject testing. The
audit concentrated on operations during subject exposure,
including compliance to MOSES protocols, and chamber
operations. Exposure personnel were shadowed over a
three-day period, following a complete exposure session
for one subject, including pre-exposure, exposure, and
post-exposure visits. A review of the data collection pro-
cess and data collected to-date was conducted. System
audits of the Flow, Holter, Sputum, and BAU Core Labora-
tories were also conducted, as these were at the same loca-
tions as the test centers. Several data points were traced
through the entire data processing sequence to verify the
integrity of the database. Compliance with IRB procedures
was also reviewed during this audit. Recommendations
resulting from the audit primarily concerned slight devia-
tions from protocol, assuring the comparability of data
between the three centers.

March–June 2015

On-site audits were conducted at the three study cen-
ters, with Ms. Patti Arsenault of Cytel, Inc., Cambridge,

MA, assisting with the audit at UNC. The audit concen-
trated on each center’s data management activities. Data
points were traced to original sources to verify the integ-
rity of the database. Chamber measurements, quality con-
trol data, and documentation were reviewed, as was the
completeness of subject review and consent forms and all
adverse events reported during the study. Recommenda-
tions resulting from the audit primarily concentrated on
observations to further assure the comparability of data
between the three centers.

November 2016

Dr. David Wright of Westat, Inc., Rockville, MD, assisted
in an audit of the study final report. The audit consisted of
a general overall review of the report from a data quality
assurance perspective. This included verification that the
technical descriptions were consistent with observations
and findings obtained during previous study audits. In
addition, the study statistical results were reviewed,
including a review of the code for the statistical models
and the codebooks associated with the data packages. Con-
sistency between appendices, tables, figures, and report
text was verified. Recommendations were made for clari-
fying some statistical results.

April–May 2017

The revised final report was reviewed to verify that
issues identified during the November 2016 audit had
been addressed. All issues were addressed by the authors.

Written reports of each inspection were provided to the
HEI project manager, who transmitted the findings to the
Principal Investigators. These quality assurance audits
demonstrated that the study was conducted by an experi-
enced team with a high concern for data quality. Study per-
sonnel were very responsive to audit recommendations,
providing formal responses that adequately addressed all
issues. The report appears to be an accurate representation
of the study.

David H. Bush, Quality Assurance Officer
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MATERIALS AVAILABLE ON THE HEI WEBSITE

Appendices A, B, C, and D and Additional Materials 1
through 7 contain supplemental material not included in
the printed report. They are available on the HEI website,
www.healtheffects.org/publications.

Appendix A. Missing Data and Distribution Statistics
for MOSES Outcomes Across All Exposures

Appendix B.1. Analyses of Cardiac Rhythm Outcomes

Appendix B.2. Analyses of Systemic Inflammation and
Vascular Function

Appendix B.3. Analyses of Prothrombotic Vascular
State Outcomes

Appendix B.4. Analyses of Airway Inflammation and
Lung Function Outcomes

Appendix C.1. Analyses of ECG Outcomes Measured
During Exposure Exercise 6 

Appendix C.2. Analyses of Blood Pressure Measured
During Exposure Rest Periods 2 and 4

Appendix D. Analyses of Responders and of Relation-
ships Between Outcomes

Additional Materials 1. MOSES Common Protocol,
Manual of Operation, and Timeline of Measurements

Additional Materials 2. Subject Packets of Instructions,
Questionnaires, and Forms

Additional Materials 3. MOSES Standard Operating
Procedures 

Additional Materials 4. Data Coordinating and Analysis
Center Management Plan

Additional Materials 5. Sample Size and Power Calcula-
tions, and Statistical Analysis Plan

Additional Materials 6. List of Adverse Events by Center

Additional Materials 7. Deviations from Protocol and
SOPs
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Research Report 192, Multicenter Ozone Study in oldEr Subjects (MOSES): 
Part 1. Effects of Exposure to Low Concentrations of Ozone on Respiratory and 
Cardiovascular Outcomes, M.W. Frampton, John R. Balmes, Philip A. Bromberg, 
Paul Stark, et al.

INTRODUCTION

Ozone is a reactive oxidant formed, in the presence of
sunlight, through complex photochemical reactions
among pollutants emitted from anthropogenic and natural
sources. Although ozone in the stratosphere protects the
planet from harmful ultraviolet radiation, human exposure
to increased levels of ozone at ground level produces
adverse health effects. Ozone is one of the six criteria pol-
lutants regulated by the U.S. Environmental Protection
Agency (U.S. EPA*) under the Clean Air Act. The effects of
ozone exposure on the human respiratory system are well
established and include exacerbation of asthma and
increases in hospital admissions and death from respiratory
illnesses, such as chronic obstructive pulmonary disease
(COPD) and asthma (U.S. EPA 2013). Recent data from the
State of Global Air 2017 (HEI 2017) show that ozone is glob-
ally ranked 33rd in the list of risk factors contributing to
deaths from all causes, mostly due to deaths from chronic
respiratory diseases. On the other hand, the effects of ozone
exposure on the cardiovascular system are not as well char-
acterized, and research in this area has produced inconsis-
tent results (U.S. EPA 2013). It is plausible that ozone could
cause cardiovascular dysfunction by mechanisms such as
systemic inflammation, oxidative stress, and alterations in
autonomic balance, and these effects can lead to endothelial
dysfunction, acute arterial vasoconstriction, arrhythmias,
and procoagulant activity. These issues point to the impor-
tance of research to fill the gap in our understanding of the

cardiovascular effects of ozone, particularly at near ambient
concentrations.

In February 2010, HEI issued Request for Applications
(RFA) 10-1, Cardiovascular Effects of Exposure to Low Lev-
els of Ozone in the Presence or Absence of Other Ambient
Pollutants, for research on the effects of ozone alone and in
combination with other pollutants on the human cardiovas-
cular system to fill an important knowledge gap. The RFA
focused on ozone levels close to the U.S. National Ambient
Air Quality Standard (NAAQS), currently at 70 parts per bil-
lion (ppb). The RFA specified that the participants in these
studies should be healthy men and women 55 to 70 years
old. They should be exposed in a laboratory chamber at near
ambient levels of ozone for two to three hours, with inter-
mittent exercise. The outcome measures should focus pri-
marily on cardiovascular effects; in addition, indicators of
pulmonary function, inflammation, and oxidative stress
were of interest as secondary endpoints.

The RFA stated that the studies selected for funding
should include volunteers exposed to ozone at concentra-
tions between 60 and 100 ppb in a controlled laboratory
setting. To increase the number of subjects and for geo-
graphical diversity, the HEI Research Committee intended
to manage the studies as a multicenter study: multiple
research centers would conduct the exposures using a
common protocol and standard operating procedures and
would develop a common plan for data analysis.

In response to RFA 10-1, three centers were selected to
participate in the multicenter study. The teams were led by
Dr. John Balmes at the University of California–San
Francisco (UCSF), Dr. Philip Bromberg at the University of
North Carolina–Chapel Hill (UNC), and Dr. Mark
Frampton at the University of Rochester Medical Center
(URMC), New York. The investigators named the study
“Multicenter Ozone Study in Elderly Subjects” (MOSES).
(Because the study included people that were on average
younger than 65 years old, which is the lower limit for the
definition of elderly, the study name was later changed to
“Multicenter Ozone Study in oldEr Subjects.”) In 2010,
HEI also issued a Request for Qualifications for a Data
Analysis Center, seeking a well-qualified statistical data

Drs. Mark Frampton, John Balmes, Philip Bromberg, and Paul Stark’s 4-year
study, “Multicenter Ozone Study in Elderly Subjects (MOSES),” began in
July 2011. Total expenditures were $5,521,858. A draft Investigators’ Report
was received for review in March 2016. A revised report, received in August
2016, was accepted for publication in March 2017. During the review pro-
cess, the HEI MOSES Review Panel and the investigators had the opportu-
nity to exchange comments and to clarify issues in both the Investigators’
Report and the Review Panel’s Commentary. (As one of the principal inves-
tigators of the MOSES report, Dr. Frampton, a member of the HEI Review
Committee, was not involved in its evaluation by the MOSES Review Panel.)

This document has not been reviewed by public or private party institu-
tions, including those that support the Health Effects Institute; therefore, it
may not reflect the views of these parties, and no endorsements by them
should be inferred.

* A list of abbreviations and other terms appears at the end of this volume.
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analysis center to develop the plan for analysis and to
manage and analyze the data collected in the multicenter
ozone exposure study. The New England Research Insti-
tute was selected to serve as the data coordinating center
for the study. HEI formed a special MOSES Oversight Com-
mittee to provide input during the development of the study
protocol and the standard operating procedures. The HEI
Research Committee provided input while the study was
ongoing. In addition, a MOSES Data Monitoring Board was
formed to ensure data quality and participant safety during
the study. 

This Commentary provides the HEI MOSES Review
Panel’s evaluation of the study. It is intended to aid the spon-
sors of HEI and the public by highlighting both the strengths
and limitations of the study and by placing the Investigators’
Report into scientific and regulatory perspective.

SCIENTIFIC AND REGULATORY BACKGROUND

OZONE CHEMISTRY AND AMBIENT 
CONCENTRATIONS

Ozone is not emitted directly from combustion sources
but is formed by chemical reactions of precursors such as
nitrogen oxides (NOx) and volatile organic compounds
(VOCs) in the presence of sunlight. Sources of ozone pre-
cursors are both manmade and natural. Sources of NOx
include motor vehicles, power plants, and wild fires.
VOCs sources include motor vehicles, paints and solvents,
wild fires, and vegetation (e.g., plants emit VOCs such as
pinene and isoprene). Modeling of ozone concentrations
in the atmosphere needs to take into account the emissions
of those precursors, atmospheric chemistry, meteorology,
and transport.

