


JE[ H E A L T H E F FE C T S IN S TIT U T E 

The Health Effects Institute, established in 1980, is an independent and unbiased source 
of information on the health effects of motor vehicle emissions. HEI studies all major 
pollutants,-including regulated pollutants (such as carbon monoxide, ozone, nitrogen 

-dioxide, and particulate matter) and unregulated pollutants (such as diesel engine exhaust, 
methanol, and aldehydes). To date, HEI has supported more than 150 projects at institu
tions in North America and Europe. 

Typically, HEI receives half its funds from the U.S. Environmental Protection Agency and 
half from 28 manufacturers and marketers of motor vehicles and engines in the United States. 
Occasionally, funds from other public or private organizations either support special projects 

or provide resources for a portion of an HEI study. Regardless of funding sources, HEI exercises 
complete autonomy in setting its research priorities and in reaching its conclusions. An 
independent Board of Directors governs HEI. The Institute's Research and Review Committees 
serve complementary scientific purposes and draw distinguished scientists as members. The 
results of HEI-funded studies are made available as Reseatch Reports, which contain both the 
Investigators" Report and the Review Committee's evaluation of the work's scientific quality 
and regulatory relevance. 



Synopsis of Research Report Number 78" 

Effects of Ozone on Pulmonary Function 
and Airway Inflammation in Normal and 
Potentially Sensitive Human Subjects 

BACKGROUND 

Ozone is a common air pollutant and a major component of smog. The current National Ambient Air 
Quality Standard (which is currently being revised) is 0.12 parts per million (ppm), a level not to be 
exceeded for more than one hour, once per year. This standard is based largely on evidence that, in 
sensitive individuals, short-term exposure to ozone causes symptoms such as cough and shortness of 
breath, and reversible changes in some tests of lung function. 

A procedure called spirometry is commonly used to measure lung function, particularly the measure
ment of forced expiratory volume in one second (FEV 1), which is the volume of air a subject can forcibly 
exhale in the first second following maximal inhalation. Exposure to ozone causes a transient decrease 
in FEV1 in many people. This response is highly reproducible within an individual; however, there are 
marked differences among individuals in their sensitivities to ozone. Ozone also can cause the airways 
to become hyperresponsive to inhaled substances (such as the drug methacholine) that constrict the 
large airways or bronchi; this response is reflected in the airways becoming increasingly resistant to air 
flow. Finally, inhaling ozone can produce airway inflammation and cell injury, as evidenced by the 
appearance of cellular and biochemical markers of these reactions in airway fluids. 

This report describes the results of two independent studies that were designed to (1) evaluate the range 
of ozone-induced responses in the general population, (2) study the effects of short-term exposure to 
ozone in populations with underlying airway inflammation (smokers and people with asthma), and (3) 
compare the responses in sensitive populations with those in normal subjects. A common goal of both 
studies was to characterize ozone-induced responses in populations thought to be most sensitive to 
ozone so that appropriate standards can be set to protect human health. 

STUDY DESIGN 

The studies described in this report were conducted by two investigator groups: Dr. John Balmes and 
colleagues of the University of California, San Francisco, and Dr. Mark Frampton and associates of the 
University of Rochester. Drs. Balmes and Frampton p.sed similar ozone exposure regimens but different 
study populations: normal and asthmatic men and women exposed to 0.2 ppm ozone or clean air for 
four hours in the Balmes study, and male and female nonsmokers and smokers exposed to 0.22 ppm 
ozone or clean air for four hours in the Frampton study. In both studies subjects performed moderate 
exercise during the exposures. The investigators made a number of pulmonary function measurements 
and used a procedure called bronchoscopy to collect fluids and tissue samples from the subjects' airways. 
They analyzed these samples for indicators of inflammation and lung damage. 

Balmes separated subjects into two categories on the basis of how much their FEV1 response decreased 
after exposure to ozone: those least sensitive (smallest decrease) or most sensitive (greatest decrease) to 
ozone. The investigators addressed three issues: (1) Is an individual's reactivity to inhaled methacholine 
predictive of how his or her lung function would change after exposure to ozone? (2) What is the relation 
between ozone-induced airway inflammation (measured 18 hours after exposure) and changes in lung 

· function (measured during and immediately after exposure)? and (3) Do the changes in lung function 
and markers of inflammation in response to ozone exposure differ between normal people and people 
with asthma? 

This Statement, prepared by the Health Effects Institute and approved by its Board ofDirectors, is a summary oftwo research projects sponsored 
by HEI from 1991 to 1995. Dr. John R. Balmes and colleagues of the University of California, San Francisco, CA, conducted the first study, 
Ainvay mflammation and Responsiveness to Ozone in Normal and Asthmatic Subjects; and Dr. Mark W. Frampton and associates from the 
University of Rochester School of Medicine and Dentistry, Rochester, NY, conducted the second study, Ainvay lrlflammation and 
Responsiveness to Ozone in Nonsmokers and Smokers. The investigators jointly examined Mediators of Inflammation in Bronchoalveolar 
Lavage Fluid from Nonsmokers, Smokers, and Asthmatic Subjects Exposed to Ozone: A Collaborative Study. The Research Report contains 
three Investigators' Reports and a Commentary on the studies prepared by the Institute's Health Review Committee. 



Dr. Frampton's overall objectives were similar to those of the Balmes study, except that Dr. Frampton 
studied smokers as a potentially susceptible population. Because he was able to identify only a few 
smokers as sensitive to ozone (on the basis of their FEV1 responses), all smokers were grouped together 
for further study. Dr. Frampton measured pulmonary function and markers of inflammation immedi
ately after air or ozone exposure and 18 hours later, thus allowing examination of the time course of 
these two responses in the same subject. The two investigator groups collaborated to compare the levels 
of three markers of airway inflammation among the normal, asthmatic, and smoker groups. 

RESULTS AND IMPLICATIONS 

These studies produced both confirmatory and new information about the responses of normal and 
potentially susceptible people to environmentally relevant concentrations of ozone. Both investigators 
confirmed findings from other laboratories. Namely, that exposure to ozone at levels that occur in 
ambient settings results in reversible changes in FEV1. Also, many people develop an inflammatory 
response in their airways (as determined by the appearance of markers ofinflammation and cell injury 
in their lung fluids) after being exposed to ozone. Furthermore, they found no correlation among 
ozone-induced respiratory symptoms, chapges in pulmonary function (as measured by FEV1), and 
markers of airway inflammation. 
Both Balmes and Frampton found that a subject's airway responsiveness to methacholine did not 
correlate with the reduction in FEV1 observed after ozone exposure. Moreover, normal subjects who 
were characterized as being most sensitive or least sensitive to ozone (by measurements of FEV1) did 
not differ in their ozone-induced inflammatory responses. This implies that even if pulmonary function 
does not change, other potentially harmful effects of ozone, such as airway inflammation, may occur. 
Balmes found that breathing ozone caused similar changes in FEV1 in normal and asthmatic subjects. 
However, 18 hours after exposure to 0.2 ppm ozone for four hours, the levels of some markers of 
inflammation in lung fluids from asthmatic subjects were higher than the levels observed in normal 
subjects. Although this suggests that when people with asthma are exposed to ozone, they may develop 
more intense respiratory tract inflammation than healthy people, further studies are needed at multiple 
time points after exposure. 
Dr. Frampton and colleagues found that although smokers have a greater degree of underlying airway 
inflammation than nonsmokers, they actually had smaller ozone-induced decrements in FEV1 than 
nonsmokers. The magnitude of the inflammatory response to ozone was similar in smokers and 
nonsmokers. It was also the same in subjects characterized as most sensitive and least sensitive to ozone 
on the basis of theirFEV1 responses. The investigators found that some compounds (called cytokines) 
that are known to be important mediators of inflammation were present immediately after exposure to 
ozone. However, the overall inflammatory response was greater 18 hours after ozone exposure (when 
lung function had returned toward normal levels) than immediately after exposure. 
An unexpected finding of the collaborative study was that the effects of the bronchoscopic procedures 
used to obtain the airway fluids and biopsy specimens may persist for many weeks in some subjects. 
This has critical implications for studies involving repeated invasive procedures. 
The results of the studies reported here suggest that measuring symptoms and pulmonary function (using 
standard measurements of air flow) may not be sufficient to evaluate the potential risks associated with 
ozone exposure. Many individuals experience airway inflammation after being exposed to ozone, and 
this response is not reflected in the FEV1 response. The significance of ozone-induced inflammation in 
terms of subsequent airway disease has not been determined. More attention needs to be directed toward 
assessing the effects of ozone on small airway function and toward developing noninvasive measure
ments of airway inflammation. 

Copyright© 1997 Health Effects Institute. Printed at The Graphic Supervisors, Topsfield, MA. 
Library of Congress Catalog Number for the HE! Research Report Series: WA 754 R432. 
The paper in this publication meets the minimum standard requirements of the ANSI Standard Z39.4B-1984 (Permanence 
of Paper) effective with Report Number 21, December 1988, and with Report Numbers 25, 26, 32, 51, and 65 Parts IV, VIII, 
and~ excepted. These excepted Reports are printed on acid-free coated paper. 
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Effects of Ozone on Normal and Potentially Sensitive Human Subjects 
Part I: Airway Inflammation and Responsiveness to Ozone in Normal 
and Asthmatic Subjects 

John R. Balmes, Robert M. Aris, Lisa L. Chen, Cornelius Scannell, 
Ira B. Tager, Walter Finkbeiner, Dorothy Christian, Thomas Kelly, 
Patrick Q. Hearne, Ronald Ferrando, and Barbara Welch 

ABSTRACT 

We report here the results of a rnultiphase project to 
assess the significance of airway responsiveness and airway 
injury in ozone (03)* sensitivity. In Phase I, we measured 
the pre exposure methacholine responsiveness of 66 normal 
subjects and then exposed these subjects to 0.2 ppm 0 3 for 
4 hours with moderate exercise. Pre exposure methacholine 
responsiveness was weakly correlated with 03·induced 
increases in specific airway resistance (sRaw) but not 03· 
induced declines in forced expiratory volume in one sec
ond (FEV1) or forced vital capacity (FVC). In addition, 
03-induced lower respiratory symptoms were not well cor
related with 03-induced changes in lung function. In Phase 
II, we exposed 23 normal subjects to 03, following an 
identical protocol to that of Phase I, and then performed 
bronchoscopy with proximal airway lavage (PAL), bron
choalveolar lavage (BAL), and bronchial biopsy at 18 hours 
after exposure. Ozone-induced increases in percentage of 
neutrophils and total protein concentration were observed 
in both bronchial fraction and BAL fluids; increased per
centage of neutrophils also was observed in PAL fluid. 
These increases were correlated with 03-induced increases 
in sRaw, but not with 03-induced declines in FEV1 or FVC. 
Ozone also appeared to increase expression ofintercellular 
adhesion rnolecule-1, an important mediator of neutrophil 
recruitment, in bronchial mucosa. In Phase III, we exposed 
a group of 19 asthmatic subjects to 03, following a protocol 

• A list of abbreviations appears at the end of the Investigators' Report. 

This Investigators' Report is Part! of Health Effects Institute Research Report 
Number 76, which also includes Part II: Airway Inflammation and Respon
siveness to Ozone in Smokers and Nonsmokers, by Mark Frampton and 
associates; Part m: Mediators of Inflammation in Bronchoalveolar Lavage 
Fluid from Nonsmokers, Smokers, and Asthmatic Subjects Exposed to 
Ozone: A Collaborative Study, by Mark Frampton, John R. Balmes, and 
colleagues; a Commentary by the HElHealth Review Committee, and an REI 
Statement about the research project. Correspondence concerning this Inves
tigators' Report may be addressed to Dr. John R. Balmes, Lung Biology Center, 
Box 0654, University of California, San Francisco, CA 94143-0654. 

Although this document was produced with partial funding by the United 
States Environmental Protection Agency under Assistance Award R624635 
to the Health Effects Institute, it bas 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 private party 
institutions, including those that support the Health Effects Institute; there
fore, it may not reflect the views or policies of these parties, and no endorse
ment by them should be inferred. 
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identical to that of Phase II. We then compared the lower 
respiratory symptom and lung function responses of the 
asthmatic subjects to those of the 81 normal subjects who 
participa,ted in Phase I, Phase II, or both. The changes in the 
PAL and BAL fluids of the asthmatic subjects were corn
pared with those of the normal subjects who participated 
in Phase II. Although both the asthmatic and nonasthrnatic 
subjects showed significant 03-induced changes in lower 
respiratory symptoms, FEV1, FVC, and sRaw, no significant 
differences were found between the groups. For· sRaw, 
however, a nonsignificant trend toward a greater 03-in
duced increase was noted for the asthmatic subjects. In 
contrast, the 03-induced increases in percentage ofneutro
phils and total protein concentration in BAL fluid were 
significantly greater for the asthmatic subjects than for the 
nonasthrnatic subjects. These data suggest that although the 
lower respiratory symptom and lung function responses to 
03 are not markedly greater in asthmatic subjects than in 
healthy subjects, the inflammatory response of the asth
matic lung may be more intense, 

INTRODUCTION . 
Ozone is a major component of urban air pollution to 

which millions of people are periodically exposed in many 
areas of North America. In contrast to certain other air 
pollutants, a relatively extensive scientific data base has 
been gathered on the health effects of 03. A number of 
controlled human exposure studies suggest that the Na
tional Ambient Air Quality Standard (NAAQS) for 0 3 may 
not provide a margin of safety to protect the most sensitive 
members of the population from adverse health effects 
(McDonnell et al. 1983, 1985a, 1993; Gong et al. 1986;, 
Horstman et al. 1990; Devlin et al. 1991). Implicit in this 
statement is that the 03-sensitive segment of society has 
been identified. But, in fact, this is not the case. Although 
the pulmonary function responses to 03 have been charac
terized in small groups of subjects, the determinants of 
these responses have been elusive. Furthermore, although 
sensitivity to 03 is most often defined in terms of decreases 
in FEV 1, it is not clear that this is the best measure of the 
adverse effects of exposure to 03. Failure to pinpoint the 

1 
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factors that determine Oa sensitivity hampers regulatory 
efforts aimed at protecting public health. With the current 
U.S. Environmental Protection Agency's (EPA) emphasis 
on the FEV 1 response as the primary adverse health effect 
of Oa exposure, large numbers of Oa-sensitive individuals 
may be exposed to levels capable of inducing oxidant injury 
to the respiratory tract without experiencing warning symp
toms. Knowing the predictors of 0 3 sensitivity would allow 
regulatory agencies to establish and implement measures to 
minimize the exposure of those individuals at greatest risk 
during high-Oa periods. Therefore, elucidating the determi
nants of Oa sensitivity would have far-reaching health 
benefits. 

The results of many controlled human exposure studies 
conducted over the past several decades have documented 
that short-term inhalation of 0 3 causes dose-dependent 
decrements in FVC and relatively smaller increases in 
sRaw, in addition to decrements in FEV 1 as described above 
(McDonnell et al. 1983; Hazucha 1987; Horstman et al. 
1990). Many studies also have demonstrated marked inter
individual, but minimal intraindividual, differences in re
sponse to Oa (Glinder et al. 1983; Avol et al. 1984; Kulle et 
al. 1985; McDonnell et al. 1985b). This observation suggests 
that the response to Oa may be determined predominantly 
by characteristics inherent in the individual. Demographic 
differences such as age, gender, race, weight, and height 
have not been useful for predicting Oa sensitivity (McDon
nell 1989). Until recently, individuals with airway hyperre
sponsiveness, whether asthmatic or not, were not considered 
to be at increased risk of adverse effects of Oa (Linn et al. 
1978; Koenig et al. 1987; McDonnell et al. 1987). However, 
in a preVious study, we found that normal subjects selected 
for Oa sensitivity as defined by a 10% or greater fall in FEV1 
after a 4-hour exposure to 0.2 ppm Oa (exercising 50 
min/hour, which produced a volume of expired gas [VEl, or 
ventilatory rate, of approximately 40 L/min) had a signifi
cantly lowerpreexposure PC1oo (the provocative concentra
tion of methacholine that causes a 100% increase in sRaw) 
than did the Oa-insensitive subjects (2.95 mg/mL vs. 18.67 
mg/mL, p < 0.005) (Aris et al. 1991). The Phase I study 
reported here was performed prospectively to test the hy
pothesis that nonspecific airway responsiveness can pre
dict Oa sensitivity in normal adults. 

Several human studies have demonstrated that Oa expo
sures capable of causing changes in lung function can also 
cause cellular and biochemical evidence of injury or in
flammation in PAL and BAL fluids (Seltzer et al. 1986; 
Koren et al. 1989; Aris et al. 1993a,b). As was noted for lung 
function responses, considerable interindividual variabil
ity is apparent in the magnitude of the changes in the lavage 
fluid contents in response to Oa. What was unknown when 
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we began the project reported here was whether the magni
tude of change in FEV1, FVC, or sRaw could predict the 
degree of respiratory tract inflammation. Recently, Wein
mann and coworkers (1995b) demonstrated in a small num
ber of subjects that decrements in forced expiratory flow 
(from 25% to 75% of the vital capacity [FEFz5-75l measured 
isovolumetrically) persisted longer than oilier Oa-induced 
changes in lung function, and that fuese decrements also 
correlated with one marker of Oa-induced inflammation, 
fibrinogen concentration in BAL fluid. 

The mechanism by which 0 3 induces decrements in 
FEV 1 and FVC appears to be neurally mediated involuntary 
inhibition of inspiratory effort (Hazucha et al. 1989) involv
ing stimulation of airway C-fibers (Coleridge et al. 1993). 
The mechanism by which Oa causes mild increases in sRaw 
is less clear, but is presumably due to airway narrowing 
(Weinmann et al. 1995a). If airway narrowing does occur, 
it is likely due to mucosal edema, but whefuer this is a result 
of direct Oa-induced injury or neurogenic inflammation is 
also unclear. Ozone-induced changes in PAL and BAL 
fluids may result from direct cytotoxicity to the airway 
epithelium, but secondary injury due to the inflammatory 
response may also play a role (Castleman et al. 1980; Aris 
et al. 1993b). Although Oa-induced spirometric decrements 
and sRaw increases are more easily measured, the degree of 
airway inflammation may have more important long-term 
consequences. We designed the Phase II study reported 
here to test the hypothesis that acute Oa-induced lung 
function changes are correlated with PAL and BAL fluid 
indicators of respiratory tract inflammation measured 18 
hours after exposure. 

Although normal people may experience adverse respi
ratory effects from exposure to 0 3, it has been suggested that 
people with asthma may be an especially susceptible sub
group (Boushey 1989; Balmes 1993; Koenig 1995; Koren 
and Bromberg 1995). This is reasonable given that two 
characteristic features of asthma, airway inflammation and 
increased nonspecific airway responsiveness, are acute re
sponses induced by Oa inhalation. Several controlled expo
sure studies of asthmatic and atopic subjects, however, 
hav~ failed to show enhanced spirometric responses to 
short-term Oa inhalation (Linn et al. 1978; Koenig et al. 
19 8 7; McDonnell et al. 19 8 7). This result is not as surprising 
as it might seem when one considers that the primary 
mechanism for Oa-induced decrem~nts in FEV 1 is de
creased inspiratory capacity rather than airway obstruction 
(Hazucha et al. 1989). One study involving exposure to a 
relatively high dose of Oa, however, did show enhanced 
lung function responses in asthmatic subjects compared 
with normal subjects (Kreit et al. 1989). In contrast to the 
results of controlled exposure studies of asthmatic subjects, 
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several epidemiologic studies have provided evidence that 
high ambient 03 concentrations are associated with an 
increased rate of asthma attacks (Whittemore and Korn 
1980; Holguin et al. 1985). Other studies have documented 
increased hospital admissions or emergency department 
visits for respiratory disease, including asthma, after days 
of high ambient 03 levels (Bates and Sizto 1983; White et 
al. 1994). The mechanism of increased asthma morbidity 
associated with 03 pollution is more likely related to airway 
inflammation than lung function responses. We designed 
the Phase III study reported here to test the hypothesis that 
0 3 exposure induces a greater inflammatory response in 
asthmatic than in nonasthmatic persons. 

Previous work from our laboratory has demonstrated that 
0 3 exposure can cause neutrophil infiltration of the bronchial 
mucosa in human subjects (Aris et al. 1993b). Therefore, we 
obtained bronchial biopsies during bronchoscopies of Phase 
II and Phase III subjects for leukocyte morphometry. We also 
obtained biopsies from Phase II subjects for ultrastructural 
study of 03-induced airway epithelial injury by electron 
microscopy. Because of our interest in the mechanism of 
neutrophil recruitment to the lung after 03 exposure, we 
hypothesized that 03 would induce increased expression 
of certain cell adhesion molecules known to be involved in 
leukocyte recruitment in other models: intercellular adhe
sion molecule-1 (ICAM-1), vascular cell adhesion molecule 
(VCAM), and E-selectin (also known as endothelial leuko
cyte adhesion molecule, or ELAM). We also hypothesized 
that 03 would induce increased expression of certain inte
grins, a family of adhesion molecules that often recognize 
specific components of the extracellular matrix as ligands, 
but which also can interact with cell surface proteins to 
mediate both heterotypic and homotypic cell-cell interac
tions. The integrin subunits of interest in this study are 
those that can be expressed in the airway epithelium: a2, 
a3, a5, a6, a9, p3, p5, and p6. We used immunohistochem
istry to assess the roles of these adhesion molecules in 
03-induced airway injury and inflammation. 

SPECIFIC AIMS 

1. To determine if airway responsiveness to methacholine 
is associated with sensitivity to 03 (as measured by 
decrement in FEV1 following exposure). 

2. To determine the effects of prolonged exposure to 
ambient levels of 03 on proximal airway and distal 
lung injury and inflammatory responses in "sensitive" 
and "insensitive" subjects (as assessed by evidence of 
inflammatory cells recruited to the airways, increased 
epithelial permeability, and initiation of injury repair). 

3. To determine if the degree of 0 3-induced proximal 
airway or distal lung injury or inflammation can be 
predicted by lung function responses to exposure in 
normal subjects and in subjects with asthma. 

PHASE I. RELATIONSHIP OF 
NONSPECIFIC AIRWAY RESPONSIVENESS 
TO OZONE SENSITIVITY 

METHODS AND STUDY DESIGN 

Subjects 

Based on our previous data (Aris et al. 1991), we esti
mated that 66 subjects would be required to test a difference 
in methacholine responsiveness (PC1oo of 8 mg/mL) be
tween the upper and lower tertiles of FEV 1 responses to 03 
with a beta error= 0.15 and an alpha error = 0.05. We 
recruited normal, athletic adults, ages 18 through 50, by 
advertising at two large college campuses in San Francisco. 
Telephone interviews were conducted to collect data on 
athletic activity, smoking status, and history of respiratory 
or medical problems. After explaining our protocol, we 
invited B8 nonsmoking (defined as having smoked fewer 
than 50 cigarettes in the last year and none in the last 6 
weeks) adults without active medical problems to partici
pate in the study. Six individuals refused to participate, 
largely because of time constraints. The other 82 subjects 
had no history of recent (i.e., within the last 6 weeks) 
respiratory infection and came to the laboratory for Day #1 
of the protocol. Each subject completed a medical history 
questionnaire. Eight subjects dropped· out of or were ex
cused from the study before completing the first exposure 
because of either a language barrier (1), time constraints (1), 
chronic antihistamine use (1), a preexisting knee injury (1), 
an inability to complete the methacholine test (1), failure 
to return (2), or an inability to perform sustained exercise 
(1). Eight additional subjects dropped out after completing 
one exposure because of either an injury sustained outside 
of the protocol (2), time constraints (3), failure to return (2), 
or a recent hysterectomy (1). The remaining 66 subjects 
completed the entire protocol. Twenty-two had a history of 
light smoking (defined as less than 10 pack-years of total 
consumption), but none had smoked more than 50 ciga
rettes in the past year. Subject characteristics are listed in 
Table 1. Predicted values for the spirometric parameters are 
those of Knudson and coworkers (1983). No subject took 
prescription medications, inhaled beta-adrenergic agonists, 
antihistamines, nonsteroidal antiinflammatory agents, or 
vitamins C and E within 1 week of testing. No subject 

3 



Part I: Airway Inflammation and Responsiveness to Ozone in Normal and Asthmatic Subjects 

consumed tea, coffee, or hot chocolate within 4 hours of any 
part of the experiment. All subjects received financial com
pensation for their participation. 

Experimental Protocol 

Day 1: Methacholine Airway Responsiveness and Allergy 
Sldn Testing We chose methacholine responsiveness as 
the primary independent variable in Phase I because it is 
considered to be the best measure of nonspecific airway 
responsiveness and is a commonly used clinical test. Each 
subject completed a medical history questionnaire, was 
informed of the risks of the experimental protocol, and 
signed consent forms approved by the Committee on Hu
man Research of the University of California, San Francisco. 
Each subject then underwent methacholine responsiveness 
testing as previously described (Aris et al. 1991) with minor 
modifications. We measured sRaw before and after inhala
tion of five deep breaths of phosphate-buffered saline or 
doubling concentrations of methacholine (0.63, 1.25, 2.5, 5, 
10, 20, 40, 80 mg/mL) delivered by a nebulizer (No. 646; 
Devilbiss Co., Somerset, PA) with a dose-metering device 
calibrated to deliver 0.01 mL/breath. Serially increasing 
concentrations were administered until there was an in
crease in sRaw greater than lOOo/o from the post-saline 
baseline value (PC1oo), or until the 80 mg/mL dose had been 
given. The PC1oo was calculated by log-linear interpolation. 
A 100% increase in sRaw was chosen as the target endpoint 
for methacholine responsiveness testing because it is more 
sensitive than PCzo (i.e., the concentration of methacholine 
that produces a 20% decrease in FEV1). A PC10o was ob
tained for all66 subjects (Figure 1). The PC10o values were 
log-transformed before further analysis. 

All subjects underwent allergy skin-prick testing on the 
anterior forearm by intraepidermal injection (Morrow
Brown needles, Aller//guard, Topeka, KS) of 11 allergens 
(mixed grasses, mixed trees, mixed weeds, cat- and dog-hair 

Table 1. Phase I. Subject Characteristicsa 

Age (years) 
FEV1 (L) 
FEV1 (%predicted) 
FVC (L) 
FVC (% predicted) 
sRaw (L x em HzO/L/sec) 
PC10o (mg/mL) 
Gender (M/F) 
Number of positive skin tests 

• n =66. 

4 

Mean SD 

27.0 
3.96 
97.3 
4.72 
98.8 
3.2 
8.5 

42/24 
20 

4.5 
0.75 
10.4 
0.92 
9.8 
1.3 
9.6 

epithelium, house dust-HS, house dust-BE, Alternaria, 
Hormodendrum, Dermatophagoides pteronyssinus, and 
Dermatophagoides farinae) and both negative (saline) and 
positive (5 mg/mL histamine) control substances, according 
to the method of Pepys, with minor modifications (Pepys 
1975; Brown et al. 1981). All allergen preparations except 
for the histamine and house dust-BE (Berkeley Biologicals, 
Berkeley, CA) were obtained from Hollister Steir (Miles 
Inc., Elkhart, IN). The length and width of both the 
erythema and induration at each test site were measured 
with a metric ruler 15 minutes after injection. If a histamine 
response ofless than 5 mm was observed, the skin tests were 
repeated at a later date. A subject was considered to have a 
positive skin test if the mean of the length and width of the 
induration for any antigen was atleast 2 mm larger than that 
for histamine. 

Days 2 and 3: Ozone and Air Exposure Protocols On two 
subsequent days, each separated from the other by 3 weeks, 
the subjects were exposed in random, double-blind fashion 
to 0.2 ppm Oa or to filtered air. Each subject had his or her 
baseline sRaw, FEV1, and FVC measured 5 minutes before 
undergoing each exposure. These lung function tests were 
selected as the primary dependent variables for Phase I 
because abundant data from previous controlled human 
exposure studies, including some from our laboratory, in
dicate that Oa-induced changes in these tests are reproduc
ible within subjects. The exposure protocol was 4 hours in 
duration with 50-minute exercise periods alternating with 
10-minute measurement and rest periods. Hourly measure
ments of lung function were made during exposure also 
because considerable evidence from previous controlled 
human studies indicates that 03-induced changes can be 
detected with this measurement interval. The exposures 
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took place in a chamber filled with filtered air at 20°C and 
50% relative humidity, to which 03 either was or was not 
added. Each subject exercised on a treadmill (Model M9.1, 
Precor Co., Bothell, WA) or a cycle ergometer-(No. 18070, 
Gould Godart, Bilthoven, The Netherlands), or both; the 
equipment was individually adjusted to produce a targeted 
VE, as measured with a pneumotachograph (No. 3, A. 
Fleisch, Lausanne, Switzerland), of 25 L/min/m2 body sur
face area. The subjects chose to either cycle, jog, or alternate 
between the two. The tidal volume and respiratory rate 
were measured, and the ventilatory rate was calculated at 
the 10-minute, 25-minute, and 40-minute points of each 
50-minute exercise period, and the workload was adjusted 
to maintain the targeted ventilatory rate. The mean ventila
tory rate for the subjects undergoing exposure to air ( 44.1 
L/min) or 03 (43.5 L/min) were similar. During each 10-
minute measurement and rest period, each subject imme
diately exited the chamber and sRaw, FEV1, and FVC were 
measured, in that order. Each subject was allowed to rest, 
drink water or juice, and eat ad libitum during the remain
der of the measurement and rest period. Symptom question
naires consisting of a 5-point rating scale (0 =none and 4 = 
severe) for each of 12 symptoms (lower respiratory: chest 
discomfort or tightness, chest pain on deep inspiration, 
shortness of breath, cough, phlegm or sputum production, 
and wheeze; upper respiratory: throat or nasal irritation; 
nonrespiratory: anxiety, eye irritation, headache, and nau
sea) were self-administered immediately before and imme
diately after each exposure. 

Pulmonary Function Measurements 

Specific airway resistance was determined as the prod
uct of airway resistance and thoracic gas volume, both 
having been measured in a constant-volume body plethys
mograph (Warren E. Collins, Braintree, MA). Subjects did 
not breathe deeply prior to sRaw measurements, and these 
measurements were made at functional residual capacity. 
Specific airway resistance was calculated as the mean of 
five measurements, each taken 30 seconds apart. For 11 
subjects, sRaw measurements were not obtained after one 
of the two exposures due to technical problems in operating 
the body plethysmograph. Spirometry was performed on a 
dry, rolling-seal spirometer (S400, Spirotech Division, An
derson Instruments, Inc., Atlanta, GA). Mean values for 
FVC and FEV1 were calculated from three acceptable FVC 
maneuvers (American Thoracic Society 1987), each ob
tained approximately 30 seconds apart. On the first visit to 
the laboratory, the mean values for FEV1 and FVC were 
calculated from six (two sets of three, 5 minutes apart) FVC 
maneuvers to minimize the effect of first-time spirometry 
variability in establishing a baseline. 

The Exposure Chamber and Atmospheric Monitoring 

All exposures took place in a 2.5-m x 2.5-m x 2.4-m steel 
and glass chamber (Model W00327-3R,Nor-Lake, Inc., Hud
son, WI), which was custom-built and designed to maintain 
chamber temperature and relative humidity within 2,0°C or 
4% of their respective set points (DSC 8500, Johnson Con
trols, Poteau, OK). The exposure chamber, and air filtration, 
humidification, and conditioning systems have been pre
viously described in detail (Aris et al. 1990, 1991). Tem
perature and relative humidity, which were recorded every 
30 seconds for the duration of the exposure and averaged, 
were similar for the air (20.3°C ± 1,0°C and 50.9% ± 3.2%) 
and 03 exposures (20.1°C ± 0.6°C and 49.2% ± 3.8%). 

Ozone was produced from oxygen (Oz) supply gas with 
a corona-discharge 03 generator (Model T 408, Polymetrics, 
Inc., San Jose, CA) and analyzed with an ultraviolet light 
photometer (Model1008 PC, Dasibi, Glendale, CA). The 03 
concentration, which was measured every 3 minutes, dis
played in real-tinle (LabVIEW 2, National Instruments, 
Austin, TX), and stored by a microcomputer (Model IIsi, 
Apple Computer Inc., Cupertino, CA), averaged 0,19 ± 0.01 
ppm and 0.00 ± 0.01 ppm for the 03 and air exposures, 
respectively. The 03 analyzer was calibrated biannually by 
the California Air Resources Board with a standard 03 
generator and analyzer instrument (Model1009 IC, Dasibi), 
and was checked for precision in the laboratory on a 
monthly basis. 

STATISTICAL MEIDODS AND DATA ANALYSIS 

For each exposure, a set of differences for each measure 
of pulmonary function was obtained by subtracting the 
baseline value from each of the four hourly measurements 
made during the exposure. These differences were then used 
in a repeated multivariate analysis of variance (MANOV A) to 
test the null hypothesis that no differences would be found 
between the exposures (SAS 1988), To determine if the 
responses to 03 were greater than the responses to air, the 
differences of the values for the 03-air differences were 
computed [e.g., (4-hour FEV1- baseline FEV1)03- (4-hour 
FEV1- baseline FEV1lair] and these differences-of-the-dif
ferences were subjected to a MANOV A. Separate analyses 
were carried out for FEV1, FVC, and sRaw. A second set of 
repeated MANOVA was carried out that included log PC1oo 
as a main effect and as an interaction with time. 

Linear regression analyses were carried out to further 
evaluate the effect of PC1oo on the response to 03, and to 
specifically test the principal hypothesis that baseline non
specific airway hyperresponsiveness would predict the 
FEV1 response to 03. The dependent variable for each 
analysis was the maximum 03-minus-air difference for 
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each measure of pulmonary function (FEV 1, FVC, and 
sRaw). We carried out a second set of regression analyses 
using the air-corrected area under the curve (AUC) for each 
measure of pulmonary function (FEV1 AUC, FVCAUC, and 
sRawAUC) as the dependent variable and PC10o as the 
independent variable. The AUC was calculated by the 
trapezoidal method and the AUC for air was subtracted 
from the AUC for Oa (Figure 2). 

Based on the power calculation described above, we 
compared the subjects most sensitive to 0 3 with those least 
sensitive by dividing the group into tertiles based on the 
air-corrected FEV1AUC responses, and made comparisons 
between the upper and lower tertiles (22 subjects were 
included in each tertile with the following ranges: upper: 
-19.6% to-57.1% change;middle:-13.3% to-19.4% change; 
lower: +1.6% to -11.1% change). Differences between these 
two groups with regard to history of respiratory symptoms 

4.8 
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Figure 2, Phase I. Sample air FEV tAUC determination (A) and sample 
air-adjusted o, FEV1AUC determination (B), 

6 

or tobacco use, baseline lung function, antigen skin test 
positivity, and symptom responses after 0 3 were assessed 
with the Wilcoxon rank sum test. We also divided the group 
into responders and nomesponders by air-corrected, Oa-in
duced maximum decreases in FEV1 of more than 10%. The 
results (data not presented) were similar to the tertile analysis. 

Categorical variables were analyzed with the chi-squared 
test. To determine if there were associations between physi
ologic and symptomatic responses to Oa, linear regressions 
ofFEV 1AUC on each of the 12 symptom scores and on total 
respiratory symptom scores were performed. 

RESULTS OF PHASE I 

Pulmonary Function Responses 

With exposure to 03 and regardless oftinle after baseline, 
the mean± SD maxinlum change (and mean± SD percent
age of change) inFEV1 was -0.82 ± 0.63 L (-18.6% ± 13.7%), 
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Figure 3. Phase I. Mean± SE values for (A) FEV1 (n = 66) and (B) sRaw (n = 
55) at baseline and at hourly intervals for normal subjects who completed 
4-holll' exposlll'es to both 03 (0.2 ppm) and air, 
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in FVC was -0.69 ± 0.48 L (-14.6% ± 10.2%), and in sRaw 
was +1.5 ± 1.1 L x ern H20/Lisee (+35.4% ± 34.2%). With 
exposure to air, the change in FEV1 was -0.14 ± 0.22 L 
(-3.5% ± 5.5%), in FVC was -0.16 ± 0.20 L (-3.3% ± 4.2%), 
and in sRaw was +0.74 ± 0.63 L x ern H20/Lisee (+17.6% ± 
12.6%). Using the baseline-rninus-postexposure difference 
for each measure of lung function rather than the maximal 
change during the exposure produced similar results. The 
mean baseline and hourly FEV1 and sRaw values for the 66 
subjects who completed both the air and Oa exposures are 
illustrated in Figure 3. The group mean decreases in FEV1 
and FVC, and the group mean increases in sRaw were 
significantly larger at every time-point during exposure to 
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Figure 4, Phase I. Scatter plots of (A) the air-corrected change in FEVtAUC 
(n = 66) and (B) the air·corrected change in sRawAUC (n = 55) across 03 
exposure versus baseline log PCtoo for normal subjects who completed 
4-hour exposures to both 0 3 (0.2 ppm) and air. 

Oa when compared with air exposure (MANOVA, p < 0.05). 
The MANOVA also demonstrated significantly greater 
changesinFEV1 (p<0.01),FVC(p< 0.01), andsRaw(p=0.03) 
with the exposure to Oa compared with exposure to air. 

The PC10o was not associated with air-corrected, Oa-in
duced maximum changes in FEV1 or FEV1AUC (p > 0.5 for 
both), but was weakly associated with 0 3-induced maximal 
changes in sRaw (Ft,54 = 2.85, p = 0.09). A similar associa
tion was observed between PC10o and sRawAUC (r=-0.14, 
p = 0.08). Figure 4 shows the FEVtAUC and the sRawAUC 
plotted against log PCtoo. A weak association (r = -0.28, p 
= 0.02) was noted between the air-corrected, Oa-induced 
changes in FEVtAUC and sRawAUC, which is shown in 
Figure 5. 

Pulmonary function responses for the "least-sensitive" 
(lowest tertile of air-corrected FEVtAUC distribution) and 
"most-sensitive" (highest tertile of air-corrected FEVtAUC 
distribution) subjects are displayed in Table 2. By definition, 
the most-sensitive subjects had a larger mean FEVtAUC 
decrease after Oa than the least-sensitive subjects. There 
was no difference in the Oa-induced sRawAUCbetween the 
two groups. 