People across the globe are exposed to varying amounts
of ozone in the air they breathe. Background levels of
ozone, mainly of natural origin, are estimated to be in the
range of 20–35 ppb and may be increased by interconti-
nental transport of anthropogenic pollution (U.S. EPA
2013). For regulatory purposes, ozone concentrations are
generally monitored and reported during the warmer
months when ozone levels are highest due to increased
solar radiation. Depending on location, the warm season
during which states are required to report ozone concentra-
tions varies from March through November (for southern
states) to June through September (for northern states). In
the United States, the median warm-season 8-hr daily max-
imum ozone concentration reported for 2009 was 40 ppb
(maximum value, 128 ppb) across 1,141 monitors nation-
wide. Depending on the level of urbanization and various

local factors, some counties exceed an annual average of
60 ppb (U.S. EPA 2013).

HEI’s State of Global Air 2017 report and website
present estimates of recent ozone levels across the world.
The estimates are developed using a chemical transport
model, in order to provide consistent estimates across time
and full global coverage, including for areas lacking moni-
tors. Note that the values are calculated as average concen-
trations (of 8-hr daily maximum values) during the warm
season (which varies by location) and as population-
weighted averages — meaning that concentrations in urban
areas were given more weight than concentrations in rural
areas where fewer people live. Seasonal population-
weighted ozone concentrations for 2015 were estimated to
be relatively high in the United States (67 ppb, down from
70 ppb in 2000), China (65 ppb, up from 59 ppb in 2000),
India (76 ppb, up from 65 ppb in 2000), and some coun-
tries of western and central sub-Saharan Africa, the
Middle East, and South Asia, with levels in some countries
exceeding 100 ppb (Cohen et al. 2017; HEI 2017). Esti-
mated global trends show an approximate 7% increase
from 1990 (57 ppb) to 2015 (61 ppb). Among the 10 most
populous countries, the largest increases (of 14% to 25%)
were estimated for India, Bangladesh, Pakistan, China, and
Brazil. The United States and the European Union have
experienced small declines in ozone concentrations since
1990 (5% and 2%, respectively), but certain U.S. states
and E.U. countries remain at higher levels, for example,
Italy at 74 ppb in 2015 (down from 79 ppb in 2000) (HEI
2017). Thus, large sections of the global population con-
tinue to be exposed to unhealthy levels of ozone.

Because of the increasing evidence of the harmful
effects of ozone to both humans (discussed below) and
crops at lower and lower levels, ozone standards have
been revised several times since they were first promul-
gated. Commentary Table 1 provides an overview of the
historical and current U.S. NAAQS for ozone (which are
enforced under the U.S. Clean Air Act) and the current
World Health Organization (WHO) Air Quality Guidelines
(which are provided as guidance to countries and do not
have the force of standards). Due to continued emissions of
precursors, background concentrations from natural
sources, and regional transport, many locations have
trouble meeting the standards or guidelines.

HEALTH EFFECTS OF OZONE

Ozone is known to have both short-term and long-term
effects on human health, with the strongest evidence for
respiratory effects and some evidence for effects on the
cardiovascular and other organ systems. In determining
whether ozone exposure is causally related to certain
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health outcomes, scientists consider evidence from human
epidemiology studies and controlled human exposure
studies; they also consider results from animal research to
support the findings in humans and strengthen knowledge
about mechanistic pathways.

Below we provide a summary of data linking ozone
exposure to health, specifically its effects on the respira-
tory and cardiovascular systems. The goal is to provide a
brief overview of evidence available at the time the
MOSES study started, as described in detail in the U.S.
EPA’s Integrated Science Assessment for Ozone and
Related Photochemical Oxidants (U.S. EPA 2013), with
some key additional evidence that has become available
since then.

Respiratory Effects

On a global basis, the estimated percentage of deaths
linked to ozone (specifically from COPD) has increased
from approximately 5% in 1990 to 8% in 2015 (Cohen et al
2017; HEI 2017). Much of that increase occurred in India,
while the number of deaths linked to ozone in China
remained about the same. The number of deaths attributed
to ozone in the United States in 2015 was 11,600, mostly

related to deaths from COPD. The number of disability-
adjusted life-years — a measure of lost productivity due to
illness or missed days at school or work and due to prema-
ture death — was 155,730 for the United States in 2015,
mostly related to asthma (Cohen et al. 2017; HEI 2017).
With rising global temperatures, average and peak concen-
trations of ozone may well increase, with potentially
important consequences for human health (Atkinson et al.
2016; Chang et al. 2010; Fann et al. 2015; Karlsson et al.
2017). Time-series epidemiological studies have shown
associations of short-term exposure to ozone and daily
deaths (Ito et al. 2005; Peng et al. 2013). Long-term expo-
sure to ozone has been associated with increased mortality
among Medicare enrollees who had previously been hos-
pitalized because of COPD (Zanobetti and Schwartz 2011).
However, associations between long-term exposure to
ozone and deaths from all causes in cohort studies remain
inconclusive (Atkinson et al. 2016; Turner et al. 2016).

It is well known that ozone adversely affects the lungs.
People with asthma, a condition characterized by chronic
airway inflammation, are considered particularly sensitive
to the effects of ozone exposure. Acute exposure to ozone in
people with allergic asthma results in increased numbers of

Commentary Table 1. History of Ozone Standards and Guidelines

Indicator Year
Averaging 

Time Level Form

National Ambient Air Quality Standards (U.S. EPA)a

Total photochemical 
oxidants

1971 1 hr 80 ppb Not to be exceeded more than one hour per year

Ozone 1979 1 hr 120 ppb Expected number of days per calendar year, with 
maximum hourly average concentration greater 
than 120 ppb, should be �1

Ozone 1997 8 hr 80 ppb Annual fourth-highest daily maximum 8-hr 
concentration, averaged over 3 years

Ozone 2008 8 hr 75 ppb Annual fourth-highest daily maximum 8-hr 
concentration, averaged over 3 years

Ozone 2015 8 hr 70 ppb Annual fourth-highest daily maximum 8-hr 
concentration, averaged over 3 years

Air Quality Guidelines (WHO)b

Ozone 1987 1 hr 150–200 µg/m3 For a maximum period of 1 hour per day

Ozone 1997 8 hr 120 µg/m3 Daily maximum 8-hr mean

Ozone 2005 8 hr 100 µg/m3 Daily maximum 8-hr mean

Ozone 2005 8 hr 160 µg/m3 Interim target 

a Source: www.epa.gov/ozone-pollution/table-historical-ozone-national-ambient-air-quality-standards-naaqs.

b Source: www.who.int/phe/health_topics/outdoorair/outdoorair_aqg/en/. Conversion factor 2 µg/m3 = ~1 ppb (temperature dependent).
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eosinophils in the airways (e.g., Peden et al 1997; Vagaggini
et al 2002). Long-term effects of ozone exposure include
increased health effects in sensitive populations, such as
in people with asthma, and possible associations with
new-onset asthma in some populations. Studies in non-
human primates have shown that ozone exposure during
gestation or infancy may contribute to irreversible mor-
phological changes in the lung, which may lead to func-
tional changes (Fanucchi et al. 2006). These results suggest
the plausibility of chronic, irreversible effects of ozone in
children with asthma. Whether long-term ozone exposure
contributes to deficits in lung function growth in children
remains inconclusive (U.S. EPA 2013).

Short-term effects of ozone exposure include shortness of
breath, exacerbation of asthma symptoms and greater medi-
cation use, and increases in respiratory-related hospital
admissions and emergency department visits related to
asthma. The most recent survey of ozone health effects con-
ducted by the U.S. EPA states that “there is adequate evi-
dence for asthmatics to be [considered] an at-risk population
based on the substantial, consistent evidence among con-
trolled human exposure studies and coherence from epide-
miological and toxicological studies” (U.S. EPA 2013).

Some of the most convincing evidence of the short-term
effects of acute ozone exposure has been provided by
human controlled-exposure studies, primarily conducted
in healthy young adults. Many such studies have estab-
lished that short-term exposure to low concentrations of
ozone — close to the current NAAQS of 70 ppb — with
intermittent exercise decreases lung function (measured as
forced vital capacity [FVC] and forced expiratory volume
in 1 second [FEV1]) and increases airway hyperreactivity
and airway inflammatory responses (Adams 2006; Balmes
et al. 1996; Kim et al. 2011; Schelegle et al. 2009; Torres et
al. 1997; U.S. EPA 2013). Healthy young adults exposed to
80 ppb ozone for 6.6 hours showed increased airway neu-
trophils, monocytes, and dendritic cells and promotion of
antigen-presenting cell phenotypes 18 hours following
exposure (Alexis et al. 2010). Exposure of healthy volun-
teers to an even lower concentration of 60 ppb ozone for
6.6 hours with intermittent exercise showed a decreased
mean FEV1 following ozone exposure and a large increase
in the percentage of neutrophils in induced sputum (Kim
et al. 2011). The degree of decreased lung function varies
substantially among individuals exposed to the same level
of ozone (Ultman et al. 2004), suggesting that some sub-
groups of the population may be particularly susceptible.
Some studies have found that ozone effects in older adults
were smaller than those observed in younger people (e.g.,
Drechsler-Parks 1995). Earlier studies (Balmes et al. 1996;
Torres et al. 1997) established that the lung function and

pulmonary inflammatory responses to ozone were inde-
pendent of each other. The mechanisms by which ozone
induces all these acute effects in humans were reviewed
recently (Bromberg 2016).

After inhalation, ozone reacts with constituents of the
respiratory tract lining fluid to generate reactive oxygen spe-
cies that can overwhelm antioxidant defenses and cause
localized oxidative stress in the respiratory tract. Ozone’s
high reactivity makes it unlikely that it penetrates far
beyond the fluid that lines the lung’s epithelial cell layer. Its
harmful effects are thought to be mediated by products of its
reactions with constituents of the lining fluid and the epi-
thelial cell membrane (Pryor 1992) that may travel beyond
the lung to produce effects elsewhere in the body.

Cardiovascular Effects

Although there is convincing evidence of ozone effects
on respiratory deaths and illnesses, evidence for cardiovas-
cular outcomes has been sparser and less consistent. It
remains difficult to disentangle the cardiovascular effects of
ozone from those of other air pollutants, especially particu-
late matter (PM), which has been shown to have strong asso-
ciations with cardiovascular deaths and illnesses. However,
some recent studies suggest that long-term ozone exposure
may be associated with cardiovascular deaths in the general
population (Cakmak et al. 2016; Turner et al. 2016) and in
older individuals who had a history of congestive heart
failure or myocardial infarction (Zanobetti and Schwartz
2011). In a large cohort of African American women,
chronic exposure to higher ozone levels was associated with
an increase in hypertension incidence (Coogan et al. 2017)
and with type 2 diabetes (Jerrett et al. 2017).

A limited number of studies in volunteers (exposed to
23 to 43 ppb ozone for 2 or 3 hours) and populations
exposed to varying concentrations of ambient ozone have
provided some evidence that ozone exposure is associated
with increases in blood pressure and markers in blood,
such as cholesterol, fasting glucose, glycated hemoglobin
(HbA1c), neutrophils (a marker of inflammation), and
8-isoprostane (a marker of lipid peroxidation); however,
no associations were found with fibrinogen (a marker of
blood clotting), C-reactive protein (a marker of systemic
inflammation that is predictive of cardiovascular disease
risk), triglycerides, or interleukin-6 (Chen et al. 2007;
Chuang et al. 2011; Forbes et al. 2009).

A number of experimental studies in animals investi-
gated whether longer-term exposure to ozone has effects
on the cardiovascular system, with a recent focus on devel-
opment of atherosclerosis and metabolic diseases. Evi-
dence of atherosclerosis in the aorta has been shown in
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hyperlipidemic mice exposed to 500 ppb ozone for
8 weeks (Chuang et al. 2009). Mice that were prone to obe-
sity and diabetes showed changes in insulin and leptin in
blood, and inflammatory changes in adipose tissue after
exposure to 500 ppb ozone for 3 weeks (Zhong et al. 2016).
Rats exposed to 400 ppb ozone for 16 weeks showed changes
in lipid markers and markers of oxidative stress, blood clot-
ting, and vasoconstriction (Kodavanti et al. 2011), providing
some clues to possible pathways involved; these effects were
also shown to occur in a panel of human volunteers exposed
to 300 ppm ozone for 2 hours (Miller et al. 2016).

Epidemiological studies have found positive associa-
tions between short-term ozone exposure and deaths from
all causes, in particular during the warm season (when
ozone levels are typically higher than in the cold season),
and have found that these associations are independent of
coexposure to PM (U.S. EPA 2013). However, epidemiolog-
ical evidence of associations between short-term ozone
exposure and cardiovascular outcomes is sparse. Peel and
colleagues (2007) reported increased emergency depart-
ment visits for adverse cardiovascular events associated
with ozone among persons with COPD, although Metzger
and colleagues (2004) did not find such an association. A
recent study reported that short-term exposure to ozone
was associated with increased mortality in people who
had been hospitalized previously for acute myocardial
infarction (Bero Bedada et al. 2016). A recent review of
panel studies concluded that effects of short-term ozone
exposure on heart rate variability remained inconclusive
(Buteau and Goldberg 2016).

The strongest evidence for short-term effects of ozone
exposure on cardiovascular outcomes has been provided by
animal studies, with more limited evidence from panel
studies in volunteers. Short-term ozone studies in animals
have reported changes in heart rate, heart rate variability,
arrhythmias, and vascular reactivity; some of these effects
overlap with those observed after long-term ozone exposure
(U.S. EPA 2013). Not all evidence is straightforward, how-
ever; for example, both increases and decreases in heart rate
have been observed. Possible pathways include systemic
oxidative stress and changes in the autonomic nervous
system that are triggered by inflammation in the lung.

Experimental studies in young adult volunteers exposed
to moderately high levels of ozone (115 and 300 ppb) have
shown changes in heart rate variability (a marker of auto-
nomic nervous system activity) — although one study
showed an increase and another a decrease (Devlin et al.
2012; Fakhri et al. 2009) — and changes in various inflam-
matory and vascular biomarkers, such as interleukin-8,
interleukin 1�, tumor necrosis factor-alpha (TNF-�),
C-reactive protein, plasminogen, plasminogen activator

inhibitor-1, and tissue-type plasminogen activator (Devlin
et al. 2012). The changes in plasminogen markers indicate
possible involvement of fibrinolytic pathways (i.e.,
breaking down of fibrin in blood clots). However, an ear-
lier study failed to find cardiovascular effects in healthy or
hypertensive adult volunteers exposed to 300 ppb ozone
(Gong et al. 1998). Studies that reported a change in blood
pressure after exposure to ozone in combination with con-
centrated ambient particles failed to show an effect
for ozone alone in adult volunteers (Fakhri et al. 2009;
Sivagangabalan et al. 2011). Healthy adult volunteers
exposed to 150 µg/m3 concentrated ambient PM or 120
ppb ozone showed effects on a high-density lipoprotein oxi-
dant index (a measure of antioxidant/anti-inflammatory
capacity) after PM exposure — but not after ozone expo-
sure (Ramanathan et al. 2016). Thus, the evidence of car-
diovascular effects in humans at low concentrations
remains mixed.

Summary of Evidence

In its 2013 Integrated Science Assessment for Ozone and
Related Photochemical Oxidants, the U.S. EPA summa-
rized the effects of ozone exposure on respiratory and car-
diovascular outcomes as follows:

Short-Term Exposures “The recent evidence integrated
across toxicological, controlled human exposure, and epi-
demiological studies, along with the total body of evidence
evaluated in previous AQCDs [Air Quality Criteria Docu-
ments], is sufficient to conclude that there is a causal rela-
tionship between short-term ozone exposure and
respiratory effects.” In addition, there “is likely to be a
causal relationship between relevant short-term exposures
to ozone and cardiovascular effects,” and there “is likely to
be a causal relationship between relevant short-term expo-
sures to ozone and total mortality” (U.S. EPA 2013).

Long-Term Exposure “[T]he recent epidemiological
studies of respiratory health effects … combined with toxi-
cological studies in rodents and nonhuman primates, pro-
vide biologically plausible evidence that there is likely to
be a causal relationship between long-term exposure to
ozone and respiratory effects.” In addition, “the generally
limited body of evidence is suggestive of a causal relation-
ship between long-term exposures to ozone and cardiovas-
cular effects,” and the evidence “is suggestive of a causal
relationship between long-term ozone exposures and total
mortality” (U.S. EPA 2013). 

However, as noted earlier, others have judged the evidence
regarding the associations between long-term exposure to
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ozone and deaths from all causes in cohort studies to be
inconclusive (Atkinson et al. 2016; Turner et al. 2016).

Given the varying results summarized here, there was a
clear need for a study that would investigate cardiovas-
cular effects of short-term ozone exposures to near ambient
concentrations. The following section, “Technical Evalua-
tion,” summarizes the study approach and key results fol-
lowed by an evaluation of the study’s strengths and
limitations as assessed by the HEI MOSES Review Panel in
its independent review of the study.

TECHNICAL EVALUATION

SPECIFIC AIMS

The MOSES project evaluated the effects of short-term
exposure to ozone on the cardiovascular and respiratory
systems in older participants. The study focused on 70 and
120 ppb ozone, concentrations similar to those observed in
ambient air in many areas of the United States. The study
focused on older participants because they were thought to
be more susceptible to ozone-induced cardiovascular effects
than younger subjects.

The primary hypothesis was that short-term exposure to
near-ambient levels of ozone would induce acute cardio-
vascular responses through the following mechanisms:
autonomic imbalance, systemic inflammation, and devel-
opment of a prothrombotic vascular state. A confirmatory
hypothesis was that exposure to ozone would induce
airway inflammation, lung injury, and decreased lung
function. Secondary hypotheses were that ozone-induced
acute cardiovascular responses would be associated with
(a) increased systemic oxidative stress and airway inflam-
mation and (b) absence of the glutathione S-transferase mu
1 (GSTM1) gene (see Commentary Sidebar 1).

STUDY DESIGN

There are multiple pathways by which ozone may lead
to cardiovascular dysfunction, including systemic inflam-
mation, oxidative stress, or changes in activity of the auto-
nomic nervous system. Such changes can ultimately lead
to arrhythmias, endothelial dysfunction, acute arterial vaso-
constriction, and procoagulant activity. Researchers have
access to bioassays to measure a large number of cardiovas-
cular and cardiometabolic markers. Each of the hypothe-
sized mechanistic pathways has its own set of related
markers, which may or may not be predictive of, or ulti-
mately lead to, cardiovascular disease. Results of these bi-
ological assays are taken as markers of specific subclinical
physiological changes and should not necessarily be directly
interpreted as an adverse health effect (Thurston et al. 2017).

In designing the MOSES study, the investigators
selected a large panel of markers to assess various early
changes on the pathway to possible cardiovascular or
respiratory disease. They focused on markers that have
been measured in other human exposure and panel studies
and have been previously shown to change after exposure
to air pollutants. Commentary Sidebars 2 and 3 provide
more information on the parameters measured in MOSES.