To specifically address whether females were more sen
sitive to Oa than males using the FEV 1 criterion, we corn
pared the air-corrected, Oa-induced mean change in FEV1 
for females (n = 24) and males (n = 42). For the group as a 
whole, females had mean ± SD maximal percentage of 
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Figure 5. Phase I. Scatter plot of the air·corrected change in FEVtAUC for 
0 3 versus the air-corrected change in sRaw AUC for 03 for 55 normal subjects 
who completed 4·hour exposures to both Oa (0,2 ppm) and air, and who had 
both FEVt and sRaw measurements during both exposures. 
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changes in FEV1 (-15.9% ± 10.2%) and sRaw (+37.7% ± 
27.4%) that were comparable to those measured in males 
(-18.6% ± 13.8% and +34.2% ± 37.6%, respectively). 

Symptoms 

As expected, exposure to Oa caused significantly more 
symptoms (mean± SD change in symptom score= 8,0 ± 2.6) 
than exposure to air (mean± SD change in symptom score 
= 0.5 ± 0.3) for the group as a whole. The air-adjusted 
FEV1AUC for Oa demonstrated weak to moderate associa
tions with the lower respiratory symptoms of cough (r = 
-0.37, p = 0,002), wheeze (r = -0.29, p = 0.019), chest pain 
on deep inspiration (r = -0.31, p = 0.01), and shortness of 
breath (r = -0.37, p = 0.002), but not with chest discomfort 

or tightness (r= -0.18, p = 0.14), or sputum production (r= 
+0.06, p = 0.64). The air-adjusted FEV1AUC for Oa was 
associated with total lower respiratory symptoms (r = -0.3 6, 
p = 0.003). The air-adjusted FEV1AUC was not associated 
with the upper respiratory symptoms of nasal irritation and 
throat irritation, nor with the nomespiratory symptoms of 
nausea and eye irritation (p > 0.1 for all calculations). The 
air-adjusted sRawAUC for Oa was not associated with any 
symptom except wheeze (r = 0.31, p < 0.01). 

Selected symptom responses for the least- and most-sen
sitive groups are also displayed in Table 2. As a group, the 
most-sensitive subjects experienced significantly more cough
ing and chest discomfort after Oa than the least-sensitive 
subjects, but both groups had similar levels of wheezing. 

Table 2. Phase I. Physiologic Changes in Lung Function and Symptom Responses After Exposure to 0.2 ppm Ozone 

Least-Sensitive Group Most-Sensitive Group 

Lowest Tertile of Highest Tertile of 
FEV1AUC Distribution FEV1AUC Distribution 

<iFEV1 (L) -0.30 ± 0.15 - 1.33 ± 0.58 
<iFEV1AUC -0.43 ± 0.28 -3.15 ± 1.61 
<isRaw(L x em Hz0/1/sec) + 1.02 ± 1.03 + 1.32 ± 1.05 
<isRawAUC + 1.1 ± 2.8 + 2.5 ± 3.4 
Chest discomfortb 1.2 ± 1.6 2.1 ± 1.1 
Coughb 1.0 ± 1.4 2.2± 1.3 
Wheezeb 0.3 ±0.6 0.5 ± 0.8 

a Statistically significant atp < 0.05. 

b The symptom questionnaire used a 5-point rating scale, with 0 =none and 4 =severe, for 12 symptoms (see Appendix C). 

Table 3. Phase I. Subject Characteristics by Response to Ozonea 

Age (years) 
Gender (M/F) 
History of smoking 
History of cough 
History of wheeze 
Skin test responders 
FEV1 baseline (L) 
FVC baseline (L) 
sRaw baseline (L x em HzO/L/sec) 
PC10o (mg/mL) 

Least-Sensitive Group 

Lowest Tertile of 
FEV1AUC Distribution 

28.2 ± 1.3 
15/7 

10 (45%) 
1(5%) 
1(5%) 

5 (23%) 
3.78 ± 0.80 
4.62 ± 1.05 

3.3 ± 1.7 
7.5 ± 6.5 

a All measurements showing± values are means± SD. 

b NS =not significant. 
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Most-Sensitive Group 

Highest Tertile of 
FEV1AUC Distribution 

25.6 ± 0.7 
18/4 

4 (18%) 
0 

2(9%) 
6 (27%) 

4.27 ± 0.74 
5.06 ± 0.83 

3.6 ± 1.3 
8.4± 11.3 

p 

0.0001 a 
0.0001 a 

0.4 
0.2 

0.03a 
0.003a 

0.4 

p 

0.08 

0.05 
NSb 
NS 
NS 
0.04 
0.13 
NS 
NS 
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Characteristics of Least- and Most-Sensitive Groups 

Characteristics of the subjects stratified by sensitivity to 
03 are displayed in Table 3. A larger number of the most· 
sensitive subjects had smoked in the past (45%) 'compared 
to the least-sensitive subjects (18%), but the smoking his
tory for these individuals was low-level and remote. A trend 
toward the most-sensitive subjects being younger than the 
least-sensitive subjects was identified, as has been reported 
before (McDonnell et al. 1993). The most-sensitive and 
least-sensitive subjects had significantly different baseline 
FEV1 values on an absolute basis, but when the percentage 
of predicted FEV1 values were compared to adjust for the 
effects of age, height, and gender, this apparent difference 
disappeared. The two groups did not differ significantly 
with regard to gender, or the history of cough, sputum 
production, wheeze, and dyspnea. Thirteen subjects were 
members of ethnic minority groups (six Asian, four His
panic, and three Afro-American), but there was no differ
ence in the distribution of these subjects between the 
most-sensitive and least-sensitive groups. Skin test re
sponses were not different for the two groups. The most
sensitive subjects had a slightly higher mean PC1oo (i.e., 8.4 
± 11.3 mg/mL) compared with that for the least-sensitive 
subjects (PC1oo = 7.5 ± 6.5 mg/mL). 

PHASE II. EFFECTS OF PROLONGED EXPOSURE 
TO 0.2 ppm OZONE ON PROXIMAL AIRWAYS 
AND DISTAL LUNG IN NORMAL SUBJECTS 

METHODS AND STUDY DESIGN 

Subjects 

The aim of our Phase II study was to compare the lavage 
fluid findings after exposure in subjects relatively sensitive 
to 03 to those in subjects relatively insensitive to 0 3, using 
spirometric responses as the measure of sensitivity. An 
"extreme groups" design (only the upper and lower tertiles) 
was used to increase statistical power to detect relation
ships between lung function and lavage fluid measure
ments (Abrahams and Alf 1978). Twenty-three subjects 
participated in the study; eight had participated in Phase I 
and 15 additional subjects were recruited. In Phase I, as 
reported above, 66 normal subjects underwent exposures 
on separate. days to air or 03 (0.2 ppm) for 4 hours with 
intermittent exercise, and were ranked into tertiles of sen
sitivity to 03 based on their 03-induced decrements in FEV 1 
(corrected for their response to air). The 23 subjects who 
participated in Phase II also were exposed on separate days 
to air or 03 (0.2 ppm) for 4 hours with intermittent exercise, 
and were ranked into tertiles of sensitivity to 0 3 by their 

03·induced decrements in FEV1 (corrected for their re
sponse to air) using the combined Phase I and Phase II 0 3 
response distribution (n = 81 healthy subjects). Thirteen 
subjects were in the least-sensitive tertile and 10 subjects 
were in the most-sensitive tertile of the 03-response distri
bution. One of the subjects who had participated in Phase 
I had an FEV1 response in Phase II that dropped him from 
the most-sensitive group; he was not included in the Phase 
II data analysis. Two other subjects, one from the least-sen
sitive group and one from the most-sensitive group, were 
excluded from the data analysis because of unexplainably 
high percentages of neutrophils (15%) after air exposure. 
The two major reasons why subjects who had participated 
in Phase I did not elect to participate in Phase II were 
scheduling inconveniences and lack of interest in undergo
ing bronchoscopy twice. 

Characteristics of the 20 subjects included in the Phase 
II data analysis are listed in Table 4. The only significant 
difference between the least- and most-sensitive groups is 
the greater percentage of women in the former ( 42% vs. 
13%). The difference in gender composition accounts for 
the apparent differences in FEV 1 and FVC. When expressed 
as a percent of the predicted value for each subject, the 
mean values for FEV 1 and FVC are similar for the least- and 
most-sensitive groups. Predicted values for the spirometric 
parameters are those of Knudson and coworkers (1983). All 
of the subjects were nonsmoking(< 50 cigarettes in the last 
year and none in the last 6 weeks) adults without active 
medical problems. Each subject was informed of the risks 
of the experimental protocol, and each signed a consent 
form approved by the Committee on Human Research of the 
University of California, San Francisco. No subject took 
prescription medications, inhaled beta-adrenergic agonists, 
inhaled steroids, antihistamines, nonsteroidal antiinflam
matory agents, or vitamins C and E within 1 week oftesting. 
No subject consumed caffeine within 4 hours prior to arriv
ing at the laboratory for each day's protocol. All subjects 
received financial compensation for their participation. 

Pulmonary Function Measurements 

Specific airway resistance, FEV1, and FVC were meas
ured in the same manner as described for Phase I. 

Experimental Protocol 

The exposure protocol for Phase II was identical to that 
of Phase I. 

The Exposure Chamber and Atmospheric Monitoring 

All exposures took place in the same chamber and under 
the same conditions as described above for Phase I. 
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Table 4. Phase II. Subject Characteristics 

Height FEV1a FEV1 
Gender Age (em) (L) (%) 

Least-Sensitive Group 
M 35 169 3.88 107 
M 27 177 5.23 123 
F 24 165 3.19 101 
M 22 173 4.24 103 
F 33 163 2.91 100 
M 30 164 3.90 111 
M 33 184 4.13 92 
M 32 177 3.50 85 
M 38 183 4.54 106 
F 31 174 3.62 111 
F 24 165 3.65 116 
F 24 155 3.52 122 

Mean 29 171 3.86 106 
SD 5 8 0.62 11 

Most-Sensitive Group 
M 30 177 4.74 114 
M 24 180 4.93 105 
M 23 178 4.76 108 
M 26 171 4.13 103 
M 22 180 4.85 108 
F 24 163 3.41 110 
M 34 171 4.41 116 
M 30 187 4.45 95 

Mean 27 176 4.46 107 
SD 4 7 0.50 7 

• Mean of six baseline values on exposure days. 
b Mean of five baseline values on exposure days. 
c ND =Not done. 

Table 5. Phase II. Exposure Characteristicsa 

Oa (ppm)b 
Temperature (0 C)c 
Relative humidity (%)c 

Air 

0.000 ± 0.003 
20.1 ± 0.1 
50.4 ± 0.5 

' Values are presented as means± SD. 

h Number of observations per exposure= 67, 

c Number of observations per exposure= 400. 
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Ozone 

0.192 ± 0.003 
20.1 ± 0.2 
50.5 ± 0.4 

sRawb 
FVCa FVC (1 x PC10o 

(L) (%) em Hz0/1/sec) (mg/mL) 

4.57 101 1.4 10.0 
6.29 120 3.7 6.6 
3.60 94 2.3 2.7 
5.25 108 2.8 22.1 
4.14 118 5.3 1.6 
4,68 108 2.7 NDC 
5.01 90 2.9 4.1 
4.36 86 2.7 10.8 
5.67 106 4.2 7.1 
4.45 112 2.9 29.3 
4,34 114 3.1 3.7 
4.05 118 1.6 7.1 

4.70 106 3.0 9.6 
0.75 11 1.1 8.6 

5,71 111 1.9 3.0 
5.88 107 2.3 12.5 
4.83 93 1.1 15.2 
4.55 92 1.5 3.0 
5.89 113 2.7 14.7 
3.68 99 3.0 6.0 
5,59 119 4.2 1.4 
5.65 97 2.8 1.3 

5.22 104 2.4 7.1 
0.79 10 1.0 6.0 

The environmental characteristics of the exposures are 
listed in Table 5. No statistically significant differences in 
relative humidity or temperature were found between 
the 03 and air exposures. There was also no significant 
difference in the subjects' mean ventilatory rates between 
the two exposures. 
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Bronchoscopy, Lavage, and Biopsy Procedures 

Bronchoscopies were performed 18 ± 2 hours after each 
exposure in a dedicated suite at San Francisco General 
Hospital. We performed bronchoscopy 18 hours after expo
sure because previous studies by both our laboratory and 
other investigators had documented the presence of an 
Oa-induced inflammatory response in many subjects at this 
time point (Koren et al. 1989; Aris et al. 1993a,b). We 
elected to analyze fluid from both the proximal airway and 
the distal lung because previous studies in humans had 
focused on the latter, except for one study from our labora
tory that did demonstrate the presence of proximal airway 
inflammation after Oa exposure (Aris et al. 1993b). Our 
laboratory's procedures for bronchoscopy, PAL, and BAL 
have been reported in detail previously (Aris et al. 1993a,b). 
Briefly, intravenous access was established, supplemental 
Oz was delivered, and the upper airways were anesthetized 
with topical lidocaine. The bronchoscope (FB 18x, Pentax 
Precision Instruments Corp., Orangeburg, NY) was intro
duced through the mouth and the flow of supplemental 0 2 

was increased to 10 Llmin to prevent the transient desatura
tion that may be seen with left mainstem bronchus occlusion 
during PAL. A custom-designed, 6-French, double-balloon, 
double-port catheter (Baxter Healthcare Corp., Irvine, CA), 
with a 1.5-cm interballoon distance, was positioned in the 
left mainstem bronchus by inflating the proximal balloon 
at the level of the carina and the distal balloon superior to 
the left upper lobe orifice (Figure 6). Proximal airway lavage 
was performed using 12 mL (eight aliquots of 1.5 mL) of 

!igure 6. Phase II. Double-balloon airway-sampling catheter and its position 
m the left main-stem bronchus during isolated PAL. Bronchoalveolar lavage 
is performed in the right middle lobe. 

saline warmed to 37°C. The bronchoscope was redirected 
into the right middle lobe orifice, and BAL was performed 
with four 60-mL aliquots of saline. The first 10 mL oflavage 
fluid retrieved was labeled the bronchial fraction. After 
BAL was completed, the bronchoscope was redirected to an 
upper lobe orifice and at least five bronchial specimens 
were obtained with spiked biopsy forceps that are 110 em 
in length with a total diameter of 2.4 em (Pen tax Precision 
Instrument Corporation, Orangeburg, NY). The specimens 
were taken from the right upper lobe carina during the 
bronchoscopy after the first exposure, and from the left 
upper lobe carina during the bronchoscopy after the second 
exposure. After bronchoscopy, the subject was transported 
to the Lung Biology Center for a 1- to 2-hour recovery 
period. Total cells were counted in unspun aliquots of PAL, 
bronchial fraction, and BAL fluids using a hemacytometer. 
Differential cell counts were made from slides prepared 
with a cytocentrifuge (Cytospin 2, Shandon Southern Prod
ucts, Ltd., Astmoor, UK; 200 x g for 5 minutes) and stained 
in Diff-Quik (American Scientific Products, McGaw Park, 
IL) as previously described (Aris et al. 1993a). Proximal 
airway lavage and BAL fluids were immediately centri
fuged at 200 x g for 15 minutes, and the supernatants were 
separated and recentrifuged at 1800 x g for 15 minutes to 
remove any cellular d~bris. 

Measurement of Biochemical Constituents 
of Lavage Fluids 

Lavage fluid biochemical constituents were measured in 
aliquots of PAL, bronchial fraction, and BAL supernatants 
that had been frozen at -70°C. We assayed total protein 
because it correlates with epithelial permeability and used 
a modification of the Lowry procedure (Markwell et al. 
1978). We assayed fibronectin because this protein is in
volved in tissue injury and repair. Lavage concentrations of 
fibronectin were determined with an antibody-capture im
munoassay, as described by Miles and Hales (Miles and 
Hales 1968) with minor modifications (Aris et al. 1993a). 
We measured lavage concentrations of interleukin-8 (IL-8) 
and granulocyte-macrophage colony-stimulating factor 
(GM-CSF) concentrations because these cytokines are po
tent neutrophil chemoattractants. We used commercially 
available immunoassays (R&D Systems, Minneapolis, MN) 
to measure cytokines in lavage fluid. 

Processing of Biopsy Specimens 

The tissue specimens were removed from the biopsy 
forceps with a pair of needle-nose forceps and placed im
mediately in fixative. Of the five specimens taken from each 
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subject, four were placed in 20% sucrose phosphate-buff
ered saline (PBS) on ice, and the fifth was placed in acetone 
on ice. The four specimens were frozen as previously de
scribed (Weinacker et al. 1995). Briefly, specimens were 
incubated in 20% sucrose:PBS at 4°C for 1 to 2 hours, 
embedded in OCT compound (Baxter Scientific Products, 
McGaw Park, Illinois). quick-frozen in 2-methyl butane, 
and stored in a liquid nitrogen tank. 

The single specimen placed in acetone was incubated an 
additional4 hours or more at -20°C and then embedded in 
glycolrnethacrylate (GMA) plastic (Montefort et al. 1994). 
Briefly, after incubation in acetone fixative, the specimen 
was immersed in fresh acetone for 15 minutes at room 
temperature and then in methyl benzoate for an additional 
15 minutes. The tisssue was then immersed in GMA mono
rner:benzoyl peroxide (Historesin Embedding Kit. Reichert
Jung) at room temperature, and the monomer was changed 
every hour. The tissue was then embedded in GMA resin 
prepared by mixing GMA rnonomer-benzoy l peroxide with 
hardener containing dimethyl sulfoxide, and polymerized 
overnight at 4°C. The GMA blocks were stored at -20°C 
until used for irnmunostaining. 

IInmunohistochemistry 

In order to evaluate the expression of integrins and cell 
adhesion molecules in airway tissue after Oa exposure, 
immunohistochemistry was performed on frozen sections 
that had been fixed in cold acetone. Frozen specimens were 
removed from the liquid nitrogen tank and placed into a 
cryostat 1 hour prior to sectioning in order to allow them to 
equilibrate to cutting temperature, which was set at -20°C. 
A fresh staining dish filled with acetone was also placed in 
the cryostat to use as a fixative. When ready, sections were 
cut at 5 ).liD on a Reichert-Jung (Deerfield, IL) Cryocut 1800 
cryostat and picked up on Superfrost Plus slides (Fisher 
Scientific, Pittsburgh, PA), air-dried for 5 minutes, and 
fixed in cold acetone in a cryostat. After fixation, sections 
were air-dried an additional1 hour to prevent sections from 
falling off slides. 

After air-drying, sections were rehydrated with two 
5-minute rinses in PBS and then preblocked in 0.5% ca
sein:0.05% thirnerosal:PBS for 15 minutes at room tempera
ture. Sections were carefully blotted for excess preblock 
buffer, incubated in primary antibody overnight at 4°C. All 
antibodies were diluted in casein buffer to minimize back
ground effect. The antibodies against a2, a3, and a5 were 
purified mouse monoclonal antibodies (Gibco BRL Life 
Technologies, Gaithersburg, MD), and were diluted 1:1000. 
The mouse monoclonal antibody against a6 was kindly 
donated by Dr. Caroline Darnsky (University of California, 
San Francisco) in supernate form and was diluted 1:200. 
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The rabbit antibody against a9 was a purified polyclonal 
antibody that was raised in our research center by Dr. Dean 
Sheppard (University of California, San Francisco) and was 
diluted 1:200. The mouse monoclonal antibody against P3 
(Upstate Biotechnology Inc., Lake Placid, NY) was diluted 
1:100. The mouse P5 antibody was kindly donated by Dr. 
Martin Hemler (Dana-Farber Cancer Institute, Boston, MA) 
and was diluted 1:2500. The mouse monoclonal P6 anti
body was raised in our research center by Dr. Dean Shep
pard and was diluted 1:40. The mouse monoclonal 
antibody against ICAM-1, kindly donated by Dr. Craig 
Wegner (Abbott Laboratories, Abbott Park, IL). was diluted 
1:40. The mouse monoclonal antibody against VCAM (Gen
zyrne Corp., Cambridge, MA) was diluted 1:1000, and the 
mouse monoclonal antibody against E-selectin, kindly do
nated by Dr. Wayne Smith (Baylor College of Medicine, 
Houston, TX), was diluted 1:100. 

Several controls were used to show the specificity of the 
antibodies. A monoclonal antibody to a2P1 (always ex
pressed in airway epithelium) was used as a positive con
trol, and a monoclonal antibody to a8P1 (only expressed in 
smooth muscle) was used as an irrelevant antibody control. 
In addition to these controls, a no-primary antibody control 
was used to show the specificity of the secondary antibody, 
and a no-primary-no-secondary antibody control was used 
to show the specificity of the streptavidin-peroxidase con
jugate. 

After incubation in primary antibody, sections were 
rinsed in straight PBS and then incubated in biotinylated 
secondary antibody for 1 hour at room temperature. The 
antirabbit and antimouse biotinylated secondary antibod
ies (Vectastain ABC Elite Peroxidase Kit, Vector Laborato
ries, Burlingame, CA) were diluted 1:500 in casein buffer. 
Sections were rinsed and then blocked for endogenous 
peroxidase activity by incubating sections for 30 minutes 
in 0.3% hydrogen peroxide:methanol. Sections were rinsed 
once again and incubated in ABC streptavidin-peroxidase 
reagent (Vectastain kit) for 1 hour at room temperature, 
Sections were then rinsed and the chrornagen was devel
oped with the DAB Plus Substrate kit (Zyrned Laboratories, 
South San Francisco, CA). The reaction was developed over 
a period of 10 minutes, when it was stopped by rinsing the 
sections in double-distilled water. Slides were then dehy
drated, cleared in Herno-De reagent (Fisher Scientific), and 
fixed permanently in Perrnount rnouhting media (Fisher 
Scientific). Sections were viewed with a Zeiss (Thornwood, 
NY) Axioskop microscope and immunohistochemistry data 
were evaluated on a scale of 0 to 4, with 0 indicating no 
signal present and 4 indicating strongest signal present. The 
sections were read in a blinded fashion. Photographs were 
taken with Fuji Reala ASA 100 film. Exposed film was sent 
out for processing. 
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Because neutrophils are difficult to view morphologi
cally in plastic-embedded, acetone-fixed tissue without the 
use of immunohistochemistry, staining with a specific 
monoclonal antibody against neutrophil elastase (Daleo 
Corporation, Carpinteria, CA) was used. To perform immu
nohistochemistry, plastic-embedded tissue was removed from 
-20°C and allowed to come to room temperature. Sections 
were cut at 3 J.lm on a Riechert-Jung JB-4 model microtome 
and floated on deionized water. Sections were picked up 
on Superfrost Plus slides and air-dried for a minimum of 4 
hours. After air-drying, sections were rehydrated in two 
5-minute rinses of PBS and then preblocked for 15 minutes 
at room temperature in 0.5% casein:0.05% thimerosal:PBS. 
Sections were blotted for excess preblock buffer and incu
bated in primary antibody for 16 to 20 hours at room 
temperature. The neutrophil elastase monoclonal antibody 
was used at a dilution of 1:50 in casein buffer. After primary 
antibody incubation, sections were rinsed in PBS and then 
incubated in antimouse biotinylated secondary antibody at 
a dilution of 1:200 in casein buffer for 2 hours at room 
temperature. Sections were rinsed and then incubated in 
3.0% HzOz:methanol for 10 minutes at room temperature 
to eliminate endogenous peroxidase activity. Sections were 
rinsed and then incubated in ABC reagent for 2 hours at 
room temperature. After rinsing, chromagen was developed 
as described above. Sections were then dehydrated, 
cleared, mounted, viewed, and photographed as described 
above. 

Neutrophil and Eosinophil Morphometry 

To count neutrophils, the region 50 J.lm below the base
ment membrane was calculated as the area of interest for 
counting. A sweep of this region was counted for all the 
visible basement membrane present, and the total area was 
calculated in millimeters squared. The total neutrophil count 
was then divided by the area calculated, resulting in a unit 
designated as neutrophils/millimeter squared. Counting was 
done in a blinded fashion. 

A standard hematoxylin-eosin stain was sufficient for the 
counting of eosinophils in airway tissue. Eosinophils were 
recognizable by their distinct eosinophilic staining gran
ules, which stood out against the light blue stain of the 
hematoxylin. Therefore, immunohistochemstry was not 
necessary for this portion of the study. Counting was done 
in the same manner as for neutrophils. 

Electron Microscopy 

Tissue samples were fixed (2 hours at room temperature) 
with 2.5% glutaraldehyde in 0.1 M sodium cacodylate 
buffer (pH 7.2) and post-fixed (2 hours) in 1% osmium 
tetroxide (pH 7.2). The tissue was dehydrated in graded 

solutions of ethanol and infiltrated with Polybed 812 (Poly
sciences, Inc., Warrington, PA). Semithin (0.5-J.!ID) sections 
were cut and stained with toluidine blue for light micro
scopic examination. From Phase II subjects, 17 bronchial 
specimens obtained after 03 exposure and 21 specimens 
obtained after air exposure were available for ultrastructu
ral study. As assessed by examining toluidine-blue semi
thin sections, six of the ozone-exposed samples and six of 
the air-exposed samples contained bronchial mucosa suit
able for electron microscopy. Areas containing airway epi
thelium were selected and thin sections were cut with a 
diamond knife and mounted on mesh grids. After staining 
with uranyl acetate and lead citrate, samples were exam
ined and photographed with a JEOL (Tokyo, Japan) 100S 
electron microscope. The electron photomicrographs were 
coded and reviewed in a blinded fashion. 

STATISTICAL METHODS AND DATA ANALYSIS 

The physiologic responses (sRaw, FEVt, and FVC) during 
the 03 exposure were determined in the following ways: (1) 
the mean percentage of change for each measure was calcu
lated as the preexposure mean value minus the postexpo
sure mean value divided by the postexposure value x 100; 
and (2) the AUC for each measure was calculated by the 
trapezoidal method. In both cases, the responses during the 
03 exposure were corrected for those during the air expo
sure by subtracting the response to air from the response to 
03. The differences in air-corrected responses between the 
most-sensitive and least-sensitive subjects were compared 
by two-tailed t tests. 

Mean values for cellular and biochemical endpoints in 
PAL, bronchial fraction, and BAL fluids were first com
pared between the 03 and air exposures by Wilcoxon signed 
rank tests to determine if there were differences between 
the two exposures. Then, cellular and biochemical end
points were compared between the most- and least-sensi
tive subjects with two-tailed Wilcoxon rank sum tests to 
determine if the inflammatory indicators correlated with 
the magnitude of change in the air-corrected FEV 1· For each 
lavage flUid endpoint, the value after 03 exposure was 
either (1) used by itself or (2) corrected for the air response 
by subtracting the value after the air exposure. Both of these 
methods produced similar results. Linear correlation of the 
magnitude of change in air-corrected values for FEV1 and 
sRaw with the magnitude of air-corrected values for several 
lavage fluid endpoints was also performed using Spearman 
correlation coefficients. 

Symptom scores were categorized as (1) lower respira
tory (chest pain, chest tightness, shortness of breath, cough, 
sputum production, wheezing), (2) upper respiratory (throat 
irritation, nose irritation), or (3) nonrespiratory (anxiety, 
headache, eye irritation, nausea). For each exposure, the 
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symptom scores were determined by subtracting the preex
posure symptom score from the postexposure symptom 
score. The symptom score differences after exposure to 03 
were compared to those after exposure to air using the 
Wilcoxon signed rank test. 

hnmunohistochemical staining scores of bronchial speci
mens for various acj.hesion molecules as well as counts of 
neutrophils and eosinophils after exposure to 03 were 
compared to those after exposure to air using the Wilcoxon 
signed rank test for paired specimens and the Wilcoxon 
rank sum test for unpaired specimens. 

In all of these analyses, a p value< 0.05 was considered 
statistically significant. 

RESULTS OF PHASE II 

Pulmonary Function Responses 

The mean pre- and postexposure FEV1, FVC, and sRaw 
data for the least- and most-sensitive groups are shown in 
Table 6. As expected, statistically significant differences 
between the groups were noted for the mean percentage of 
change values in FEV1 (p < 0.001) and FVC (p < 0.001). The 
difference in sRaw response after 03 exposure was also 
statistically significant (p < 0.001). The mean percentage of 
change values in FEV 1 during both air and 03 exposures are 
also shown graphically in Figure 7. 

Symptoms 

Lower respiratory symptom scores showed a significant 
increase after 03 exposure for all subjects combined 
(postexposure score- preexposure score [mean± SD], 6.7 
± 5.1; p < 0.001), but no significant difference in this 
endpoint was noted between the least- and most-sensitive 
groups. 

Table 6. Phase II. Physiologic Changes in Lung Function 
After Exposure to Air or 0.2 ppm Ozonea 

Least- Most-
Sensitive Sensitive 

Group Group 
(n = 12) (n= 8) 

FEV1 Air +0.3 ± 0.6 -1.7 ± 1.2 
Ozone -7 .. 0 ± 1.6 -36.0 ± 4.9 

FVC Air -1.6 ± 0,8 -1.1 ± 1.0 
Ozone -6.8 ± 1,8 -28.0 ± 4.6 

sRaw Air +0.6 ± 7.1 +5.8 ± 9.2 
Ozone +24.2 ± 7.0 +44.1 ± 15.5 

• All parameters are measured as percentage of change from baseline and 
values are presented as means± SE. 
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Cellular and Biochemical Responses 

Proximal airway lavage, bronchial fraction, and BAL data 
after both air and 03 exposures for both least- and most-sen
sitive groups are shown in Table 7. The mean± SD differ
ential cell counts in BAL fluid after 03 exposure were 
75.3% ± 7.0% macrophages, 12.0% ± 5.6% lymphocytes, 
8.9% ± 4.8% neutrophils, and 0.3% ± 0.6% eosinophlls. 
After air exposure, these values were 82.8% ± 5.1% macro
phages, 8.5% ± 4.3% lymphocytes, 4.4% ± 2.3% neutro
phils, and 0.2% ± 0.4% eosinophils. Most subjects had 
increases in percentage of neutrophils and total protein 
concentration in lavage fluids after ozone exposure com
pared to the values after air exposure (see Figure 8 for 
individual BAL fluids). Significant increases were found 
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Figure 7. Phase II. Mean± SE percentage of change in FEVt from baseline 
at hourly intervals during exposure to (A) filtered air or (B) 0.2 ppm Oa for 
the least- and most-sensitive subjects. 
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Table 7. Phase II. Lavage Endpointsa 

Least-Sensitive Group Most-Sensitive Group 
(n = 12) (n = B) 

Air Ozone Air Ozone 

Bronchoalveolar Lavage 
Total leukocytes (x 104

) 11.2 ± 1.3 14.0 ± 1.4 18.6 ± 3.1 22.7 ± 8.0 
Neutrophils (%) 5.2 ±0.7 9.6 ± 1.1 3.1 ± 0.6 7.9 ± 2.3 
Total protein (mg/mL) 0.106 ± 0.008 0.155 ± 0.014 0.086 ± 0.011 0.136 ± 0.015 

(1.0) (1.0) (1.0) (1.0) 
Fibronectin (ng/mL) 495.5 ± 148.5 851.1 ± 120.3 605.4 ± 120.4 888.2 ± 129.0 

(4674.5) (5491.0) (7039.5) (6530.9) 
IL-8 (pg/mL) 39.6 ± 6.8 60.3 ± 18.8 31.2 ± 4.2 41.9 ± 7.5 

(373.6) (389.0) (362.8) (308.1) 
GM-CSF (pg/mL) 1.31 ± 0.2 1.99 ± 0.6 1.5 ± 0.7 2.89 ± 0.6 

(12.4) (12.8) (17.4) (21.3) 

Bronchial Fraction 
Total leukocytes (x 104

) 9.1 ± 0.9 16.4 ± 2.9 16.3 ± 1.9 20.4 ± 2.5 
Neutrophils (%) 7.7 ± 1.9 32.5 ± 5.5 5.4 ± 1.0 29.0 ± 8.2 
Total protein (mg/mL) 0.108 ± 0.008 0.158 ± 0.012 0.104 ± 0.012 0.145 ± 0.023 

(1.0) (1.0) (1.0) (1.0) 
IL-B (pg/mL) 89.9 ± 11.4 238.4 ± 85.4 95.3 ± 17.6 187.2 ± 33.7 

(832.4) (1508.9) (916.3) (1291.0) 

Proximal Airway Lavage 
Total leukocytes (x 104

) 3.7 ± 2.4 4.9 ± 2.1 4.0 ± 1.5 15.2 ± 10.0 
Neutrophils (%) 33.0 ± 6.5 61.7 ± 5.3 42.7 ± 10.3 52.6 ± 7.9 
Total protein (mg/mL) 0.062 ± 0.019 0.109 ± 0.039 0.096 ± 0.026 0.157 ± 0.060 

(1.0) (1.0) (1.0) (1.0) 
IL-8 (pg/mL) 104.6 ± 21.5 210.6 ± 43.3 222.5 ± 87.7 241.8 ± 72.5 

(1687.1) (1932.1) (2317.7) (1540.1) 

a Values are presented as means± SE, with the ratio to total protein concentration given in parentheses where applicable. 
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Figure 8. Phase II. Bronchoalveolar lavage results for norrnalsubjects (n"' 2.0) 18 hours after exposure to filtered air or 0.2 ppm o, for 4 hours. Panel A shows 
individual data for each subject for percentage ofneutrophlls in BAL fluid, and Panel B shows individual data for total protein concentration (mg/mL) in BAL 
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subjects was used as the comparison group for the lung 
function analyses (except that only 70 ofthese subjects had 
sRa w measurements), and the 2 0 subjects with good quality 
lavage data in Phase IT served as the comparison group for 
the inflammatory endpoint analyses. 

Characteristics of the 18 asthmatic subjects included in 
the Phase III data analysis are listed in Table 8. Predicted 
values for the spirometric parameters are those of Knudson 
and coworkers (1983). All of the subjects were nonsmoking 
(fewer than 50 cigarettes in the last year and none in the last 
6 weeks) adults without active medical problems other than 
asthma. Each subject was informed of the risks of the 
experimental protocol and asked to sign a consent form 
approved by the Committee on Human Research of the 
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University of California, San Francisco. No subject took 
prescription medications, inhaled beta-adrenergic agonists, 
inhaled steroids, antihistamines, nonsteroidal antiinflam
matory agents, or vitamins C and E within 1 week oftesting. 
No subject consumed caffeine within 4 hours of arriving at 
the laboratory for each experimental day. All subjects re
ceived financial compensation for their participation. 

Pulmonary Function Measurements 

Specific airway resistance, FEV1 , and FVC were meas
ured in the same manner as described for Phase I. 

Experimental Protocol 

The exposure protocol was identical to that of Phase I. 
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Part I: Airway Inflammation and Responsiveness to Ozone in Normal and Asthmatic Subjects 

trophil product, and ~2 transforming growth factor (TGF
~2), a protein involved in injury repair, were measured by 
commercially available kits (Cayman Chemical, Ann Arbor, 
MI, and R & D Systems, Minneapolis, MN, respectively). 

Processing ofBiopsy Specimens, Immunohistochemistry, 
Neutrophil and Eosinophil Morphometry, 
and Electron Microscopy 

These procedures were identical to those described for 
Phase II. 

STATISTICAL METHODS AND DATA ANALYSIS 

The physiologic responses (sRaw, FEV 1, and FVC) during 
the 0 3 exposure were calculated as described for Phase II, 
and compared with those during the air exposure by two
tailed Wilcoxon signed rank tests. The responses during the 
0 3 exposure were corrected for those during the air expo
sure (i.e., exercise-induced bronchoconstriction) by sub
tracting the response to air from the response to 03. The 

Table B. Phase III. Subject Characteristics 

Height FEV1a FEVt FVCa 
Gender Age (em) (L) (%) (L) 

M 31 174 3.64 92 4.94 
F 25 165 3.20 102 3.67 
M 33 180 3.62 85 4.93 
M 19 183 5.60 127 6.69 
M 23 164 3.31 88 4.70 
M 28 189 4.38 90 5.96 
M 27 188 4.79 100 6.55 
M 22 171 3.69 91 4.38 
F 19 163 2.98 90 3.66 
M 33 173 2.65 68 4.16 
M 23 171 3.40 83 4.90 
M 28 182 4.80 107 6.10 
F 26 160 3.05 102 4.20 
M 36 180 2.67 64 3.27 
F 18 168 3.53 105 3.86 
F 29 170 3.25 102 4.41 
M 28 186 3.92 84 6.95 
F 19 170 3.29 94 3.83 

Mean 26 174 3.65 93 4.84 
SD 5.4 9.0 0.79 14.4 1.14 

• Mean of best ,of six baseline values on exposure days. 
h Mean of five baseline values on exposure days. 
c BA"' inhaled beta-agonist; IS= inhaled steroid; C = cromolyn sodium. 
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differences in air-corrected responses between the normal 
(n = 81) and asthmatic (n = 18) subjects were then compared 
by two-tailed Wilcoxon rank sum tests. 

Cellular and biochemical endpoints in the PAL, bron
chial fraction, and BAL fluids were first compared between 
the 03 and air exposures by Wilcoxon signed rank tests to 
determine if there were differences between the two expo
sures for the asthmatic subjects. For each lavage fluid end
point, the value after 03 exposure was corrected for the air 
exposure by subtracting the value after air exposure from 
the value after 03 exposure. Then, cellular and biochemical 
endpoints were compared between the normal (n = 20) and 
asthmatic (n = 18) subjects with two-tailed Wilcoxon rank 
sum tests. 

Symptom scores were categorized as described for Phase 
II. For each exposure, the symptom score differences were 
determined by subtracting the preexposure symptom score 
from the postexposure symptom score. The symptom score 
differences after exposure to 03 were compared with those 
after exposure to air using the Wilcoxon signed rank test. 

sRawb 
FVC (L X PCzo 
(%) em HzO/Lisec) (mg/mL) Medicationsc 

101 3.3 0.49 BA 
97 5.9 8.15 BA 
93 4.8 1.95 BA 

133 3.5 0.44 BA 
105 3.5 0.89 BA 

99 4.4 0.18 BA 
110 6.2 2.63 BA, IS, C 

92 3.8 2.28 BA 
101 5.1 0.33 BA, IS 

86 8.3 0.24 BA 
101 8.2 0.60 BA 
110 4.4 0.90 BA 
118 6.6 1.29 BA 

63 2.5 0.37 BA 
103 4.9 0.28 None 
114 6.6 0.66 BA,C 
120 8.6 1.61. BA 

98 1.4 0.44 BA,IS 

102 5.1 1.32 
15.0 2.0 1.86 
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hnmunohistochemical staining scores of bronchial speci
mens for various adhesion molecules and counts of neutro
phils and eosinophils after exposure to Oa were compared 
with those after exposure to air using the Wilcoxon signed 
rank test. 