Common Protocol

The three MOSES teams, with input from HEI staff, the
HEI MOSES Oversight Committee, and the HEI Research
Committee, developed a common protocol, common stan-
dard operating procedures, and a data analysis plan for the
study. Each center planned to recruit and test about 30 par-
ticipants for a total of 90. Participants were between 55
and 70 years old and were healthy. Prospective partici-
pants were interviewed by phone, and eligible participants
were invited to a screening visit where basic health infor-
mation was collected and informed consent was obtained.

COMMENTARY SIDEBAR 1. ABOUT GSTM1 POLYMORPHISMS

Glutathione S-transferase mu 1 (GSTM1) is involved in anti-
oxidant defenses; therefore, individuals who lack the 
GSTM1 gene (called GSTM1-null) may be at increased risk 
for acute health effects. This gene encodes an enzyme that 
functions in the detoxification of compounds, including car-
cinogens, therapeutic drugs, environmental toxins, and 
products of oxidative stress. Detoxification occurs by conju-
gating the toxic compound to glutathione. The genes 
encoding the enzyme are known to be highly polymorphic, 

meaning that many different forms exist, some of which may 
have less functionality. These genetic variations can change 
an individual’s susceptibility to toxic compounds as well as 
affect the toxicity and efficacy of certain drugs. Null muta-
tions of GSTM1 have been linked with an increase in a 
number of cancers, likely due to an increased susceptibility 
to environmental toxins and carcinogens. Numerous studies 
have implicated such genotypic variations in asthma, athero-
sclerosis, allergies, and other inflammatory diseases.
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A subsequent training visit served to determine whether
participants could perform moderate exercise without
showing cardiorespiratory problems.

Participants who were healthy nonsmokers, had normal
lung function and normal electrocardiogram (ECG) results,
were able to complete the exercise regimen, and were able
to abstain from a specified list of medications for one week
before each exposure session were included in the study.
They were then invited to complete three exposure ses-
sions (randomized at 0, 70, and 120 ppb ozone) with a min-
imum of two weeks between exposure sessions. Exposures
lasted 3 hours, during which the participants exercised on a
stationary bicycle or tread mill, alternating 15 minutes of
exercise with 15 minutes of rest. Each exposure session in-
cluded three visits to the clinical center: on the pre-exposure
day, the exposure day, and the post-exposure day. Partici-
pants stayed in a nonsmoking hotel room the night before
the exposure day to minimize variability in exposure to
ambient air pollutants. Eighty-seven participants com-
pleted all test sessions.

The three investigator teams measured a large suite of
endpoints before, during, and up to 22 hours after expo-
sure, including changes in heart rate, heart rate dynamics,
blood pressure, pulmonary function, and markers of endo-
thelial function, thrombosis, lung injury, and both sys-
temic and lung inflammation (see Commentary Figure).
They prespecified a key group of cardiovascular endpoints
as primary endpoints and considered all other endpoints
as secondary. Most outcomes were assessed at designated
central core laboratories that handled samples, electrocar-
diographic recordings, or ultrasound images from all three
clinical centers in order to standardize the outcome assess-
ments. Study participants were also genotyped for GSTM1
variants. All data were submitted to the Data Coordinating
and Analysis Center at the New England Research Insti-
tute, where the statistical analyses were conducted. A Data
Monitoring Board was set up to monitor the conduct of the
study, subject safety, and the implementation of the data
analysis plan.

Commentary Figure. Possible pathways by which ozone may cause adverse health effects. Pathways evaluated in MOSES are shown in boldface; the
number of endpoints evaluated is shown in brackets. Adapted from Investigators’ Report, Figure 1.
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METHODS

Ozone Generation and Measurement

All three centers used a silent electric arc device to gen-
erate ozone. The centers at UNC and URMC used United
States Pharmacopoeia grade oxygen (at least 99.0%). The
center at UCSF used 5% oxygen mixed with helium. The
outdoor air supply to the chamber was filtered using Purafil,
charcoal, and HEPA filters. The air exchange rates were set
at 58 per hour at UCSF, 40 per hour at UNC, and 14 per hour
at URMC. All three centers carefully monitored ozone
concentrations, temperature, and humidity. The centers at
URMC and UCSF also monitored ultrafine particles during
the three exposure sessions. UNC measured ultrafine parti-
cles during quarterly quality assurance audits without
participants present. The lower cut-off for particle size was

different among the instruments used: 7 nm at URMC,
20 nm at UCSF, and 4 nm at UNC.

Exposure chambers were cleaned between subject expo-
sures by wiping down surfaces and ventilating with fil-
tered air. Because the exposure chamber at UCSF was also
occasionally used for environmental tobacco smoke (ETS)
exposures as part of a different study, that team followed a
more elaborate cleaning procedure after an ETS exposure
session. All exposed surfaces were wiped with either a
terry cloth mop or cloth soaked in 70% ethanol, followed
by one hour of ventilation. Subsequently, the chamber was
heated overnight with a portable electric heater in the
chamber set to its maximum temperature, and then venti-
lated for an additional two days. This protocol was imple-
mented in November 2013.

An electrocardiogram (ECG) measures the aggregate electrical 
potential of cells in the heart through several leads that are 
placed across a person’s chest. Using a portable Holter mon-
itor, a continuous ECG can be recorded for several days. The 
ECG trace shows peaks and troughs that reflect the activity of 
the heart’s nodes, which send electrical signals to initiate con-
traction of the atria and ventricles. The different waves are 
marked “P” through “U” by convention (see Sidebar Figure). 
The P-wave signals depolarization as it travels from the sino-
atrial node through the atria of the heart. The subsequent QRS 
complex represents the time required for depolarization (elec-
trical inactivation) of the ventricles, which triggers their con-
traction. The T-wave signals electrical recovery of the heart 
cells (repolarization). Sometimes a small U-wave, which rep-
resents the last remnants of ventricular repolarization, may be 
seen following the T-wave (not shown).

ECG traces are analyzed using computer programs that detect 
the onset, offset, and amplitude of the wave forms and also 
track abnormal sinus waves. An experienced physician or 
technician verifies the information by looking at individual 
traces. Heart rate (HR)* is calculated based on the interval 
between adjacent R-wave peaks (R-R). Only normal-to-
normal (NN) heart beats are included in the analyses. How-
ever, the ECG trace will also show irregular heartbeats. An 
ectopic rhythm is an irregular heart rhythm due to a prema-
ture heartbeat, recorded as a ventricular ectopic beat (VE) or a 
supraventricular ectopic beat (SE). In the MOSES study, ECG 
parameters were averaged over 5 minutes and/or 24 hours.

* Underlined parameters were measured in the MOSES study. Parameters in
bold font were primary markers.
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Sidebar Figure. Schematic representation of an ECG curve with 
identification of specific waves and intervals. (“SinusRhythmLa-
bels” created by Agateller [Anthony Atkielski], converted to svg by 
atom.-en:Image:Sinus-RhythmLabels.png. Licensed under public 
domain via Wikimedia Commons: 
https://commons.wikimedia.org/wiki/File:SinusRhythmLabels.svg ). 

(Sidebar continues on next page)

COMMENTARY SIDEBAR 2. ANALYZING AN ELECTROCARDIOGRAM
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Personal exposure to ozone and nitrogen dioxide (NO2)
was measured using a personal sampler for about 72 hours
preceding the pre-exposure visit. Participants were also
asked to fill out an activity diary during that time. In addi-
tion, air quality and meteorological data were collected
from central monitoring stations close to each of the three
centers. Analyses using the personal exposure and
ambient data were pending at the time this Commentary
was written and will be presented in a forthcoming report
(Multicenter Ozone Study in oldEr Subjects, Part 2).

Visits and Procedures

Table 2 of the Investigators’ Report provides an overview
of the information collected during screening and training
visits and the three exposure sessions. The screening visit
included the filling out of consent forms and a home and
health questionnaire, blood work, measurement of vital

signs (heart rate and blood pressure), physical exam,
12-lead ECG, and measurement of lung function by spi-
rometry. The training visit included an ECG, measurement
of vital signs, and minute ventilation during rest and
during two 15-minute exercise periods. Participants com-
pleted a phone questionnaire 8 or 9 days before the expo-
sure session.

A pre-exposure visit was scheduled on the afternoon of
the day before exposure and included a physical exam,
health questionnaire, measurement of vital signs, blood
draw, and a brachial artery ultrasound to measure flow-
mediated dilatation (FMD, a measure of endothelial func-
tion). Participants stayed overnight in a nonsmoking hotel
room to reduce variability in exposure to ambient air
pollutants. On the exposure day, a symptom questionnaire
was filled out, and vital signs were taken before, during, and
after exposure; a Holter monitor was placed to continuously

Heart Rate Variability

Heart rate variability (HRV) is the conventionally accepted 
term to describe the considerable long- and short-term fluctu-
ations in heart rate that occur in normal people. A substantial 
body of evidence indicates that reduced HRV is associated 
with cardiac mortality after myocardial infarction. HRV data 
provide insight into the autonomic control of the heart. The 
most established HRV parameters, and the simplest to obtain, 
are in the frequency domain: for example ultra-low and very 
low frequency (ULF and VLF), low frequency (LF), and high 
frequency (HF), as well as the LF/HF ratio. These parameters 
are derived using standard statistical methods to quantify 
short- and long-term fluctuations in heart rate. ULF and VLF 
components occur less often than 3 per minute and are 
thought to be reflective of thermoregulation. LF components 
occur approximately 6 per minute and are related to barore-
flex, a homeostatic mechanism for maintaining blood pres-
sure. LF is generally believed to reflect a combination of 
sympathetic nervous system influences on the heart and 
baroreceptor reflex sensitivity. HF components occur at a rate 
equal to respiratory rate — between 9 and 24 breaths per 
minute. HF is generally considered a marker of parasympa-
thetic nervous system influence on the heart. The LF/HF ratio 
has been proposed as an index of the balance between the 
regulatory influences of the sympathetic and parasympathetic 
nervous systems. Other HRV measures are the standard devi-
ation of normal-to-normal sinus beat intervals (SDNN), a 
marker of total HRV, and the root mean square of succes-
sive differences in normal-to-normal sinus beat intervals 
(RMSSD), generally considered a marker of parasympathetic 
nervous system influence on the heart. RMSSD is typically 
correlated with HF.

Analyzing ECG Wave Forms

In addition to heart rate and HRV, other parameters com-
monly analyzed are the PR and ST segments, the QRS com-
plex, and the QT interval. They reflect the condition of the 
myocardium (heart muscle). The length of the PR segment 
represents the time it takes for an electrical impulse to travel 
from the heart’s sinoatrial node, where the normal electrical 
impulses of the heart are initiated, to the ventricles. The QRS 
complex represents the time required for electrical activation 
of the ventricles. Both the width and the shape of the QRS 
complex can provide clinical insights into cardiac pathophys-
iology. The QT interval captures the time for both ventricular 
depolarization and repolarization; it represents the time 
between earliest ventricular depolarization and latest ventric-
ular repolarization. Prolongation of the QT interval has been 
associated with an increased risk for ventricular arrhythmias 
in a variety of cardiac conditions. The QT interval is influ-
enced by the heart rate; thus the QT interval corrected for 
heart rate (QTc) is often used to make comparisons between 
individuals. The ST segment starts at the end of the QRS 
complex and ends at the beginning of the T-wave; it coin-
cides with the plateau of the action potential. The ST segment 
is important in the diagnosis of ventricular ischemia and 
hypoxia, because under those conditions, the ST segment can 
become either depressed or elevated. Elevation of the ST seg-
ment indicates early repolarization. The T-wave represents 
repolarization of the ventricles. T-wave amplitude, duration, 
and morphology can provide useful insights into cardiac 
pathophysiology.

Commentary Sidebar 2. Analyzing an Electrocardiogram (Continued)
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COMMENTARY SIDEBAR 3. MARKERS OF VASCULAR FUNCTION AND SYSTEMIC INFLAMMATION

Vascular dysfunction can be an early sign on the pathway to 
cardiovascular disease. An obvious marker of vascular func-
tion is blood pressure, the pressure of circulating blood on 
the walls of blood vessels. It is usually expressed in terms of 
the systolic blood pressure (SBP)*, the maximum during 
one heartbeat, over diastolic blood pressure (DBP), the min-
imum in between two heart beats. Another marker of vas-
cular function is flow-mediated dilatation (FMD) of the 
brachial artery. Vascular function assessed by FMD correlates 
with the severity and extent of coronary atherosclerosis. This 
is a relatively new, noninvasive test of vascular function using 
ultrasound to measure arterial diameter in the forearm. A 
blood pressure cuff is placed on the arm and inflated; release 
of the cuff after 5 minutes causes the artery to widen (dilate). 
Parameters reported are FMD, reactive hyperemic velocity-
time integral (VTI), and brachial artery diameter (BAD). VTI is 
a measure of microvascular function that provides additional 
information about cardiovascular disease risk beyond FMD. 
An additional marker of vascular function measured in the 
MOSES study was endothelin 1 (ET-1), a potent vasocon-
strictor produced by vascular endothelial cells.

The investigators also measured a number of markers of sys-
temic inflammation in blood, because chronic inflammation 
has been implicated in the development of atherosclerosis. 
They measured C-reactive protein (CRP), an acute-phase 
protein that has been associated with cardiovascular disease 
risk; interleukin-6, a pro-inflammatory cytokine; 8-isoprostane, 
a marker of lipid peroxidation and oxidative stress; P-selectin, 
an adhesion molecule that plays an essential role in the initial 
recruitment of white blood cells to the site of injury during 
inflammation; and nitrotyrosine, a marker of cell damage, 
inflammation, and nitric oxide production (oxidative stress).

Markers of Blood Clotting

Increased blood coagulation (blood clotting) may increase risk 
for a heart attack by causing thrombus (clot) formation on an 
atherosclerotic plaque (area of blood vessel with a thickened 
wall in individuals with coronary artery disease). Blood vis-
cosity is largely determined by concentrations of fibrinogen, a 
factor involved in blood coagulation. Pulmonary inflammation 
leads to rapid increases in levels of fibrinogen, a so-called 
acute phase reactant, which is released into the circulation as 
part of the inflammatory response. Thus, fibrinogen plays a 
role in tissue inflammation and repair as well as blood coagu-
lation. Coagulation, a complex process to repair injured tissue, 
consists of a sequence of vascular constriction, blood platelet 
activation and aggregation, formation of a fibrin clot, and 
finally clot lysis after tissue repair. There are many markers in 
the coagulation pathway. In the MOSES study, the investiga-
tors evaluated the development of a prothrombotic vascular 
state by measuring microparticle-associated tissue factor 
activity (MP-TFA), monocyte–platelet conjugates, and 

several markers of platelet activation including measure-
ments of microparticles (MPs). Monocyte–platelet conjugates 
(platelets and white blood cells that stick together) are impli-
cated in systemic inflammation and possibly cardiac inflam-
mation. MPs originate from plasma membranes of injured or 
activated platelets, endothelial cells, leukocytes, and red 
blood cells and are considered to be prothrombotic. The 
MOSES investigators used several assays to determine MPs 
originating from various origins. They also measured von Wil-
lebrand factor (vWF), which is important in platelet adhesion 
to wound sites. Increased plasma levels of vWF in a large 
number of cardiovascular, neoplastic, and connective tissue 
diseases are presumed to arise from adverse changes to the 
endothelium, and may contribute to an increased risk of 
thrombosis.

Lung Function and Lung Inflammation

Lung function tests are performed using a pneumotacho-
graph interfaced with a computer. During the test, partici-
pants are asked to blow into a tube that records air pressure 
and speed of air flow. Based on those data, the investigators 
can determine a number of parameters of lung function, 
including forced vital capacity (FVC), forced expiratory 
volume in 1 second (FEV1), FEV1/FVC ratio, and forced expi-
ratory flow between 25% and 75% of FVC (FEF25–75). FEV1 
measures how much air a person can exhale during a forced 
exhalation, in this case during the first second of exhaling. 
FVC records the total volume exhaled during the forced 
exhalation after a maximum possible inhalation. Decreases in 
these parameters are an indication of reduced lung function 
but can be transient. In the MOSES study, the investigators 
also recorded minute ventilation — a measure of the volume 
of air inhaled and exhaled during one minute, which reflects 
both rapidity of breathing and lung volume — to determine 
the inhaled dose of ozone; it was used to adjust the exercise 
workload to achieve a target value for minute ventilation.

The investigators also measured markers of lung inflamma-
tion and injury to the lung epithelium (cells lining the air-
ways). They collected sputum (a mixture of saliva and mucus 
coughed up from the respiratory tract) from the participants 
and measured polymorphonuclear (PMN) leukocytes, a 
group of immune cells that includes neutrophils, eosinophils, 
and basophils, that are characterized by granules with 
enzymes that are released during infections, allergic reac-
tions, and asthma; interleukin-6; interleukin-8; tumor 
necrosis factor-alpha (TNF-�); and CD40 ligand, proteins 
involved in inflammation. The investigators also measured 
markers of airway epithelial cell injury: club cell protein 16 
(CC16) in blood and total protein in sputum.

* Underlined parameters were measured in the MOSES study. Parameters in 
bold font were primary markers.
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measure ECG parameters; spirometry was performed to
measure lung function before and after exposure; minute
ventilation was measured during exposure; and a blood
draw and a brachial artery ultrasound were done after
exposure. Participants went home at the end of the day
wearing the Holter monitor. Participants returned on the
day after exposure for a physical exam, measurement of
vital signs, a symptom questionnaire, a blood draw, lung
function testing, and collection of a sputum sample. At
predetermined times before and after exposure, the subject
rested in a supine position in a dark room for 10 minutes to
obtain ECG data that were used to calculate 5-minute aver-
ages. The study was conducted in a blinded fashion; that
is, the participants and most study personnel were not
aware of the exposure condition.* A summary of the expo-
sure sessions is provided in Commentary Table 2.

Health Endpoints

A summary list of endpoints is provided below. A com-
plete list of health endpoints and when they were measured
can be found in Table 3 of the Investigators’ Report. Forty-
one cardiovascular endpoints were measured, of which
12 markers were designated as primary markers. Please
refer to Commentary Sidebars 1 and 2 for background
information and abbreviations.

• Electrocardiographic activity measured continuously
for 24 hours with a Holter monitor: arrhythmia, heart
rate (HR), heart rate variability (HRV) (primary mark-
ers: 5-min averages of high frequency [HF] and low
frequency [LF] and 24-hr average of root mean square
of successive differences in normal-to-normal sinus
beat intervals [RMSSD]), repolarization (primary
markers: 5-min and 24-hr average of T-wave ampli-
tude), and ST segment (primary markers: 5-min and
24-hr average of ST in V5).

• Markers of vascular function: blood pressure (primary
marker: systolic blood pressure [SBP]), flow-mediated
dilatation (FMD) of the brachial artery (primary
marker), and the blood marker endothelin-1 (ET-1).

Commentary Table 2. Overview of Procedures Performed on the Days Before, During, and After Exposurea

Procedure

Pre-Exposure Visits Exposure Visit Post-Exposure Visit

3 Days
Before

2 Days
Before

1 Day
Before

Before
Exposure

During
Exposure

After
Exposure 1 Day After

Laboratory ozone exposure X
Personal exposure monitoring 
(ambient ozone and NO2)

X X X

Activity diary X X X
Physical exam X X
Health questionnaire X
Symptom questionnaire X X X X
Vital signs X X X X X
Electrocardiogram (ECG) --------------------------- Continuous --------------------

Brachial artery ultrasound X X

Blood draw X X X

Spirometry X X X

Minute ventilation X
Sputum induction X

a Three separate sessions were held in which participants were exposed to 0, 70, and 120 ppb ozone (in randomized order) for 3 hours while exercising 
intermittently (for a total of 9 visits).