In all of these analyses, apvalue of< 0.05 was considered 
statistically significant. 

RESULTS OF PHASE lli 

Pulmonary Function Responses 

The mean pre- and postexposure FEV t. FVC, and sRaw 
data for the asthmatic subjects are shown in Table 10. There 
were significant Oa-induced changes in all three parameters 
(p < 0.04). The mean value for percentages of change in 
FEV1 and sRaw during both air and Oa exposures are also 
shown graphically in Figure 14. 

Symptoms 

There was a significant increase in lower respiratory 
symptom scores after Oa for the asthmatic subjects 
(postexposure score - preexposure score [mean ± SD], 
7.1 ± 4.9; p < 0.001). 

Table 9. Phase III. Exposure Characteristicsa 

Air Ozone 

Oa (ppm)b 
Temperature (° C)c 
Relative humidity (%)c 

0.002 ± 0.002 
20.8 ± 1.6 
50.3 ± 2.3 

• Values are presented as means± SD. 

b Number of observations per exposure= 67. 

"Number of observations per exposure = 400. 

0.197 ± 0.004 
20.5 ± 1.6 
50.1±2.7 

Table 10. Phase III. Physiologic Changes in Lung 
Function After Exposure to Air or 0.2 ppm Ozonea 

FEV1 Air 
Ozone 

FVC Air-
Ozone 

sRaw Air 
Ozone 

Asthmatic Group 
(n = 18) 

-3.8 ± 1.9 
-24.6 ± 2.8 

-4.0 ± 0.8 
-18.2 ± 2.8 
+10.9 ± 11.7 
+95.4 ± 36.7 

Normal Group 
(n = 81) 

-1.0 ± 0.6 
-19.0 ± 1.6 

-1.3 ± 0.5 
-15.2 ± 1.3 

b 
+3.3 ± 2.\ 

+35.6 ± 3.7 

• All parameters are measured as percentage of change from baseline and 
values are presented as means± SE. 

b n = 70. 

Cellular and Biochemical Responses 

Mean PAL, bronchial fraction, and BAL data after both 
air and 0 3 exposures for the asthmatic subjects are shown 
in Table 11. The total leukocyte counts in BAL fluid were 
not significantly different between the two exposures. The 
mean ± SD differential cell counts in BAL fluid after Oa 
exposure were 69.1% ± 17.2% macrophages, 4.8°io ± 2.1% 
lymphocytes, 16.1% ± 12.7% neutrophils, and 3.3% ±4.4% 
eosinophils. After air exposure, these values were 85.0% ± 
10.1% macrophages, 3.7% ± 2.8% lymphocytes, 4.1% ± 
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3.9% neutrophils, and 4.0% ± 6.6% eosinophils. The BAL 
results for percentage of neutrophils and total protein con
centration for individual asthmatic subjects are shown in 
Figure 15. Significant increases were found after Oa expo
sure in the percentage of neutrophils in PAL (p < 0.01), 
bronchial fraction (p < 0.001), and BAL (p < 0.001) fluids 
from the asthmatic subjects. Total protein concentrations 
in bronchial fraction and BAL fluids also showed a signifi
cant 03 effect for the asthmatic subjects (p < 0.05 and p < 
0.01, respectively). Similarly, bronchial fraction IL-8 con
centration (p < 0.01) and BAL fibronectin, IL-8, GM-CSF, 
and MPO concentrations (p < 0.001, p < 0.05, p < 0.01, and 
p < 0.001, respectively) were significantly increased after 
0 3 exposure for the asthmatic subjects. The BAL results for 
LDH and fibronectin, IL-8 and GM-CSF, and MPO and 
TGF-P2 concentrations are shown in Figures 16, 17, and 18, 
respectively. 

The mean pre- and postexposure FEVt and FVC data for 
the asthmatic subjects are compared to those of the 81 
normal subjects in Table 10. The mean pre- and postexpo
sure sRaw data for the asthmatic subjects were compared to 
the same data for the 70 normal subjects for whom these 

Table 11. Phase III. Lavage Endpointsa 

Number of 
Subjects Air 

Bronchoalveolar Lavage 

data were available. No significant difference in Oa-in
duced lower respiratory symptoms was found between the 
two groups. Mean air-corrected lung function and selected 
lavage endpoint responses to 0 3 for both asthmatic and 
normal subjects are shown in Table 12. The lung function 
responses to 03 exposure of the asthmatic subjects were not 
significantly different from those of the normal subjects 
when adjustment was made for the effect of exercise-in
duced bronchoconstriction, although a trend was noted 
toward a greater 03-induced increase in sRaw in the asth
matic subjects compared with the normal subjects (p < 
0.13). In contrast, several inflammatory endpoints (percent
age of neutrophils and total protein concentration in BAL 
fluid) after Oa exposure were significantly greater (p < 0.05) 
in the asthmatic subjects than in the normal subjects (n = 
20), even after adjusting for the values after air exposure 
with intermittent exercise (see Table 12). These data are 
presented graphically in Figure 19. A higher mean Oa-mi
nus-air difference in IL-8 concentration in BAL fluids for 
the asthmatic subjects than for the normal subjects (36.1 vs. 
11.6 pg/mL) did not reach statistical significance (p < 0.2). 

Ozone 

Total leukocytes (x 104
) 18 19.5 ± 2.9 26.9 ± 7.3 

16.1 ± 3.0b 
0.18 ± 0.01b 
10.5 ± 1.7b 

Neutrophils (%) 18 
Total protein (mg/mL) 18 
LDH (U/L) 15 
Fibronectin (ng/mL) 18 
IL-8 (pg/mL) 18 
GM-CSF (pg/mL) 18 
MPO (ng/mL) 14 
TGF-P2 (pg/mL) 16 

Bronchial Fraction 
Total leukocytes (x 104

) 18 
Neutrophils (%) 18 
Total protein (mg/mL) 18 
IL-8 (pg/mL) 18 

Proximal Airway Lavage 
Total leukocytes (x 104

) 17 
Neutrophils (%) 14 
Total protein (mg/mL) 17 
IL-8 (pg/mL) 15 

4.1 ± 0.9 
0.11 ± 0.03 

6.1 ±0.5 
115.2 ± 29.6 

41.3 ± 4.5 
1.8 ± 0.4 
1.8 ± 0.4 
4.9 ± 1.3 

16.6 ± 1.2 
5.7 ± 1.2 

0.14 ± 0.02 
138.2 ± 16.7 

6.7 ± 2.6 
25.9 ± 6.4 
0.18 ± 0.06 

286.4 ± 72.8 

(1.0) 
(55.5) 

(1047.3) 
(375,5) 
(16.4) 
(16.4) 
(44.5) 

(1.0) 
(987.1) 

(1.0) 
(1591.1) 

369.1 ± 38.8b 
75.7 ± 11.7b 

3.0 ± o.5b 
6.4 ± 0.9b 
6.4 ± 1.2b 

22.4 ± 2.5 
32.5 ± 4.4b 
0.20 ± 0.03b 

289.4 ± 53.6b 

7.1 ± 2.2 
39.9 ± 5.7b 
0.12 ± 0.02 

347.7 ± 159.4 

• Values are presented as means± SE, with ratio to total protein concentration given in parentheses where applicable. 
h 0~ values> air values, p < 0.05, 
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(1.0) 
(58.3) 

(2050.6) 
(420.6) 
(16,7) 
(35.6) 
(35.6) 

(1.0) 
(1447.0) 

(1.0) 
(2921.8) 
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Bronchial Biopsy Specimens: Immunohistochemistry, 
Morphometry, and Electron Microscopy 

Immunohistochemical staining for the integrins and ad
hesion molecules in Phase III revealed two differences from 
the results obtained for the normal subjects studied in Phase 
II. Expression of ICAM-1 after air exposure was higher in 
most asthmatic subjects than in most normal subjects, and 
a patchy expression of integrin ~6 was seen in some of the 
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Figure 15. Phase ill. Bronchoalveolar lavage results for asthmatic subjects 
(n = 18) 18 hours after exposure to filtered air or 0.2 ppm Oa for 4 hours. 
Panel A shows individual data for each subject for percentage of neutrophils 
in BAL fluid, and Panel B shows individual data for total protein concentra
tion [mg/mL) in BAL fluid. Group means are noted by the+ signs next to each 
column of data points. 

asthmatic subjects after air exposure. There were no differ
ences in the asthmatic subjects due to 0 3 exposure. With 
the use of new or resharpened forceps in Phase III, 34 biopsy 
specimens were obtained from asthmatic subjects (17 after 
Oa exposure and 17 after air; 15 paired biopsies) with 
adequate tissue for leukocyte morphometry. Similar to the 
results for the normal subjects studied in Phase II, trends 
for increased neutrophil and eosinophil infiltration after Oa 
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Figure 16, Phase ill. Bronchoalveolar lavage results for asthmatic subjects 
[n"' 18) 18 hours after exposure to filtered air or 0.2 ppm 03 for 4 hours. Panel 
A shows individual data for each subject for LDH concan !ration (UIL) in BAL 
fluid, and Panel B shows individual data for fibronectin concentration 
(ng/mL) in BAL fluid. Group means are noted by the + signs next to each 
column of data points. 
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exposure were present in Phase III (Figure 20). For the 
asthmatic subjects in Phase III, the mean ± SE number of 
neutrophils/mm2 was 6.5 ± 2.3 after 03 exposure and 3.8 ± 
1.2 after air exposure (p = 0.8). The mean± SE number of 
eosinophils/mm2 was 0.71 ± 0.26 after 03 exposure and 
0.64 ± 0.46 after air exposure (p = 0.2). 
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Figure 17. Phase III. Bronchoalveolar lavage results for asthmatic subjects 
(n = 18) 18 hours after exposure to filtered air or 0.2 ppm Oa for 4 hours. 
Panel A shows individual data for each subjectfor IL-B concentration (pg/mL) 
in BAL fluid, aud Panel B shows individual data for GM-CSF concentration 
(pg/mL) in BAL fluid. Group means are noted by the + signs next to each 
column of data points. 
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DISCUSSION 

PHASE I 

The results of our Phase I study indicate that baseline 
nonspecific airway responsiveness is not associated with 
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03·induced decreases in FEV1 or FVC, but that it is weakly 
associated with 03-induced increases in sRaw. The Phase I 
study was performed in a prospective fashion to test the 
hypothesis that nonspecific airway responsiveness would 
predict 03 sensitivity as defined by decreases in FEV1. Our 
results do not support this hypothesis. However, these 
results suggest that some individuals with nonspecific air
way responsiveness are at risk of increases in airway resis
tance after exposure to 03. Ozone-induced increases in 
airway resistance may be the result of airway narroWing due 
to inflammation (i.e., mucosal edema) rather than broncho
constriction. Individuals with nonspecific airway hyperre
sponsiveness (i.e., those with asthma and allergic rhinitis) 
may develop greater airway inflammation after exposure to 
ambient levels of 03 than normal individuals. 

McDonnell and coworkers first proposed an association 
between nonspecific airway responsiveness and 03 sensitivity 
(McDonnell et al. 1987). They exposed 26 nonasthmatic 
subjects with allergic rhinitis to 0.18 ppm 03 for 2 hours 
after measuring histamine responsiveness. The mean pro
vocative concentration of histamine that caused a 50% 
increase in sRaw (PCso) and the decline in FEV1 after 03 
were similar for the rhinitic (11.9 mg/mL and -0.37 L) and 
the normal (9.2 mg/mL and -0.29 L) subjects, respectively. 
One possible explanation for their failure to find an asso
ciation between PCso and 03 sensitivity was that their 
subjects had a narrow range of PCso values (2.7 to 20.0 
mg/mL) and, therefore, the sample size may have been too 
small to detect a relationship. Hackney and coworkers were 
the first to report a relationship between baseline airway 
responsiveness and 0 3-induced pulmonary function changes 
by noting that 8 of 12 subjects ("responders"), chosen for 
sensitivity to 03 based on FEV1 decreases, demonstrated 
increased responsiveness to methacholine prior to 03 ex-

Table 12. Phase III. 03-minus-Air Differencesa 

NormaJ Asthmatic 
Group Groupe 

FEV1(AUC) -1.65 ± 0.17 -1.56 ± 0.33 
FVC(AUC) -1.42 ± 0.14 -1.39 ± 0.37 
sRaw(AUC) 2.24 ± 0.39 4.82 ± 2.43 
Neutrophils (%) 4.5 ± 1.26 12.0 ± 2.95d 
Total protein (mg/mL) 0.05 ± 0.01 0.07 ± 0.03d 
IL-8 (pg/mL} 11.6 ± 8.4 36.1 ± 16.6 

a Values are presented as means ± SE. 

b For the normal group, for FEV1 and FVC, n = 81; for sRaw, n = 70; for 
neutrophils, total protein, and IL-8, n = 20. 

c For the asthmatic group, for all measurements, n = 18. 

d p < 0.05. 

posure (Hackney et al. 1989). Kreit and coworkers (1989) 
also provided data supporting the hypothesis that nonspe
cific airway hyperresponsiveness was a risk factor for de
veloping 03-induced decreases in lung function by 
reporting greater decreases in FEV 1 in subjects with asthma 
exposed to 03 compared with those in normal subjects. We 
previously reported that a group of normal subjects selected 
for 03 sensitivity as defined by a 10% or greater fall in FEV 1 
had a significantly lower PC10o than did ozone-insensitive 
subjects (Aris et al. 1991). 

As noted for the study conducted by McDonnell and 
coworkers, our Phase I study also may have had an insuffi
cient number of individuals across the full range of 
methacholine responsiveness to detect a relationship be
tween baseline nonspecific airway responsiveness and 
FEV 1 changes after exposure to 03, Another potential prob
lem with our Phase I study was that most of our subjects 
had large decreases in FEV1 after 03 exposure and, there
fore, we may have had too few ozone-insensitive subjects 
to have adequate power to find a relationship between 
PC10o and FEV1. More than likely, however, our original 
finding (Aris et al. 1991) was inherently biased since it was 
a retrospective observation made from data generated to test 
a different hypothesis. Thus, taken as a whole, the results 
of controlled human exposure studies that have looked at 
the correlation of baseline nonspecific airway responsive
ness and FEV1 response to 03 show little evidence of an 
association. 

The physiologic changes after 03 exposure that we meas
ured for our 66 subjects are similar to those reported by 
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other investigators using comparable Oa concentrations 
and exercise protocols (Kerr et al. 1975; Glinder et al. 1983; 
McDonnell et al. 1983; Horstman et al. 1990). Even after as 
little as 1 hour of exposure to 0.2 ppm Oa, a significant 
decrease in FEV1 (-5.5%) was recorded. For the group as a 
whole, a mean decrease of 10% in FEV1 was reached after 
about 1.5 hours of exposure. These results emphasize that 
short exposures with moderate exercise intensity can pro
duce adverse effects at a level of 03 that is reported in many 
large metropolitan areas in the U.S. (U.S. Environmental 
Protection Agency 1992). Since the 03 concentration used 
in this study is the level at which many cities call a Stage I 
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Alert, our results indicate that large numbers of people must 
be experiencing adverse health effects without adequate 
warning. 

As expected, we also found that exposure to 03 resulted 
in excess symptoms (in decreasing order of severity: cough, 
wheeze, chest pain on deep inspiration, chest discomfort 
or tightness, shortness of breath, and sputum production) 
compared with air exposure. Approximately one-half of the 
subjects not having an adverse physiologic response to 03 
(i.e., a decrease in FEV1 greater than 10%) had an adverse 
symptomatic response (i.e., mild to moderate respiratory 
symptoms). Separate regression analysis of the different 
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measures of lung function on each symptom added further 
support to the observation that symptoms and physiologic 
responses were not closely associated. This result differs 
from a number of previous studies that have reported a close 
relationship between group mean respiratory symptoms 
and physiologic responses in adults after short-term expo
sure to 0 3 (Adams et al. 1981; Kulle et al. 1985; Horstman 
et al. 1990). However, these studies have attempted to 
quantify the relationship between symptoms and physi
ologic changes using individual data from relatively small 
numbers of subjects. 

Hayes and coworkers were the first to analyze data from 
a group of clinical studies in order to achieve enough power 
to detect relationships between symptoms and lung func
tion changes after 03 exposure that are specific to a single 
individual (Hayes et al. 1987). They characterized the asso
ciation between physiologic and symptomatic changes in 
adults after exposure to 03 as weak to moderate by calcu
lating the correlations across individuals at different 03 
doses. They did not analyze the relationships between 
changes in lung function and respiratory symptoms within 
the group at each 03 dose. Lastly, Ostro and coworkers used 
logistic regression models to reanalyze the data from four 
controlled human exposure studies with a combined num
ber of 214 subjects (Ostro et al. 1989). They found that a 
10% decline in FEV1 was associated with a 30% increase 
in the probability of a respiratory symptom occurring, and 
with a 15% increase in the probability of a moderate respi
ratory symptom occurring; they concluded that small de
clines in FEV 1 may be of concern because of their 
association with symptoms. 

Our Phase I study, because of the larger sample size, was 
better able to examine relationships between symptoms and 
lung function than many previous studies. The relatively 
weak associations between individual-specific symptomatic 
and physiologic responses to 03 are not particularly sur
prising because the decreases in FEV 1 are largely caused by 
pain on deep inspiration. Since pain is a highly variable 
symptom, it would not be expected, a priori, to be associ
ated with other respiratory symptoms. Pain on deep inspi
r~tion is probably mediated by irritant receptors on vagal 
fibers in the large conducting airways (Hazucha et al. 1989). 
The interindividual variability in lung volume decreases 
after 03 exposure may be due to differences in irritant 
receptors (e.g., number, density, or distribution), vagal re
sponses, or ih the pe~ception of painful stimuli. 

Our Phase I results, which indicate relatively weak asso
ciations between symptoms and lung function changes, are 
important for several reasons. First, they suggest that indi
viduals may experience adverse symptoms without large 
decreases in lung function. Conversely, large decreases in 

lung function may occur without prominent symptoms 
and, therefore, affected individuals may remain in a poten
tially unhealthy environment. The relative discordance 
between respiratory symptoms and decreases in physi
ologic endpoints is of particular importance to regulatory 
agencies since the current NAAQS for 0 3 is based predomi
nantly on FEV1 responses. If spirometry does not correlate 
with symptomatic responses, then the EPA will need to give 
this consideration when it reassesses the NAAQS for 03. 

In surrimary, our Phase I study did not find an association 
between baseline nonspecific airway responsiveness and 
03 sensitivity as defined by decline in FEV1, but did find a 
weak association between baseline nonspecific airway re
sponsiveness and 03-induced increases in airway resis
tance. If 03-induced increases in airway resistance reflect 
airway inflammation, sRaw may be a useful endpoint in the 
study of 03. Since the decreases in FEV1 after exposure to 
03 may be due to how much each individual's chest pain 
limits his or her ability to take a deep breath, FEV 1 may not 
be an optimal measure of the adverse effects of 0 3. Our 
failure to find important relationships between the change 
inFEV1 and a variety of respiratory symptoms in our current 
study is further evidence of the limitations of FEV 1 in predict
ing important clinical endpoints in the study of 03. 

PHASE IT 

The results of our Phase II study demonstrate no associa
tion between decrements in FEV1 or FVC and lavage fluid 
inflammatory endpoints after exposure to 03. These results 
strongly suggest that spirometric responses do not predict 
0 3-induced inflammatory changes. This issue is of impor
tance because the current NAAQS for 03 was largely estab
lished on the basis of spirometric responses to 03 
inhalation. If spirometry does not correlate with inflamma
tory indices oflung injury, then the U.S. EPA may need to 
reassess the NAAQS for 03. 

Although 03-induced increases in airway resistance 
were small, we found a significant association between the 
magnitude of these increases and the percentage of neutro
phils and the total protein concentration in BAL fluid. One 
possible explanation for this association is that an increase 
in sRaw reflects 03-induced airway injury and inflamma
tion better than a decrease in FEV1. As noted in the intro
duction, the putative mechanism for decrements in FEV1 
and FVC after 03 inhalation appears to be neurally medi
ated, involuntary inhibition of inspiratory effort (Hazucha 
et al. 1989). The magnitude of this physiologic response 
may have more to do with a subject's preexposure neural 
sensitivity to the inhalation of noxious stimuli than with 
the level of 03-induced airway injury and inflammation. 
The mechanism for the mild increase in sRaw after 03 
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inhalation is not entirely clear, but could involve a decrease 
in airway caliber due to mucosal edema, which would thus 
correlate better with the level of 03-induced injury and 
inflammation. Because we only looked at indices of airway 
inflammation at 18 hours following exposure to 03, we are 
unable to provide data to support our speculation that 
mucosal edema may have occurred during the 4-hour expo
sure period. 

Although physiologic responses to 03 have been exten
sively studied, the published data on the comparison be
tween 03-induced spirometric and inflammatory changes 
are limited. Schelegle and coworkers (1991) demonstrated 
a trend (r = -0.813, p < 0.10) toward an inverse relationship 
between maximal FEV 1 decrements and the peak neutro
philia observed in the bronchial fraction of BAL fluid 
obtained 6 hours after a 1-hour exposure to 0.3 ppm 03 in 
five normal volunteers. In other words, the greater the 
decrease in FEV1, the lower the increase in neutrophils. In 
an earlier study (Aris et al. 1993b) involving 12 subjects 
exposed to 0.2 ppm 03 for 4 hours, we also found an inverse 
relationship (r = -0.52, p < 0.05) between the percentage of 
decrease in FEV 1 and the percentage of neutrophils in BAL 
fluid 18 hours after exposure. No significant associations 
were found, however, between other BAL fluid endpoints 
and the change in FEV1. Although we did not confirm an 
inverse relationship between FEV1 and BAL neutrophilic 
responses to 03 in the current study, we did find a trend (r 
= -0.16) toward such a relationship with the bronchial 
fraction of BAL fluid. Thus, all three studies that have 
reported on the relationship between FEV 1 decrement and 
BAL inflammatory endpoints are consistent in finding no 
positive associations (i.e., the magnitude ofthe FEV1 dec
rement has not been correlated with the magnitude of 
increase in BAL endpoints). Again, these results suggest the 
need to reconsider the standard-setting process for 03. 

The results of our Phase II study confirm several findings 
that we and others have previously reported. We have 
shown PAL to be one valuable technique in assessing the 
response of the airway epithelium to inhaled pollutants, 
including 03 (Aris et al. 1993a,b). In the current study, we 
found significantly more neutrophils in PAL fluid after 03 
exposure, which provides further support for the concept 
that 03 injures proximal airways as well as the distal lung. 
We chose to measure IL-8 and GM-CSF concentrations in 
lavage fluids because we hypothesized that both cytokines 
might be involved in mediating neutrophil recruitment to 
the airways following 03 exposure. In contrast to our earlier 
study (Aris et al. 1993b), we did not find a significant 
increase in the PAL IL-8 concentration, although we did 
find such an increase in the bronchial fraction, another 
lavage fluid that samples relatively large airways. The eel-
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lular and biochemical evidence of 0 3-induced inflamma
tion in BAL fluid corroborates the results of previous inves
tigations (Seltzer et al. 1986; Koren et aL 1989; Aris et al. 
1993b), including our recently reported finding of an in
crease in GM-CSF (Aris et al. 1993b). The increase in 
GM-CSF that we have repeatedly observed after 03 expo
sure suggests that neutrophil activation occurs in addition 
to the increase in neutrophil number (Takahashi et al. 
1993). 

The major limitation of our Phase II study is the relatively 
small sample size. This is a generic problem in controlled 
human exposure studies involving bronchoscopy. Our sub
ject population (n = 20) is actually larger than is the rule for 
such studies, and was selected from an even larger popula
tion (n = 81) of normal subjects whose lung function re
sponses to the 03 dose were well characterized. Our sample 
size gave us adequate power to detect significant effects of 
the 03 exposure on both FEV 1 and inflanlffiatory responses. 
However, it is possible that our failure to detect any signifi
cant association between FEV1 decrement and lavage fluid 
inflammatory endpoints is the result of a Type II error 
because an insufficient number of subjects were studied. 
On the other hand, if such an association does exist, it is 
likely to be weak. Another potential limitation of our study 
is that we may not have selected the appropriate parameters 
of airway inflammation for analysis. We focused on mark
ers ofinflammation that reflect epithelial permeability (to
tal protein), possible injury (fibronectin), and neutrophil 
recruitment and activation (IL-8 and GM-CSF). It is possible 
that other lavage fluid endpoints, such as those related to 
neurogenic inflammation, might be better correlated with 
FEV1 decrement. 

The pathology component of our Phase II study demon
strated ultrastructural evidence of epithelial injury by elec
tron microscopy, nonsignificant trends toward increased 
neutrophil infiltration of the bronchial mucosa by mor
phometry, and increased endothelial expression ofiCAM-1 
by immunohistochemistry after 03 exposure. Taken to
gether, these results confirm our previous finding that ex
posure to 0.2 ppm 03 for 4 hours during moderate exercise 
can cause airway inflammation with histologic evidence 
that is visible by bronchial biopsies obtained 18 hours after 
exposure (Aris et al. 1993b). Previous animal studies have 
also demonstrated acute airway injury and inflammation 
after short-term 03 exposure (Castleman et al. 1980; 
Holtzman et al. 1983; Murlas et al. 1985). 

To our knowledge, this study is the first to demonstrate 
03-induced ultrastructural changes in the airway epithe
lium of human subjects with electron microscopy. This 
observation was not unexpected given the light micro
scopic changes that we had reported earlier (Aris et al. 
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1993b). The results of neutrophil morphometry were l~ss 
definitive thah we expected on the basis of our previous 
work. Why the trends that we observed toward increased 
subepithelial neutrophil counts after Os expo~ure did not 
reach statistical significance can be explained by several 
possible reasons. First, during each bronchoscopy, the 
bronchial biopsy specimens were obtained from only one 
site in the tracheobronchial tree, making sampling error 
highly likely. Although more histologic evidence of neutro
phil infiltration into airway tissue would have lent support, 
the increased number of neutrophils observed in both PAL 
and BAL fluids after Os exposure clearly demonstrated an 
inflammatory response. These lavage fluids actually pro
vide integrated samples from a much larger fraction of the 
airways than do the focal bronchial biopsy specimens. 
Second, the technical difficulties we encountered in ob
taining adequate biopsy specimens for morphometry dur
ing Phase II led to an inability to compare paired specimens 
after both 0 3 and air exposures, severely limiting the power 
of this aspect of the study. Third, in our earlier investigation 
(Aris et al. 1993b), we counted neutrophils in bronchial 
blood vessels as well as in the nonvascular subepithelial 
mucosa, whereas in this study we counted only extravas
cular neutrophils. 

The increased expression of ICAM-1 after Os exposure 
that we observed is the first evidence that this adhesion 
molecule is involved in the recruitment of peripheral blood 
neutrophils to the human lungs in the Os model of acute 
airway injury. The lack of upregulation ofVCAM is consis
tent with the absence of eosinophilia in both PAL and BAL 
fluids. The fact that we did not find clear immunohisto
chemical evidence of upregulation of any of the integrin 
subunits believed to be involved in injury repair may be due 
to the relatively mild airway injury that resulted from our 
0 3 exposure protocol. 

In summary, our Phase II study indicates that the decre
ments in spirometric ·parameters of lung function and the 
lavage fluid evidence of respiratory tract inflammation that 
occur after short-term exposure to 0.2 ppm Os are not well 
correlated. The mild 03-induced increase in airway resis
tance, however, does appear to be associated with the 
inflammatory response. Analysis of bronchial biopsy speci
mens confirms that short-term exposure to 0.2 ppm 03 
causes bronchial tissue injury in addition to an inflamma
tory response in the distal lung. Because the existing air 
quality standard was based largely on preventing spiromet
ric responses to inhaled Os and because recurrent Os-in
duced respiratory tract injury and inflammation could 
potentially lead to chronic lung damage, the EPA's regula
tory strategy may need to be revised. 

PHASE III 

The results of our Phase III study demonstrate no en
hanced sensitivity to 03 in terms oflower respiratory symp
toms or lung function responses in subjects with asthma. In 
contrast, these results do show evidence of an enhanced 
0 3-induced inflammatory response in the asthmatic groups. 
Both the percentage of neutrophils and the total protein 
concentration in BAL fluids were significantly greater in 
asthmatic than in nonasthmatic subjects. Given that airway 
inflammation appears to be a paramount feature of asthma 
(National Asthma Education Program Expert Panel 1991), 
it is reasonable to expect people with asthma to be at risk 
of developing a greater inflammatory response to 03 than 
normal persons without preexisting airway inflammation. 
The mechanisms underlying this enhanced inflammatory 
response to a nonspecific irritant are not entirely clear, but 
the trends toward a higher concentration of IL-8 in BAL 
fluid after ozone exposure and the increased expression of 
ICAM-1 in the submucosal vessels evident by bronchial 
biopsy of asthmatic subjects after air exposure is consistent 
with the possibility that low-level inflammation of the 
airway epithelium in these subjects primes the inflamma
tory response to Os. 

Although the absolute 03-induced changes in lung func
tion of our asthmatic subjects were greater than those of our 
normal subjects, this difference was entirely due to a com
ponent of exercise-induced bronchoconstriction in the 
asthmatic group. When the lung function response to mod
erate exercise for 4 hours in filtered air was subtracted from 
that in Os, no differences remained between the asthmatic 
and nonasthmatic subjects for FEV1 and FVC. A trend 
toward a greater sRaw response to 03 was noted among the 
asthmatic subjects, however. The mechanism by which 03 
induces decrements in FEV1 and FVC appears to be neu
rally mediated, involuntary inhibition of inspiratory effort 
(Hazucha et al. 1989) involving stimulation of airway C-fi
bers (Coleridge et al. 1993). The magnitude of this physi
ologic response may have more to do with a subject's 
preexposure neural reflex sensitivity to inhaling noxious 
stimuli than with the level of03-induced airway injury and 
inflammation. Asthma appears not to confer greater neural 
reflex sensitivity to inhaled 03. The mechanism for the mild 
increase in sRaw after 03 inhalation is not entirely clear, 
but may involve a decrease in airway caliber due to mucosal 
edema, which correlates better with the level of03-induced 
injury and inflammation than decrements in FEV 1 and FVC, 
thus explaining the trend toward a greater sRaw response 
among the asthmatic subjects. 

When we designed this study, no data had been publish
ed regarding findings in BAL fluids from asthmatic subjects 
after 0 3 exposure. Recently, however, Basha and colleagues 

29 



Part I: Airway Inflammation and Responsiveness to Ozone in Normal and Asthmatic Subjects 

reported the results of a study with a small sample size (five 
asthmatic and five normal subjects) (Basha et al. 1994). 
These results are similar to our own. Although the physi
ologic responses to 03 of the asthmatic subjects were not 
significantly different from those of the normal subjects, 
evidence of greater 03-induced inflammation was apparent 
for the asthmatic subjects. Thus, the findings of the two 
studies involving postexposure bronchoscopy that have 
been reported to date are reasonably consistent. 

The major limitation of our Phase III study is the rela
tively small sample size. As noted above, our subject popu
lation for the bronchoscopy endpoints (18 asthmatic and 20 
normal subjects) is actually larger than is the rule for such 
studies. The 20 normal subjects were selected from an even 
larger population (n == 81) that was used for comparing lung 
function responses to 03. Our sample size gave us adequate 
power to detect significant effects of the 03 exposure on 
lung function and inflammatory responses in both asth
matic and nonasthmatic subjects. Although it is possible 
that our failure to detect any significant difference in 03·in
duced lung function responses between the asthmatic and 
nonasthmatic groups could be due to a Type II error because 
an insufficient number of subjects were studied, it is un
likely that we missed an effect of large magnitude. 

In summary, our Phase III study indicates that although 
asthmatic persons may not have greater sensitivity to 03 in 
terms of lower respiratory symptoms and lung function 
responses, they appear to be at risk of enhanced 03-induced 
airway inflammation. This finding may help to explain the 
increased asthma morbidity associated with 03 pollution 
episodes observed in epidemiologic studies. 
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APPENDIX A. Telephone Interview Form 

~·1·7/P1 
t'EL'I!:PHOH'B' IHTBRYIIIW FORM 

IDENTIFICATION" NUHSERt 

Di\l'E Of' TELEPHONE CALLI 

PHOtU:: NI.IHBERS I WORKr( ___ ) ---""----

HOKEt( ___ ) ___ .. 

Oul' l.aboratory is Cionduccing a •tudy to IU8ttlflf tha elfet:ts of 
.!lr pollution en people 1 so !::l:.s.t 11a trlllf be able t:o d&tttrm.i..ntt what 
level af pollution tuy ba h4rmtul. We are IHHJki.ng volunt:oera, who 
we h'.Ul pay 1 to e>:el'r:.i.se for tour hours in 11 large c:h41Jibsr filled 
with a level of ozone that 'IDUld occur on a day lo'.!th moderac.e air 
pollutiotl, During the e:xt~rcise, we vill mu.auro the tunotion of · 
che l ung.s of ehs volun eeers, 

If you are eligible to volunteer, you will ba paid $10 at 
your first visit, 'llhlr:h lo'.!ll last a..bout 2 hour• Uld 11.!Jl .involve 
filling out p~per work, h~vi.-:g te.sts ot your lung lunot.i.on Uld 
eJ(erclse co~~padty, ,.._.o litta.lt.s lind five lieek.s later, you v.i.ll be asked 
to return to exerc.iJJe ln the che.mber filled vlth c.!ean air Uld 
o•one. rou ...,ill be paid $15 per hour for each v1•1t 1 ...,hJ.ch vl.l.l 
last about 4 to 5 hours 

A.ra you .interested in partlc:1patl..ng1 NO VES 

IF 1Hl: SIJIJJEC'I' .AGREES l'O PARriCIPME1 COH.PLE'I'B 'tHE ENTIRE 
QIJES'I'lOHHAIRE, 

IF 'tHE SIJBJEC'I' DOES HOT lllSH 1'0 PAR.'TlCIPME, ASK 'tHE SIJ8JEC'1'1 
"h'ould you be ll.illlng to anJJiier • fll'tl que•tJon• about 
your hulth1 loll of your •nsliora v.U.J b• kept- •trJctJy 
confidential." 1lHD 
OBl'AlH UP CODE 1UJD A.SII:I EI!I'RCiall, ootrOR1 PBLEGH1 A!ITBKA 
1r.H'D SHOJ:.IHO Qtn:S'I'IOHB, 

•••HCIRCLE CHOIC!I'S OR FILL IH LIMBS, AS IU!iQUIR.II.D .. 1 U 

1\.00N:SSI lltroet;---------------------
clt.y, ________ (65•H) r.ip eode ____ _ 

... l-F 2-H 

HOW DID YOU NEA.R ABOUT THE STUDY"'----------------

EI!:RCISET 
l, DO YOU EXERCISE l OR HORE TIK.ES A 1-/EEX FOR 45 

HINUTES T;.T A TIM.£7 

IP' 'XJ!iS' , AS IS REHAI}{Qtm or 01. 

lB, DOES THIS EXERCISE UNOLVE I 
JOOOING7 
SWIHHIHG7 
ROWIH07 
OTHr:R?'-----

1-NO 2-YES B-NA 
1-HO 2-VES B ... l!A 
1-UO 2-VES 8-NA 
1-HO 2-YES B-NA 

2, ARE YOU LIHITED rRoH 'EXERCIS1NCJ BY I'HY CONDITION? 

~ 

1-tlo 2-YES 

AU: u.L R%KAIHIHQ QlT!'Sl'[OHS ZnN :If Bl1BJ&Cl' 
FAILS ZIZRCJ:SZ CRITERIA 

3, D\1R1NQ THE PAST YEAR, DID 'COU USUALLY HAVE A COUGH? 
1-Ho 2-YES 

IP 'YES' l>r.Sit RZJQIIHp~R OF 03. 

31\, HAVE: YOU COUGHED LIXE THI"S OU HOST DA'tS FOR 
3 CONSECUTIVE HOJITHS Oil .~OR5 0\1RINO THE: 

1-J 

10-2.: 

25-~· 

JS--4~ 

" 

92 

!1.; ,, 
" " ,. 

9f 

PAST 'CtAA7 1-HO 2-YES B-tiA 9~ 

4, OURUIO THE PAST YEAR, DID YOU USUALLY COUOH AT ALL 
tiURING OR AfTER EXERCISE7 1-HO 2-~ES 

5, DURING THE PAST YEAA 1 DID YOU USUALLY COUGH AT ALL 
Wf!EJI FIRST GOIHG OUT OF DOORS IH THE COLD liEATHER7 1-llO 2-ns 

~ 
6. DURING THE PAST YEAR, DID YOU USUALL~ BRIHQ UP PHLEOH 

OR HUCUS FROH. YOUR CHEST7 1-Ho 2-YES 

IP' 'n:s' , ASli RZKAIHDER or or. 

6B. HAVE YOU BROUGHT UP PHLEGM OR MUCUS LIXE THIS 
TOR J COIISECUTIVE .l-!ONTHS OR HOR.E DURIUG THE 

100 

10: 

10;:-

PAST YEAA7 1-HO 2-VEs B-HA 10:. 

~ 
7, HAVE YOU kVER tltr:H TOLD BY 1\.DOCTOR THAT 

YOU HJ\.0 ASTHMA? 1-HO 2-YES 10< 

IP ''HO'. AU: REKA.IHD!R Of 0'7, 

78, DO YOU THINK TRAT YOU HAVE EVE:R HAD ASTKXJ\7 
1-No 2-VES 8-NA 10! 

!.M..9LI.H2..L 
B, HAVE YOU EVER SHOXED AS HUCH ,s 1 CIGARETTE PER DAY 

OR 20 PACKS lN YOUR LITETIHE7 1-NO 2-YES lOt 

tr 'YE:S', ASIC 08B. 

BB, i\R.E YOU CURRENTLY' SHOKitlC1 1-NO 2-YES B-NA 10. 

rr 'HO'. ASK OBC AND 080, 

BC, IN THE PAST 12 HOHTHS, HAVE YOU SHOXED AS 
HUCH 1'\S 1 CIOAR!:TTE PER DAY? 1-No 2-YES 8-HA 10! 