*At one center the clinical coordinator was aware of the exposure condi-
tion. At the other two centers the study was fully double-blind.
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• Markers of inflammation and oxidative stress in blood:
C-reactive protein (primary marker), interleukin-6,
8-isoprostane, P-selectin, and nitrotyrosine.

• Markers of prothrombotic changes (primary markers:
microparticle-associated tissue factor activity [MP-
TFA] and monocyte–platelet conjugate count).

In addition, 12 respiratory endpoints were included. All
respiratory markers were designated as secondary markers.

• Pulmonary function measured by spirometry: forced
vital capacity (FVC), forced expiratory flow between
25% and 75% of FVC (FEF25–75), forced expiratory
volume in 1 second (FEV1), and FEV1/FVC ratio.

• Markers of airway epithelial cell injury: club cell pro-
tein 16 (CC16) in blood and total protein in sputum.

• Markers of lung inflammation in sputum: polymor-
phonuclear leukocytes (PMN, also referred to as neu-
trophils), interleukin-6, interleukin-8, TNF-�, and
CD40 ligand.

The investigators also assessed respiratory and other
symptoms by questionnaire, and measured minute ventila-
tion (by a mouthpiece pneumotachograph) during the
exposure to ensure that the target values were achieved.
Vitals signs (heart rate and blood pressure) were measured
before, during, and after exposure. The vital sign blood
pressure data were analyzed as a primary endpoint. Vital
sign heart rate was not used in the data analyses; instead
the investigators used heart rate determined from the ECG.

All ECG data were analyzed centrally at the URMC core
laboratory. All brachial artery ultrasounds were performed
at each site by qualified and trained personnel, and the
images were analyzed at the UCSF core laboratory. Blood
samples were collected from the arm not used for blood
pressure or ultrasound measurements and shipped to a
commercial laboratory for analysis of soluble markers.
Measurement of platelet activation and circulating mic-
roparticles was conducted at each clinical center since it
requires fresh blood; the data were analyzed at the URMC
core laboratory. 

Pulmonary function was measured using spirometry at
each clinical center following a common protocol. Sputum
was collected only once, at 22 hours after exposure, and
processed at each center. Markers of pulmonary inflamma-
tion in sputum cells and supernatant were analyzed at the
UNC core laboratory.

Statistical Analyses

A statistical analysis plan was developed with input
from investigators at the three clinical centers and the HEI
MOSES Oversight Committee. Because of lack of data on

inter- and intra-individual variability of key primary end-
points for this population of subjects, a preliminary power
calculation was done before the study started (in 2011) to
determine the power of a study with 90 versus 54 partici-
pants to detect small changes in health outcomes, focusing
on FMD, two ECG measures, and one prothrombotic
marker, using data from the literature. The power calcula-
tion was repeated with the nine primary outcomes when
data for 27 participants became available (in 2014).

All statistical analyses were done at the New England
Research Institute according to a data analysis plan
approved by the HEI Research Committee. First, data were
assessed for outliers and verified at the source if they
looked suspicious. Results were then calculated as the
difference between pre-exposure and post-exposure values
and assessed for normality. For outcomes that were not
normally distributed, a natural log transformation was per-
formed. Effects of ozone exposure on primary and sec-
ondary health outcomes were analyzed using mixed-
effects linear models accounting for repeated measures (at
multiple time points) at the three clinical centers. The
investigators tested three interaction models: ozone by sex,
by age, or by GSTM1 status. The statistical significance
threshold was set at P < 0.01 to reduce concerns for multiple
comparisons.

The investigators measured each participant’s exposure
to ozone and NO2 using a personal sampler for 72 hours
before the pre-exposure visit. They also collected air
quality data for ozone, fine PM, NO2, sulfur dioxide, and
carbon monoxide from central monitors close to each clin-
ical center. A forthcoming report (Multicenter Ozone
Study in oldEr Subjects, Part 2) will describe analyses that
include the pre-exposure pollutant data, as well as several
sets of sensitivity analyses conducted by the investigators.

To ensure participant safety and data quality, the MOSES
study included a Data Monitoring Board, a data manage-
ment plan, and strict quality assurance/quality control pro-
cedures with external auditors. The three clinical centers
and the Data Coordinating and Analysis Center obtained
appropriate approvals from their respective Institutional
Review Boards.

SUMMARY OF RESULTS

The three centers successfully recruited and tested 87 par-
ticipants (ages 55–70 years) who completed all exposure
visits between July 2012 and April 2015. Sixty percent of
participants were women, 88 percent were white, and
57 percent were lacking the GSTM1 gene. In 20 subjects,
39 mild-to-moderate adverse events were recorded, mostly
headache attributed to caffeine withdrawal. Some partici-
pants reported nasal congestion or fatigue. None of these
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symptoms were found to be related to ozone exposure.
None of the participants withdrew from the study because
of adverse events related to ozone exposure.

Target ozone concentrations were met at all three clinical
centers. Ultrafine particle counts in the exposure chamber
were higher at UNC than the other centers, but it should be
noted that the instrument at UNC counted particles as small
as 4 nm compared with 7 nm at URMC and 20 nm at UCSF,
and would therefore be expected to yield higher counts.
Minute ventilation during ozone exposure was within the
target range and was slightly lower (16.0 L/min/m2) than
during filtered air exposures (16.6 L/min/m2).

Analyses of the primary cardiovascular endpoints found
no statistically significant changes following ozone exposure
at 70 or 120 ppb on autonomic nervous system function, car-
diac electrical repolarization, or cardiac arrhythmia. In ad-
dition, ozone exposure did not lead to statistically significant
changes in oxidative stress or in markers of systemic inflam-
mation, vascular function, or prothrombotic status. The
only changes associated with ozone exposure seen in car-
diovascular endpoints were an increase in the secondary
endpoint plasma endothelin-1 (a marker of vascular func-
tion) and a decrease in nitrotyrosine (a marker of oxidative
stress) after exposure to 120 ppb, but not 70 ppb, ozone.

On the other hand, the MOSES study confirmed in these
older healthy subjects that ozone has effects on the respira-
tory system even at these near ambient concentrations.
Moderate exercise during clean air exposure (0 ppb) led to
increased FVC and FEV1 15 minutes after exposure
compared with pre-exposure values, and they remained sta-
tistically significantly higher after 22 hours. These improve-
ments in lung function were attenuated after ozone
exposure at 70 and 120 ppb. In addition, ozone exposure in
a dose–response manner at 120 ppb significantly increased
the percentage of PMN leukocytes (a marker of lung
inflammation) in sputum as well as of CC16 (a marker of
airway epithelial cell injury) in blood 22 hours later, com-
pared with 0 ppb. In contrast, changes in sputum concen-
trations of the inflammatory markers interleukin-6,
interleukin-8, and TNF-� were not statistically significant.
There was no evidence of statistically significant interac-
tions between sex, age, or GSTM1 status and the observed
changes in lung function, sputum leukocytes, or plasma
CC16 after ozone exposure.

There were some differences among centers in average
personal exposures to ozone and NO2 of participants
during the three days before the exposure visits. Specifi-
cally, average personal exposures to ozone and NO2 were
lower at UNC than at UCSF or URMC. There were also
some differences in ambient concentrations of air pollut-
ants measured at central air quality monitors. For example,

ambient NO2 and carbon monoxide levels (measured at
central monitoring sites and averaged over the entire study
period) were higher at UCSF than at the other two centers.
Whether these differences in ambient and personal expo-
sures may have affected the results reported here is under
further investigation and will be featured in a forthcoming
report (Multicenter Ozone Study in oldEr Subjects, Part 2).

EVALUATION BY THE HEI MOSES REVIEW PANEL

In its independent review of the study, the HEI MOSES
Review Panel commended the investigators for a well-
designed and executed study conducted at three centers,
using a standardized protocol and standard operating pro-
cedures. A key strength of the study was the crossover
design with controlled exposures at three concentrations
(0, 70, and 120 ppb) with the participants and most study
personnel unaware of the exposure condition. The Panel
also noted that the number of participants in the MOSES
study was considerably larger than in previous human
exposure studies conducted to date and thought the study
had sufficient statistical power to detect meaningful
changes in the primary outcomes.

The study efficiently collected information on a com-
prehensive array of cardiovascular endpoints, probing a
variety of potential mechanistic or pathophysiological
pathways, as well as several respiratory endpoints.

The Panel agreed with the investigators’ conclusions
that 3-hour ozone exposure at 70 or 120 ppb did not lead to
statistically significant changes in cardiovascular end-
points in this healthy group of older participants under-
going moderate exercise. Changes were observed in only
two of the many cardiovascular endpoints: an increase in
endothelin-1 and a decrease in nitrotyrosine following
3-hour exposure to 120 ppb ozone. Neither of these end-
points was prespecified as a primary outcome. The nitroty-
rosine changes were in the opposite direction of what
would be hypothesized to be on the pathway to an ozone
effect and remain unexplained; there were no changes in
markers of systemic inflammation. These results lend con-
fidence to the negative cardiovascular results.