SO, HJIEU YOU WE.RE SHOXINO, lfflAT HAS THE ~ 
NUHBER OF C10ARETUS THAT YOU SHOl<.ED EACH DAY? 

(I pad•20dvtrtlln) 

9, HAVE YOU EVER SHOJI.ED AS HUCH AS 1 POUCH Of' PIPE ToBACCO 
OR 5 CIGARS? 1-NO 2 .. Vf:S 

9B, AT AHY TIHE IN THE PAST 12 HOHTHS, 
HAVE YOU SHOl<.ED A PIPE CIOAAS7 

10, HAvt: Y0\1 EVER SHORED HORE THAN l HARIJUAJlA C1GMETTE 
(JOUtT) nR WEEK ON A REOIJLAR BASIS? 1•NO 2•VES 

rr 'YES'. asK OlDB • 

108, Al' hNY ':iiHE Ill THE P.\ST 12 HOliTHS, RAVE YOU 
SHOKED AS HUCH AS 1 JOIUT PER WEEK7 1•110 2•Y'&5 B•HA 

CARDIOVASCULAR DISEASE I 
11, lUIS A OOC'I'OR EVER TOLD YOU TW.T VOU HAD A PROBLEH 

WI"TH YOUR NEART7 1-HO 2-YES 

118, IN THE PAST 12 HONTHS 1 RAVE YOU T,\XEJI 
NW MEDlCIHC FOR YOUR HEART? 1-NO 2-Y'tS 

[f' 'Yt:S' 1 SPECIFY' ___________ ~----

12., HAVE YOU EVER BEEH TOLD THAT YOU 1iAD HIOH BLOOD PRESSURE? 

=ru. 

128, IH TKE PAST 12 HOHTHS RAVE YOU TAKEN 
I'HY M.EtiiCINES fOR NIGH BLOOD PP.ESSIJRE1 

l·NO 2-VES 

1-HO 2-YES 

If •n;g•, SPECifY----------------

lJ, DO YOU HAVE IIJH' REASON TO THUOC: THAT YOU i\R.E HOW PRI:OHANT1 
l•NO 2-YES 8•NA 

l4, DO YOU PLAN TO HOVE TROH THE BAY AJU:A WI'I'HIH THE 

15. 

"' 

tiEXT 6 HONTHS7 1-HO 2-YES 

llecause it is o.s.sent.iaJ thet wa are as C'ert.aln as .,.e can be 
that you havo healthy lun9.t 1 lill mu•t GsJc you •oma parsonal 
questions about huJth problems or practices that can aHect 
your lungs !Jithouc you feeling J.ll, Let rna :remind you that your 

;~~~~~s b!
0 oi~!1~,~~~~; :~;~~~=11 =h~r:!;g~il~~k =~nf~·~e~~!:!.i~~~a.iro 

that I am readint;. 

1-No 2-ns 

1•HO :z-ns 
r~-.F-USE-P----1--H-0-2-•YE-5-(F)--J--YE-S(-F&-0)----, 
RI:JtCTED 1-HO 2-YES 

~e11eon !or rejection (~ecocd Q /) 

109-110 

111 

112 

llJ 

114 

115 

116 

117 

llB 

119 

120 

l2l 

122 

123 

"' 125-126 
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APPENDIX B. Subject Interview Form 

&Ul!J!C'l' JHTBRVU'W FOP.H 

offlaa uaa only 

IDENTIFICl\TlON NUHBERI 

01\.TE OF INTERVIEW! 

NAAEtC(M~cffioR~o>rnU~LLLIF~IR~SffT~hlrni~61LX>~sT~HN2~>)----------------------

Plf.l..lfiUliR!IECf!O!f!tEfO!!E:«<!ptU!KG!HfSrOR!! 

R$ad each question colllpJeteJ.y betore 4118\Jeri.ng Jt, Do not leave 
o~~ny blo~nJcs. Circla th11 l choice that BEsr ril.tloct:t your •n,h'~tr 
to the question. It you are ad:.ed to provide a numb•r or • date, 
make sura that you wrJ.te J.egjbJy, If you do not- A:noll' the 111naver 
to a qu1urt.ton, c.tr-cle the choice •oiC• or vr.tee •Dl<'' on the 
appropriate l.ine. It you do not undaretand a que•tion, tuk 
for help. DO NOT SKIP THE QIJESTI0/1 without getting htJlp 1 becaun 
your ability to o!lnswer t.he ne~c queatlon may depend on your 
understandJ.ng ot quut.ions that caJu betor• J.t, 'rHAHIC tou. 

!PISoD'U oP COUQJl NiP PHI.X9H CKt!CtJSl 1 
1, DURUtO THE PAST 12 HONTH5, KIIVZ YOU KAJ:) AKY PIUtlODS OR 'EPISODES OF 

COUGH AND PHLEGK {OR INCiU:ASED COUGH OR PKLEOH U' YOU USU~LY 
HAVE COUCH MD PHLE"GH) 'fHAt U!STEO AT L!AS'r l WJ:EK.S? 

1-No 2ooYES '7 .. DX 

Ir YOU NfSlfGMD 'YES.~ Nf8WQ 0 1B, 

lB, HOW KAl/Y SUCH EPISODE'S HAVE YOU KAJ:)? 

1) 1 ephcda 2) 2 to l 3) .4 or mora 7-DK 

Hl!ll.W!l!.J. 
2, IN THE PAST 12 HONTHS, HAS YOUR C:NEST EVER SOUHDED HK:E!.Z'i OR 

ttlUSTLING? 
7-DR 

a· xou J.HSifliRZD • n:s • . NfS!j!!iR TBl!i 810fAXHpKB or o 2. 

28, IN THE PAST 12 MON'tHS, HAS YOUR CHEST ZV!:R 50\IHD'ID WHBEU 
OR WHISTl.lUGI {checlc but response for each q\1811tion) 

l 2. l 7 
NEVER SOMETIMES HOST DAYS OK 

WITH COLDS? 
APART YROH COLDS? 
HOST D!\YS & NIGHTS? 

I 
( I 
I I 

I 
( I 
( I 

( I 
( I 
( I 

( I 
( I 
( I 

2C, Itf THE PAST 12 HOHTHS, HAS YOUR CHEST EVER SOUNDED WJfEUY 
OR milSTLino: {check beet reeponaa for eaoh question) 

l 2 l 7 
NEVER SOHE.TIMES MOST DAYS DK 

WITH EXERCISE OR EXER'l'ION? ) 
WITH EXPOSURE TO POLLEN? ( ) 
WITH ~XPOSURE TO GRASSES? ( ) 
WITH EXPOSURE TO CATS? ( ) 
AFTER TAXING ASPIRI!U ( ) 

( I 
( I 
( I 
( ' 
( I 

I 
( I 
·I I 
( I 
( I 

20. IH TH!: Pli.ST 12 KONTHs, HAS YOUR CHEST EVER SOUNDED WHEEZY 
OR WKISTLIN01 (checlc beet response for uch qUestion} 

1 2 3 
UE:VER SOMETlHES H'OST DAYS 

WITH EXPOSURE 'I'O DUST ( I 
1\.T HOM£ OR P.T WORK7 

WitH EXPOSURE TO FUHES { } 
AT WORK? 

HITH EXPOSURE TO ...SPRAYS AT ( 
HOME OR 1\.T·. WOAX? 

t I 

2£, HOW RECENTLY HAS YOUR CHEST SOUNDED tfflEEU: OR WHISTLINO? 

7 
DK 

I-IN 'fKE Pl\.ST WEEK z .. IN THE LAST HON'I'H 3-HORE THAN 1 HONTH AGO 
7-DK 

2F, IN THE PAST 12 MONTHS, HAVE YOU TMEH MY MEDICINE OR 
TREI\TH£HT FOR THIS WHEEZIHQ OR tffliSTLIHGi' 

1-No 
Ir YOU NfSWZRED 'YES' 1 PLU!SE LIBr taDICI){ES, 

2-YES 

ALL£ROY SYMP'I'OM.!I 1 
3, DO YOU EVER GET EPISODES OFI (chock beat ruponee tor each CJllUtion) 

1 ' 7 NO YES ,o~. 
RUNN'l OR ITCHY EYES APMT FROK COLDS 1 { ) ( ) { . ) 

SNEE'HNO OR RUJ{NY NOS I: APART· YRDH COLDS? { ) ( ) ( } 

34 

IP YOU AH!i\fBRED 'Y!iS' TO !ITB!R or TB!' ABOVE' 1 A.HSH'ER 0 ]8, 

38, ARE THESE SYHPTOHS WORSE lH ANY SEASON? 
(place the number of your choJ.ce next to each aaaacn) 

SPRI!lG 
SUHXER 
Y>.LL 
WINTER 

1•3 

·-· 

10 

11 

.. 

13 .. .. 

16 
17 
lB .. 
00 

21 

22 

" 

" 

" 

26 
27 

20 ,. 
30 
31 

4, HAVE YOU EVER BE&N TOLD BY A DOCTOR OR NURSE THAT roU 
HAVE (OR H.I\VE Hl\.0) "HAY fi:VER~ OR "ALLERGIC RHINITIS"? 

1-No 2 .. ns , .. ox 
tr YoU AHSW'!RED 'XU', ANSHIR 0 48, 

48. HAVE YOU EVER RECEIVED MEDICINE 
roR THIS? 1-NO 2-YES 7'"DK l3 

!i, HAVE YOU EYER RECEIVED ALLERGY SHOTS? 
34 

lf YOU AHStfEMD 'YES' ANS!f!iR 0 58, 

58, DO roU STILL GET ALLERGY SHOTS? 

" 
O'l'll!iR IL.I.JjESSESt 
6. IN THE PAST 12 -MOUTHS, HAS A DOCTOR TOLD YOU THAT YOU llADI 

BRONCHITIS? 

PUEUMOIIIA? 

1-No 2-YES 

1-NO 2-YES 
" 
37 

7, IN TH£ PAST 12 HONTHS, KAYE. YOU HAD ANY CHEST OPERATIONS'/' 
l-NO 2"'YES 7,ooOK " 

U' YOU ANS!oi"EflED 'Y!S' I M'SlfER 0 78 I 

78, PLEASE SPEC!TY 'I' HI: OPtAA'I'lOJI ( S) 1 

J'lESipENTIAL HISTOBYI 

To complete the residential history, begin with your CURR.EH'l' 
res.id~nr::e and worJc your way b4cloi4rds in time, It you do not 
remetllber all ot the in/ormation tor any pl11r::e that you hiV& 
.lived, write "OX• .in the •pproprll!te sp•ce. 

CITY/TOWN STI'oT'S IIPCOOB rnoH 
NOH nM "" NOH \'WI 

ouri"ant ~ ~"'(if."{) {"if.l)/ """(1f,1) 

currcmt 

.. 

(l9·)H m:m ~ 

(9·93) c&~.·IIS> ~ -;;;:!)/ "'ffi'1T" -m:rr'"""T9f.Tf' 

(99·11J) (11t..SJ ~ --nzr=zr' (1ZJ•'J ~''fiiH) 

(itt:"f) ('"i!HO) ~'<153·~) --'--( IZ~·1'lJ (155•6) (U7·11J 

(15~·173) (174·5) (~ --'--(1111•l) (191•4) "i"i'if.'i)'(iif.l) 

To complet• the occupatlcnal history, •t•rt wlt.h your 
current. job and work b•ckwards .tn tLJlle, If you do not 
1"&11fembar all of the 1ntorm4tion lor any job t.llat you have 
had, write •oK• in tha appropr-laeo ap•c•• Ina.lud• only job11 
that you have held .in thtl lut 5 yoar• tor at l•••C f month•• 

.JOB 'tln.E IHDUS%RY IQftRIAL!I rnoH 
IIP'Q!BD '1'0 HOH Yl!AI\ 

"TiM i9i";2 

"'19M i99-'0 

m:6 m:F' 

liJ.l ffi76' 

-m:I n::r:r 

:ro 
NOH ~ -·· 

'i9f.'r •··· 

ror:z ";'-·--

w:o ;:' 

iif.i' Y:• 

;;r:o 

office u•• 

Indultry job m.atarial• duration 

__ (229-30) __ (231-32) __ (233·34) - ___ (235 .. 3( 1 

2. __ (2l7-3B) __ {239-40) __ (241•421. ___ (243-44} 

'· __ (2H-46} __ (247-45) __ (249-50) __ (251-52! .. __ {253-54) __ (255-56} __ (257-58) __ (259-6(i 

s. {261-62) (263•64) (265- 66) (267•66. 



J.R. Balmes et al. 

APPENDIX C. Symptom Questionnaire 

·Name 

SYMPTOM QUESTIONNAIRE 

---------- Subject # Date 

Time 

Please rate the severity of your symptoms on a scale indicated below. 

0 =None 
1 =Minimal symptom is barely noticeable 
2= Mild symptom is present by not annoying 
3 =Moderate symptom is somewhat annoying 
4 =Severe symptom is very annoying and/or limits performance 

anxiety 0 2 3 4 

chest discomfort or chest tightness 0 2 3 4 

chest pain on deep inspiration 0 2 3 4 

cough 0 2 3 4 

eye irritation 0 2 3 4 

headache 0 2 3 4 

nasal irritation 0 2 3 4 

nausea 0 2 3 4 

phlegm or sputum production 0 2 3 4 

shortness of breath 0 2 3 4 

throat irritation 0 2 3 4 

wheezing 0 2 3 4 

a:) Did you smell an unusual odor in the chamber? y N 
b.) Do you think you were exposed to ozone today? y N 

6/24/91 v.1 

35 



Part 1: Airway Inflammation and Responsiveness to Ozone in Normal and Asthmatic Subjects 

APPENDIX D. External Quality Assurance Report 

The conduct of this study has been subjected to periodic 
audits by the Quality Assurance Officer from BioDevelop
ment Laboratories. The audits have included in-process 
monitoring of study activities and audits of the data. The 
dates of audits and nature of the visit are listed in Table D.l. 
The results of the inspections were reported to the Director 
of Research of the Health Effects Institute, who was respon
sible for transmitting the reports to the Principal Investiga
tor. 

Observations made during these visits indicate that the 
study is well documented and that the report describes the 
methods used and reflects the raw data, The effect of devia
tions from the protocol and standard operating procedures 
on the results of the study have been considered and ad
dressed as appropriate in the data or final report. 

Denise Hayes, M.S. 
Quality Assurance Officer 
BioDevelopment Laboratories 

Table D.l. Audits by Quality Assurance Officer 

Date 

December 7, 1990 

March 4-5, 1992 

September 9-10, 1996 

ABOUT THE AUTHORS 

Procedure or 
Data Reviewed 

Pre-study visit 

Observe activities and 
audit data for Phase I 

Audit data and review 
final report 
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ABBREVIATIONS 

AUC 

BAL 

ELAM 

EPA 

FEFz5-75 

FEV1 

FVC 

GMA 

GM-CSF 

ICAM-1 

IL-8 

LDH 

MANOVA 

MPO 

Oz 

03 

NAAQS 

PAL 

PBS 

PC10o 

sRaw 

TGF-P2 

VCAM 

VE 

area under the curve 

bronchoalveolar lavage 

E-selectin or endothelial leukocyte 
adhesion molecule 

U.S. Environmental Protection Agency 

forced expiratory flow from 25% to 75% 
of the vital capacity 

forced expiratory volume in one second 

forced vital capacity 

glycolmethacrylate 

granulocyte-macrophage colony
stimulating factor 

intercellular adhesion molecule-1 
interleukin-8 

lactate dehydrogenase 

multivariate analysis of variance 

myeloperoxidase 

oxygen 

ozone 

National Ambient Air Quality Standard 

proximal airway lavage 

phosphate-buffered saline 

concentration of methacholine that 
produced a 100% increase in sRaw 

specific airway resistance 

transforming growth factor P2 

vascular cell adhesion molecule 

ventilatory rate 
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Effects of Ozone on Normal and Potentially Sensitive Human Subjects 
Part IT: Airway Inflammation and Responsiveness to Ozone in Nonsmokers 
and Smokers 

Mark W. Frampton, Paul E. Morrow, Alfonso Torres, Karen Z. Voter, 
John C. Whitin, Christopher Cox, Donna M. Speers, Ying Tsai, and Mark J. Utell 

ABSTRACT 

Exposure to ozone at levels near the National Ambient 
Air Quality Standard causes respiratory symptoms, changes 
in lung function, and airway inflammation. Although ozone
induced changes in lung function have been well charac
terized in healthy individuals, the relationship between 
airway inflammation and changes in pulmonary function 
have not been prospectively examined. The purpose of this 
study was to determine whether individuals who differ in 
lung function responsiveness to ozone also differ in suscep
tibility to airway inflammation and injury. A secondary 
goal was to determine whether ozone exposure induces 
airway inflammation in smokers, a population known to 
have airway inflammation and an increased burden of toxic 
oxygen species. 

Healthy nonsmokers (n = 56) and smokers (n = 34) were 
exposed to 0.22 parts per million (ppm)* ozone for 4 hours, 
with intermittent exercise, for the purpose of selecting 
ozone "responders" (decrement in forced expiratory volume 
in 1 second [FEV1J > 15%) and "nonresponders" (decrement 
in FEV1 < 5%). Selected subjects then were exposed twice 
to ozone (0.22 ppm for 4 hours with exercise) and once to 
air (with the same exposure protocol), each pair of expo
sures separated by at least 3 weeks, in a randomized, dou-

* A list of abbreviations appears at the end of the Investigators' Report. 

This Investigators' Report is Parlii ofHealthEffects Institute Research Report 
Number 78, which also includes Part I: Airway Inflammation and Respon
siveness to Ozone in Normal and Asthmatic Subjects, by Tohn R. Balmes and 
associates; Part III: Mediators of Inflammation in Bronchoalveolar Lovage 
Fluid from Nonsmokers, Smokers, and Asthmatic Subjects Exposed to 
Ozone: A Collaborative Study, by Mark W. Frampton, Tohn R. Balmes, and 
colleagues; a Commentary by the REI Health Review Committee, and an HEI 
Statement about the research project. Correspondence concerning this Inves
tigators' Report may be addressed to Dr. Mark W. Frampton, University of 
Rochester School of Medicine, 601 Elmwood Avenue, Box 692, Rochester, 
NY 14642-8692. 

Although this dE>cument was produced with partial funding by the United 
States Environmental Protection Agency under Assistance Award R82483"5 
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 private party 
institutions, including those that support the Health Effects Institute; there
fore, it may not reflect the views or policies of these parties, and no endorse
ment by them should be inferred. 
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ble-blind fashion. Nasal lavage (NL) and bronchoalveolar 
lavage (BAL) were performed immediately after one ozone 
exposure and 18 hours after the other, and either immedi
ately or 18 hours after the air exposure. Indicators of airway 
effects in lavage fluid included changes in inflammatory 
cells, proinflammatory cytokines, protein markers of epi
thelial injury and repair, and generation of toxic oxygen 
species. 