The Panel also agreed with the investigators’ conclusions
that exposure to ozone led to measurable changes in lung
function (at 70 and 120 ppb); observed changes in two
markers in the blood (CC16) and lung (leukocytes) at
120 ppb were consistent with ozone-induced injury to the
airway epithelium followed by airway inflammation. These
results support the conclusion that decrements in lung func-
tion can be observed at ozone concentrations resembling the
current U.S. 8-hour NAAQS of 70 ppb, even though cardio-
vascular effects were not evident in this study.
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Commentary Table 3. Overview of Ozone Effects in MOSES

Endpoint
Category

How They Were 
Measured

How Many Were 
Measured

How Many Changed 
after Ozone Exposure

Indication of 
Ozone Effect

Cardiovascular

Heart rate Electrocardiogram 21 None No

Endothelial function Flow-mediated 
dilatation, vital signs, 
blood

6 1 (ET-1 increase at 
120 ppb, P = 0.008)

Yes

Systemic inflammation 
or oxidative stress

Blood 5 1 (nitrotyrosine 
decrease at 120 ppb, 
P = 0.016)

No

Prothrombotic status Blood 9 None No

Summary: Two of 41 cardiovascular endpoints changed after ozone exposure at 120 ppb; one change was in the opposite 
direction of what was expected. None of the primary endpoints changed. No convincing evidence of cardiovascular 
effects at 70 or 120 ppb.

Respiratory

Lung function Spirometry 4 2 (exercise-induced 
increases in FEV1 and 
FVC at 0 ppb, which 
were attenuated at 70 
and 120 ppb)

Yes

Lung injury or
inflammation 

Blood, sputum 8 2 (CC16 increase at 
120 ppb, P < 0.001, 
and leukocyte increase 
at 120 ppb, P = 0.003)

Yes

Summary: Four of 12 respiratory endpoints showed an effect in the expected direction. Results indicate adverse effects of 
ozone on lung function at 70 and 120 ppb, and on lung injury and inflammation at 120 ppb.

CC16 = club cell protein 16; ET-1 = endothelin-1; FEV1 = forced expiratory volume in 1 second; FVC = forced vital capacity.

An overview of the main findings is presented in Com-
mentary Table 3. Below, we discuss strengths and limita-
tions of different aspects of the study.

Strengths of the Study

As described in a recent review (National Academies
2017), controlled human-inhalation exposure studies have
a unique role in providing evidence of adverse effects of air
pollutants. The National Academy of Sciences committee
concluded “that controlled human-inhalation exposure
studies have provided unique information that cannot be
obtained from animal inhalation studies or from studies of
people engaged in their normal daily activities (that is,
through epidemiologic studies).” The MOSES report adds

important evidence of health effects at relatively low con-
centrations to the already quite extensive literature of
ozone effects in humans.

The Review Panel noted that this was a well-planned
and executed study. The three teams of investigators devel-
oped a strong collaboration and adhered consistently to the
common protocol that was agreed upon at the start. The
crossover study design, with controlled exposures to clean
air and two ozone concentrations at environmentally rele-
vant levels, was an excellent approach to the study ques-
tions. The study was more or less modeled after a clinical
trial with primary and secondary outcomes. Because the
number of participants was larger than in other human
exposure studies, the Panel agreed that it had provided
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adequate power for testing the primary outcomes,
although power was likely less adequate for detecting
interactions. The statistical analyses were well designed
and executed.

Ozone generation and exposure atmosphere measure-
ments were appropriate, and the choice of 70 ppb (the cur-
rent NAAQS) and 120 ppb ozone was well justified. The
investigators selected a comprehensive array of cardiovas-
cular endpoints useful for assessing a variety of potential
mechanistic pathways. That so many mechanistic hypoth-
eses were evaluated in a single study is viewed as a key
strength of the study. Selecting a common data center and
using core laboratories to analyze samples centrally con-
tributed to the quality of the study. Using experienced
groups to analyze and interpret results of ECG and brachial
artery ultrasound measurements is also recognized as
another strength of the study.

To measure pulmonary function, the investigators used
standardized protocols following well-accepted standard
operating procedures. The increase in lung function
observed in response to exercise with clean air has been
observed before (e.g., Gong et al.1997) although other
studies have not found such an effect (e.g., Arjomandi et al.
2015). The Panel agreed with the authors that this was most
likely an exercise-related effect, possibly also due to diurnal
variation. The study confirms pulmonary effects of expo-
sure to 70 ppb ozone and a well-documented increase of
PMN leukocytes in sputum after exposure.

Ozone Exposure Conditions

The ozone generation, calibration, and monitoring pro-
cedures used at the three centers were sufficient to achieve
and maintain the targeted exposure conditions. Impor-
tantly, none of the teams used air as the feed gas for the
ozone generator, which would have resulted in generation
of NOx. At each site, the filtration of outdoor supply air —
to mix with the generated ozone in the chambers — was
adequate. The air exchange rates at all three chambers
were relatively high. As a consequence, the subjects were
exposed primarily to freshly generated ozone and only
minimally to products of ozone-initiated chemical byprod-
ucts. With participants present in the chamber, ozone may
react with squalene and unsaturated fatty acids present in
skin oil or terpenoids present in personal care products
(Wisthaler and Weschler 2010). However, the high exchange
rates would have removed any gas-phase compounds that
may have been formed.

The use of an exposure alarm, configured to warn the
operator if concentration deviated by ±5% or to shut down
the ozone generator if the concentration exceeded 10% of
the target concentration, was a good practice. Ultrafine

particle concentrations in the chambers were typically less
than 500 particles/cm3. The low particle number concen-
trations are further evidence of minimal exposure to prod-
ucts of ozone-initiated chemistry. This did not seem to be
the case. Similarly, NOx concentrations were very low,
confirming minimal NOx production by the arc generator.

The chamber-cleaning procedure adopted by UCSF
when switching from ETS exposures to ozone exposures
appeared to be adequate to remove ozone reactive com-
pounds, derived from ETS, from the chamber walls.
Additionally, the high rate at which this chamber was ven-
tilated (58 exchanges per hour, at high temperature) during
the cleaning procedure translated to very little buildup of
reaction products in the chamber air even if ozone reactions
with surface contaminants did produce gas-phase products.
Therefore, the shared use of this chamber for both ETS
exposures and ozone exposures is unlikely to have affected
the outcomes of the ozone exposure experiments.

Prior Exposure to Ambient Air Pollutants

The study included a one-night hotel stay before the
exposure session to minimize variation in exposure to
ambient air pollutants for an individual over time and
across individuals. The investigators stated that a longer
stay would have been preferable but would be inconve-
nient to participants and too costly. While sympathetic to
these concerns, the Review Panel noted that a one-night
hotel stay may not have sufficiently eliminated the effects
of daily exposure to background concentrations of ozone
and other pollutants, because acute effects of air pollution
have been shown to occur with a lag time of up to three
days (Schwartz 2000). Thus, the forthcoming analyses to
evaluate participants’ exposure during the three days
leading up to the exposures are important.

It should be noted that exposures were — by design — to
primary ozone, without reaction products, as discussed
above. In the real world, exposures to ozone occur in the
presence of particles and gases and their chemical reaction
products. Further research is needed to know whether inter-
action with other air pollutants might lead to enhanced
effects that were not evident with exposure to primary
ozone. A number of human exposure studies have evalu-
ated coexposures to ozone and PM and have found mixed
results. For example, Fakhri and colleagues (2009) reported
heart rate variability changes after exposure to PM or to
ozone, but not after a combination of PM and ozone. On the
other hand, that study found a change in blood pressure
after exposure to a combination of PM and ozone, but not
after exposure to either PM or ozone alone. Other studies
have reported changes in heart rate variability (Power et al.
2008), cardiac repolarization (Sivagangabalan et al. 2011),



100

Commentary on Investigators’ Report by M.W. Frampton, J.R. Balmes, P.A. Bromberg, P. Stark, et al.

blood pressure (Urch et al. 2005), or vasoconstriction
(Brook et al. 2002) following exposure to a combination of
PM and ozone, compared with filtered air exposures in
human volunteers.

Susceptible Populations

By design, participants were selected to have a normal
body mass index and FEV1; were able to perform moderate,
intermittent exercise for three hours; and were excluded if
they were unable to stop taking specified medications
before and during the exposure sessions. While it is under-
standable that these criteria were employed to address
safety and ethical considerations, it is possible that these
inclusion and exclusion requirements pushed the age of
participants to the lower end of the range for which the
study was aiming (the mean age was approximately
60 years). The investigators acknowledged that an impor-
tant limitation of the study was that the participants were
very healthy for their age group (and were also predomi-
nantly white). As a result, they represented a rather small
segment of the general middle-age or older population.
Although the study did not find evidence for cardiovascular
effects of short-term ozone exposure in this group, it does
not shed light on whether low levels of ozone exposure are
a cardiovascular health risk for less healthy seniors, which
is an open research question. The emerging epidemiolog-
ical evidence finding associations of cardiovascular effects
with exposure to ozone may reflect susceptible members
of the population who are unable to participate in clinical
studies. The Review Panel agreed with the investigators
that performing controlled-exposure studies in potentially
susceptible individuals may entail unacceptable risk and
noted that the participant selection criteria for MOSES
were appropriate.

Because there was considerable variability in outcome
values among participants, the Review Panel asked the
investigators to conduct additional analyses to evaluate
whether there may have been a subgroup that showed
much larger changes in lung function or in sputum neutro-
phils after ozone exposure than the group on average. If
such “responders to ozone exposure” existed, it would be
worthwhile to explore whether this subgroup might show
effects on the cardiovascular system that were not evident
in the group as a whole. In response to the Panel’s request,
the investigators performed the suggested additional anal-
yses and reported that detailed additional statistical anal-
yses did not find evidence for such a high-responder
subgroup for cardiovascular effects.

Statistical Analyses and Study Power

In this study, more than 50 outcomes were analyzed,
with repeated measurements per participant for each of
the three exposure concentrations, and multiple endpoints
derived that were closely related (e.g., a number of heart
rate variability measures derived from the ECG wave-
forms). Thus, a large number of endpoints were analyzed,
which raises concerns about potential false positive associa-
tions due to the high number of statistical tests performed —
that is, the possibility of finding a statistically significant
change in a few endpoints due to chance alone. The Review
Panel noted that a Bonferroni approach to correct for mul-
tiple comparisons (wherein the critical P value [�] is
divided by the number of comparisons being made) could
have been performed for the 13 primary endpoints, but
this approach is recognized as being too conservative.
Instead of using a Bonferroni correction, the investigators
chose a different approach: to set � at a level of P < 0.01
instead of the usual P < 0.05. This approach also reduces
the possibility of finding statistically significant effects
that may have occurred by chance.

To strengthen the interpretation of results, the investiga-
tors were looking for concordance in the cardiovascular
outcomes to indicate that similar effects were happening
in multiple measures of cardiovascular function. However,
there were only two statistically significant cardiovascular
findings (for the secondary endpoints endothelin-1 and
nitrotyrosine), and one of them (nitrotyrosine, which was
marginally significant) was in the opposite direction of
what was expected. The fact that there were concordant
findings for respiratory outcomes, and that those effects
were larger at 120 ppb than at 70 ppb ozone, strengthens
the overall conclusion that there were respiratory, but no
cardiovascular, effects observed in this group of partici-
pants.

The investigators found some statistically significant dif-
ferences in cardiovascular parameters when comparing
males versus females and among the three clinical centers,
but these differences were not related to ozone concentra-
tions. Sex differences in levels of certain biomarkers are
known to occur. The center differences were not consistent
across the cardiovascular endpoints for which such differ-
ences were found and were thus not considered to be a con-
cern. The fact that center differences were seen, however,
provides confidence that it was possible to see small differ-
ences in cardiovascular outcomes in the study population,
and thus strengthens the observation that no cardiovascular
effects were seen after short-term exposure to ozone.
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Health Endpoints Included in the Study

The Review Panel noted that the investigators evaluated
a large set of markers of cardiovascular and respiratory
physiology, informing a number of potential mechanistic
pathways that have been implicated in the effects of air pol-
lutants on the human body. It is always possible to argue
about the choice of markers and whether a specific marker
was not covered in the study. For example, 8-isoprostane
was selected as the only marker of lipid peroxidation,
whereas there are several other possible choices to mea-
sure the lipid peroxidation pathway. However, science is
rapidly evolving, and new markers are constantly
emerging that were not measured previously. The Review
Panel thought that the set of markers evaluated in the
MOSES study was appropriate.

The pulmonary changes observed with ozone exposure
in the current study confirm and expand earlier findings in
human exposure studies. Specifically, previous studies
have shown changes in pulmonary function and neutrophils
after short-term (4 to 6.5 hours) exposure to 60 to 220 ppb
ozone (Alexis et al. 2010; Balmes et al. 1996; Kim et al.
2011; Torres et al. 1997). The fact that the current study did
not find cardiovascular effects of short-term ozone expo-
sure is in contrast with some earlier studies in volunteers
that reported changes in heart rate variability and a range
of inflammatory and vascular biomarkers after exposure to
higher levels of 114 to 300 ppb ozone for 2 hours (Devlin et
al. 2012; Fakhri et al. 2009); however, some other studies
also failed to detect effects on blood pressure after exposure
to 114 to 300 ppb ozone for 2 or 3 hours (Fakhri et al. 2009;
Gong et al. 1998, Ramanathan et al. 2016, Sivagangabalan
et al. 2011). The reasons for differences in these findings
are not clear. However, the Panel agreed with the MOSES
team that a 3-hour exposure to ozone did not lead to cardio-
vascular effects at 70 or 120 ppb in healthy older volunteers
in the current study.

The recent National Academy of Sciences review of the
evidence provided by human controlled-exposure studies
conducted by the U.S. EPA concluded that those studies
involving short-term exposures to ozone (O3) “have con-
tributed to clarification of exposure–response relation-
ships and have been of critical importance for the NAAQS.
… Those studies have provided … a basis for U.S. EPA’s
decision to move from a 1-hour to an 8-hour averaging
time for the O3 NAAQS level (concentration), and demon-
strations of the importance of considering susceptibility
factors and variability among individuals in human physi-
ologic responses (such as changes in lung function) and
biologic responses (such as increases in biomarkers of pul-
monary inflammation) to exposure to ozone and other oxi-
dant pollutants” (National Academies 2017). The MOSES

study has now provided additional important information
about respiratory and cardiovascular effects at near-
ambient concentrations that contributes to the scientific
knowledge base.

CONCLUSION

The Multicenter Ozone Study in oldEr Subjects was a
large, well-conducted study in 87 healthy adults (55–
70 years old) that showed the following important results:
(1) there was no convincing evidence that a 3-hour exposure
to near ambient concentrations of 70 or 120 ppb ozone with
moderate exercise resulted in statistically significant
changes in cardiovascular endpoints in these healthy older
adults; (2) short-term exposures at these relatively low ozone
concentrations did lead to moderate pulmonary effects, con-
sistent with previous studies, which were conducted pri-
marily in younger adults; and (3) no “responder” subgroup
could be identified in which ozone elicited cardiovascular
effects that were not evident in the group as a whole.

The MOSES Review Panel agreed with the main find-
ings of the study and commended the investigator teams
for the high quality of the data and analyses. The study
provides convincing evidence of a lack of cardiovascular
effects following short-term exposure to ozone at these
levels, in this healthy group of older participants. Several
limitations of the study should also be noted. Specifically,
the study was conducted — by design — in very healthy
older adults (average age about 60), which represent a
small segment of the general population. Additionally, the
study was limited — also by design — to acute exposures
to primary ozone without reaction products and without
coexposure to other pollutants common in ambient air.
Therefore, the observed lack of cardiovascular effects may
not be generalizable to the general adult population, which
includes people who are less healthy and who are exposed
to multiple pollutants.

The respiratory effects observed after ozone exposure
support the conclusion that such effects can be seen in the
general population at the current NAAQS of 70 ppb ozone,
even in the absence of cardiovascular effects.
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AChE 8-isoprostane-acetylcholinesterase

ANOVA analysis of variance

ATP ambient temperature and pressure

BAD brachial artery diameter

BAU brachial artery ultrasound

BMI body mass index

BP blood pressure

BSA body surface area

BTPS body temperature and pressure, 
water saturated

CC16 club cell protein 16

CD40L cluster of differentiation 40 ligand

CD42b+ platelet-derived microparticle

CD42b+/62P+ activated platelet-derived microparticle

CD62P+ activated platelet

CD142+ tissue factor expressing microparticle

CD154+ CD40L expressing microparticle

CI confidence interval

CO carbon monoxide

COPD chronic obstructive pulmonary disease

CRC Clinical Research Center

CRF case report form

CRP C-reactive protein

DBP diastolic blood pressure

DCAC Data Coordinating and Analysis Center

DMB Data Monitoring Board

ECG electrocardiogram

eCOS eClinicalOS

EDC electronic data capture

ELISA enzyme-linked immunosorbent assay

ET-1 endothelin-1

ETS environmental tobacco smoke

FEF25–75 forced expiratory flow between 25 and 
75% of FVC

FEV1 forced expiratory volume in 1 second

FMD flow-mediated dilatation

FVC forced vital capacity

GST glutathione S-transferase

GSTM1 glutathione S-transferase mu 1

HF high frequency power (0.15–0.40 Hz)

HR heart rate

HRV heart rate variability

IRB institutional review board

IL-6 interleukin-6

IL-8 interleukin-8

KS Kolmogorov-Smirnov

LF low frequency power (0.04–0.15 Hz)

Ln natural logarithm

LOD limit of detection

MOSES Multicenter Ozone Study of oldEr 
Subjects

MP microparticle

MP-TFA microparticle-associated tissue factor 
activity

ms millisecond

NAAQS National Ambient Air Quality Standards

NERI New England Research Institute

NMMAPS National Morbidity, Mortality, and Air 
Pollution Study

NN interval normal-to-normal sinus beat interval

NO nitric oxide

NO2 nitrogen dioxide

NOx nitrogen oxides

NQO1 NAD(P)H:quinone oxidoreductase

O3 ozone

OR odds ratio

PAI-1 plasminogen activator inhibitor-1

PES personal exposure sampler

PM particulate matter

PM2.5 PM with an aerodynamic diameter �2.5 µm

PM10 PM with an aerodynamic diameter �10 µm
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PMN polymorphonuclear leukocytes (also 
referred to as “neutrophils”)

ppb parts per billion

ppm parts per million

QA quality assurance

QC quality control

QTc QT interval corrected for HR

RFA Request for Applications

RR relative risk

R-R interval interval between R-waves

RH relative humidity

RMSSD root mean square of successive differences 
in normal-to-normal sinus beat intervals

ROS reactive oxygen species

SBP systolic blood pressure

SVPBs supraventricular premature beats

SD standard deviation

SDNN standard deviation of normal-to-normal 
sinus beat intervals

SE supraventricular ectopy or ectopic

SO2 sulfur dioxide

SOP standard operating procedure

TF tissue factor

TNF-� tumor necrosis factor-alpha

TRPA1 transient receptor potential ankyrin 1

TRPV1 transient receptor potential vanilloid 1

tPA tissue plasminogen activator

Type III SS Type III Sum of Squares

UCSF University of California at San Francisco

UFP ultrafine particles

ULF ultra-low frequency

UNC University of North Carolina

URMC University of Rochester Medical Center

U.S. EPA U.S. Environmental Protection Agency

VE ventricular ectopy or ectopic

VE minute ventilation

VLF very low frequency

VOCs volatile organic compounds

VPBs ventricular premature beats

VSAP vasospastic angina pectoris

VTI velocity-time integral

vWF von Willebrand factor

WHO World Health Organization
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