In the classification exposure, fewer smokers than non· 
smokers were responsive to ozone (11.8% vs. 28.6%, re
spectively); an insufficient number of smoker-responders 
were identified to study as a separate group. In the BAL 
study, all groups developed a -similar degree of airway 
inflammation, consisting of increases in interleukins 6 and 
8 (maximal immediately after exposure), and increases in 
polymorphonuclear leukocytes (PMNs), lymphocytes, and 
mast cells (maximal18 hours after exposure). The increase 
in PMNs was inversely correlated with age (p = 0.013), but 
gender, nonspecific airway responsiveness, and allergy his
tory were not predictive of inflammation. Alveolar macro
phage production of toxic oxygen species decreased after 
ozone exposure in nonsmokers; however, not in smokers. 
Findings from nasal lavage did not mirror lower airway 
inflammatory responses in these studies. We conClude that, 
in response to ozone exposure, smokers experienced 
smaller decrements in lung function and fewer symptoms 
than nonsmokers; however, the intensity of the airway 
inflammatory response was independent of smoking status 
or airway responsiveness to ozone. Furthermore, the bur
den of toxic oxygen species following ozone exposure was 
greater for smokers than for nonsmokers. Subjects were 
young, healthy, and able to sustain exercise; the results may 
not be representative of nonsmokers or smokers in generaL 
Nevertheless, the findings indicate that measuring symp
toms and spirometric changes is not sufficient to assess the 
potential risks associated with ozone exposure. 

INTRODUCTION 

The potential health effects of exposure to ozone are of 
major interest to the public, industry, and regulators. Re
cently, controlled exposures to ozone at levels at or below 
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the National Ambient Air Quality Standard (NAAQS) of 
0.12 ppm have resulted in respiratory symptoms and dec
rements in pulmonary function in healthy volunteers. In 
some individuals FEV1 decreased as much as 50% follow
ing exposure with exercise to ozone in the ambient range of 
concentrations (McDonnell et al. 1985, 1995; Folinsbee et 
al. 1988). Individuals have been consistent in their re
sponses to subsequent ozone exposures (McDonnell et al. 
1985), which suggests that determinants of susceptibility 
do exist; the nature of these determinants is largely un
known. Changes in lung function in response to ozone 
exposure, which have been well characterized in humans, 
have historically driven the setting of air quality standards 
for ozone. 

In addition, exposures to ozone at levels near the NAAQS 
cause cellular and biochemical changes in the upper and 
lower respiratory tract characteristic of an acute inflamma
tory response. Human studies using BAL have shown 
ozone-induced increases in PMNs, soluble markers of in
flammation and repair, and markers of epithelial perme
ability (Seltzer et al. 1986; Kehrl et al. 1987; Koren et al. 
1989a,b, 1991; Devlin et al. 1991). Using nasal lavage, 
inflammation and permeability changes have been ob
served in the upper airway after ozone exposure (Graham 
and Koren 1990). The increase in permeability may result 
from direct epithelial injury, or indirectly from release of 
toxic oxygen species (TOS) and proteolytic enzymes by 
PMNs, or alveolar macrophages (AMs), or both. 

The relative role of PMNs and AMs in contributing to 
epithelial injury after ozone exposure is unclear. Both cells 
release TOS as part of the oxidative burst; this is an impor
tant component of host defense against microorganisms, 
but also may contribute to lung injury. Oxidant release has 
been shown to injure epithelial cells (Cantin et al. 1987) and 
fibroblasts (Simon et al. 1981). Alveolar macrophages are 
more numerous than PMNs, even after ozone exposure, and 
may therefore present the largest burden of TOS to the 
respiratory epithelium. However, studies in mice indicate 
that acute exposures to ozone decrease AMs' release of 
superoxide anion (Amoruso et al. 1981; Ryer-Powder et al. 
1988), which provides a possible explanation for this spe
cies' increased susceptibility to infectious challenge after 
ozone exposure. Koren and coworkers (1989b) found no 
difference in the release of superoxide anion by human 
alveolar macro phages obtained by BAL 18 hours after air or 
ozone (0.4 ppm for 2 hours) exposure. However, neither the 
responses immediately after exposure nor the relative con
tribution of PMNs to the total burden of TOS has been 
assessed in humans. 
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Additional gaps persist in our understanding of the in
flammatory response to ozone in humans. First, the time 
course of the response is not clearly defined. Koren and 
coworkers (1991), comparing two separate studies that had 
examined the effects of exposure to 0.40 ppm ozone for 2 
hours, found the influx ofPMNs was 2.3-fold greater 1 hour 
after exposure than it was 18 hours after exposure. 
Schelegle and coworkers (1991) performed a time-course 
study in five subjects, and found that the peak recovery of 
PMNs by BAL occurred at 6 hours after exposure, rather 
than at less than 1 hour or 24 hours after exposure. Do 
changes in AMs precede the influx of PMNs in response to 
ozone exposure? Early events after exposure could include 
altered expression of cell surface receptors on AMs that 
play a role in host defense, or oxidant injury, or both. 

Second, the relationship between pulmonary function dec
rements and airway inflalllillation has not been determined. 
Airway inflammation could result from ozone-induced 
stimulation of nerves that contain neuropeptides within 
the airways; increased levels of substance P have been 
found in BAL fluid of human subjects immediately after a 
1-hour exposure to 0.25 ppm ozone (Hazbun et al. 1993). If 
lung function changes and inflammation are both mediated 
via intraepithelial nerve stimulation, inflammation inten
sity should correlate with lung function responsiveness. An 
alternative mechanism is the release of chemotactic cytok
ines such as interleukins 6 and 8 (IL-6, IL-8) from airway 
epithelial cells through nonneurogenic pathways, such as 
activating the nuclear regulatory element NF-lCB (Bromberg 
and Koren 1995). If the mechanisms are unrelated, it is 
possible that individuals who do not experience symptoms 
or lung function changes would be at greatest risk of airway 
inflammation from failure to avoid exposure or limit inspi
ration. A recent study (Schelegle et al. 1991) found an 
inverse correlation between lung function changes and the 
airway inflammatory response to ozone, suggesting the 
possibility that changes in airway geometry may reduce 
ozone delivery to sites of injury. 

Third, little is known about the airway inflammatory 
response to ozone in individuals with underlying respira
tory disease. Many chronic respiratory diseases are charac
terized by inflammation; ozone eJqJosure could intensify 
manifestations of disease by acutely increasing the under
lying inflammatory processes. 

Approximately 48 million Americans smoke cigarettes, 
and smoking remains the single most common cause of 
respiratory morbidity and mortality in the United States 
(Fiore et al. 1994). Data from the Harvard Six-Cities Studi 
(Dockery et al. 1993) suggest that the mortality risk associ-
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a ted with exposure to air pollution is greater in current and 

former smokers than in nonsmokers. Furthermore, smoking 

and ozone exposure have caused some similar pulmonary 

responses. For example, smoking has been shown to cause a 

respiratory bronchiolitis with similarities to the lesions found 

in animals after prolonged exposure to ozone (Adesina et al. 

1991). Cigarette smoke and ozone exposure both cause airway 

inflammation and increased epithelial permeability (Kehrl 

et al. 1987; Mason et al. 1983). Both may cause lipid peroxi
dation; increased levels of lipid peroxidation products have 

been found in the blood of smokers (Morrow et al. 1995). 

Inflammatory cells producing TOS in the airways and alve

oli may inactivate antiprotease enzymes, thereby contrib
uting to the destruction of elastic tissue that is characteristic 

of the effects of cigarette smoking (Hubbard et al. 1987). 

Finally, smokers have increased numbers of AMs in distal 

airspaces that may respond to stimuli by releasing in

creased quantities of TOS (Lin et al. 1989). If exposure to 

ozone causes an increase in airway inflammation or stimu

lates release of TOS by resident inflammatory cells, smok

ers may be at increased risk of adverse effects. 

The few studies of ozone exposure in smokers are limited 

to examining pulmonary function effects. Kerr and cowork

ers (1975) found that smokers experienced smaller decre

ments in forced vital capacity (FVC) and FEV1 and fewer 

symptoms than nonsmokers after exposure to 0.5 ppm 
ozone for 6 hours. In contrast, Hazucha and coworkers 

(1973) found greater decrements in FEV1 and larger in
creases in residual volume in smokers than in nonsmokers 

exposed to 0.75 ppm ozone for 2 hours, with intermittent 

exercise. Effects of ozone exposure on airway inflamma

tion, release of TOS by inflammatory cells, and epithelial 

injury have not been studied in smokers. 

Improved understanding of the airway inflammatory re

sponse to ozone exposure is needed to assess potential 

health risks. In the current study, we proposed to address 

several of the deficiencies in our know ledge of those effects. 

SPECIFIC AIMS 

The primary purpose of this study was to determine 
whether individuals who differ in lung function respon

siveness to ozone also differ in susceptibility to airway 
inflammation and injury. The four specific aims of this 

project were as follows: 

1. In smokers and nonsmokers determined to be respon
sive or nonresponsive to ozone exposure, using FEV1 

as the indicator of response, examine the relationship 
between decrements in FEV 1 and lower airway inflam
mation. 

2. Characterize the effects of in vivo ozone exposure on 
AMs and on the in vitro generation ofTOS by alveolar 
cells; compare the findings from ozone-responsive and 
-nonresponsive smokers and nonsmokers. 

3. Determine the reproducibility of symptoms and decre
ments in FEV1 after repeated identical exposures to 
ozone in smokers and nonsmokers. 

4. Determine to what extent findings from NL reflect 
inflammation of the lower airways, as evaluated by 
BAL, in ozone-responsive and -nonresponsive smokers 
and nonsmokers. 

Subjects selected were either responsive or nonrespon
sive to ozone exposure in terms of lung function (FEVt). 
Indicators of airway effects included changes in inflamma
tory cells, proinflammatory cytokines, and protein markers 
of epithelial injury and repair. Alveolar macrophages were 
characterized with regard to changes in size and in their 
expression of selected surface markers important to the 
host's defense. The generation of TOS was determined for 
the whole cell population and for AMs separately. The 
experimental design allowed for measurements at two time 
points after exposure, thus providing information on the 
time course of the inflammatory response. 

METHODS AND STUDY DESIGN 

SUBJECTS 

Volunteers of both genders, ages 1B to 40 years, were 
recruited from the local community through bulletin board 
and newspaper advertisements; most were college stu
dents. Informed consent was obtained, and the study was 
approved by the Research Subjects Review Board of the 
University of Rochester. (The consent form is Appendix F, 
which is available on request from the Health Effects Insti
tute.) Only subjects who consented to the entire study, 
including the BAL phase, were recruited, even though it 
was clear that not all subjects would be asked to participate 
in the BAL phase of the study. The considerable time and 
effort required of volunteers for the overall study was em
phasized at the time of screening in order to ensure com
mitment to complete the study. Subjects were evaluated 
with the following methods: a respiratory questionnaire, 
modified from Lebowitz and coworkers (1975) (shown in 
App.endix A), which included demographic information, 
history of allergies, use of medications and vitamins, smok
ing history, and passive smoke exposure; physical exami-
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nation; spirometry; exercise testing on a bicycle ergometer; 
and inhalation challenge with methacholine. Subjects were 
required to be free of cardiorespiratory disease, without 
symptoms of respiratory infection within' 3 weeks of the 
study, able to complete the exercise protocol, and have 
normal spirometry without exercise-induced bronchocon
striction (decrease in FEV1 < 5% after 20 minutes of exer
cise at a minute ventilation ['VEl of 25 L/min/m2

). Subjects 
with a history of asthma (based on previous physician 
diagnosis or a history of episodic wheezing and dyspnea) 
were excluded, but subjects with allergy, hay fever, or 
allergic rhinitis were not excluded. Nonsmokers had never 
smoked regularly and denied any tobacco use in the 3 years 
prior to the study. Smokers were currently smoking at least 
one pack per day, with at least three pack-years of smoking 
history. 

STUDY DESIGN 

A primary goal of these studies was to determine the 
nature and intensity of the airway inflammatory responses 
in both nonsmokers and smokers who we had determined 
to be responsive or nonresponsive to ozone based on dec
rements in pulmonary function. The experimental protocol 
is summarized in Figure 1, and the detailed exposure pro
tocol is provided in Appendix B. The overall protocol 
required a minimum of 5 days for completion, and each 
subject completing the entire protocol underwent four ex
posures (three to ozone and one to air) and three BAL and 
NL procedures. 

Day one was devoted to subject screening and baseline 
measurements. Day two involved aninitial4-hour exposure 
to 0.22 ppm ozone to classify subjects as "responders" or 

Experimental Plan 

~ Subject Recruitment & Screening 

I Smokers Nonsmokers 

+ 

I 
Classification Exposure 

I 0.22 ppm x 4 hr 

~ ! 
Responders Nonresponders 

L1 FEV1 > 15% L1 FEV1 < 5% 
Smokers Nonsmokers Smokers Nonsmokers 

+ t 
Exposure to Air-NL and BAL Early or Late 
Exposure to 0.22 ppm 0 3- NL and BAL Early 
Exposure to 0.22 ppm 0 3- NL and BAL Late 

Figure 1. Experimental protocol. 
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"nonresponders" based on their decrement(> 15%) or lack 
of decrement (< 5%) in FEVt, respectively. Subjects se
lected on the basis of the classification exposure then were 
invited to participate in the BAL portion of the study. On 
days three through five, subjects were exposed once to air 
and twice to ozone, with NL and BAL performed immedi
ately after one of the ozone exposures (referred to sub
sequently as "ozone early") and 18 hours after the other 
ozone exposure ("ozone late"). Exposures were separated by 
at least three weeks. Because each subject was exposed to 
filtered air only once, half of the subjects underwent lavage 
directly after exposure ("air early") and the other half 18 
hours after exposure ("air late"). 

All ozone exposures were to 0.22 ppm ozone for 4 hours, 
with exercise for 20 minutes of each 30 minutes, which was 
sufficient to achieve a VE of approximately 25 L/min/m2 

body surface area. During the BAL phase of the study, the 
order of the exposures was randomized, and neither sub
jects nor investigators were informed of the exposure at
mosphere. Pulmonary function was measured immediately 
before exposure, and after 2 hours and 4 hours of exposure. 
Symptoms were assessed by questionnaire following each 
exposure; subjects ranked the severity of each symptom on 
a scale from 0 ("not present") to 5 ("incapacitating"). The 
symptom questionnaire is shown in Appendix C. 

Smokers were not permitted to smoke during exposure, 
but were not advised to abstain from smoking prior to 
exposure. In order to confirm the accuracy of subject clas
sification with regard to smoking, saliva samples were 
collected prior to exposure and stored at -70 °C; samples 
from the 38 subjects completing the BAL phase of the study 
were sent to the laboratory of Dr. Neal Benowitz (University 
of California, San Francisco) for cotinine determination by 
gas chromatography. 

EXPOSURE F AGILITIES 

All exposures were undertaken in a 45-m3 environmental 
chamber in the General Clinical Research Center at the 
University of Rochester, the characteristics of which have 
been described (Utell et al. 1984). Exercise bicycle ergome
ters and pulmonary function testing equipment are housed 
within the chamber, so that subjects were not required to 
exit the chamber for physiologic testing. For comfort, tem
perature and relative humidity were maintained at 21.2 oc 
± 0.92°C (SD) and 37.1% ± 3.0%, respectively. 

All ozone exposures were conducted at a target concen
tration of 0.22 ppm (430 mg/m3

). Ozone generation was · 
accomplished by passing breathing-quality oxygen through 
a flow meter into a water-cooled, high-voltage discharge 
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ozonator (Model 03V5, Ozone Research and Equipment 
Corp., Phoenix, AZ). A portion of the ozonator output (1 
L/min) was connected to the chamber air intake (10 
m 3/min) through a Venturi mixer. 

An ozone analyzer (Model 8810, Monitor Labs Inc., 
Englewood, CO) continuously sampled the ozone concen
tration in the chamber atmosphere through a Teflon tubing 
connection. By means of feed-back circuitry, this Monitor 
Analyzer regulated tlie ozonator output. A Dasibi ozone 
analyzer (Model 1003-AH, Dasibi Environmental Corp., 
Glendale CA), designated as an E.P.A. Transfer Standard, 
was used to calibrate the Monitor Analyzer. Before each 
ozone exposure, the calibration procedure required that the 
Monitor Analyzer be compared to the Transfer Standard 
while both instruments were sampling the identical ozone 
concentration produced by a portable ozone generator (Sta
ble Ozone Generator, Model SOG-2, Ultraviolet Products 
Inc., San Gabriel, CA). The output of the UV ozone gener
ator, in turn, was validated at least bimonthly against a 
certified ozone standard at the Air Quality Control Station 
of New Y ark State Department of Environmental Conserva
tion (Avon, NY). 

Air exposures, and the diluent air for the ozone expo
sures, used environmental air passed through an air intake 
purification system (Utell et al. 1984). The quality of the 
purified air as to background ozone, nitrogen oxides, and 
sulfur dioxide concentrations was established by using the 
Dasibi Model 8810 ozone analyzer, an NOx analyzer (Model 
8840, Monitor Labs Inc., Englewood, CO), and a Meloy S02 

analyzer (Model SA285E, Columbia Scientific Instruments, 
Jollyville, TX), respectively. 

PHYSIOLOGIC TESTING 

Spirometry was performed using a pneumotachograph 
interfaced with a computer (Microloop, Medical Graphics, 
St. Paul, MN). Forced vital capacity, FEV1, and forced 
expiratory flow between 25% and 75% of FVC (FEF25_75) 

were recorded from the best of three determinations based 
on FEV1. Airway resistance and thoracic gas volume were 
measured during panting using an integrated-flow, pres
sure-corrected body plethysmograph. Specific airway con
ductance (sGaw) was determined as the reciprocal of 
airway resist~ce, corrected for thoracic gas volume. Min
ute ventilation was measured initially at rest and during 
exercise using inductive plethysmography (Respigraph 
Model PN SY01, Noninvasive Monitoring Systems, Miami 
Beach, FL), calibrated with arolling seal spirometer (Model 
840, Ohio Medical Products, Houston, TX). 

METHACHOLINE CHALLENGE 

Airway challenge with methacholine was performed at 
the time of subject screening; subjects were not excluded 
on the basis of airway responsiveness. Increasing concen
trations of methacholine (0.0, 0.625, 1.25, 2.50, 5.00, 10.00, 
20.00, 40.00 mg/mL) in normal saline were administered at 
4-minute intervals using a nebulizer (Model 646, Devilbiss 
Co., Somerset, PA) with a dosimeter (Rosenthal-French 
Model D-2A, Laboratory for Applied Immunology Inc., 
Fairfax, VA) calibrated to deliver 0.01 mL/breath. Subjects 
were instructed to take five breaths each lasting 6 seconds, 
and sGaw was measured 30 seconds after the last breath. 
Challenge was stopped if sGaw decreased more than 50% 
from the baseline value. The concentration of methacholine 
that produced a 50% decrease in sGaw (PD50) was deter
mined by interpolation using the regression line of the 
methacholine dose response. For subjects who did not 
experience a 50% decrease in sGaw after inhaling 40 
mg/mL methacholine, a value of 40 mg/mL was assigned. 
The dose-response slope was calculated according to the 
method of O'Connor and coworkers (1987). 

BRONCHOALVEOLARLAVAGE 

We performed BALon each subject immediately after or 
18 hours after separate but identical exposures to ozone, 
and after air exposure. Lavage was performed using fiberop
tic bronchoscopy in both the lingula and the right middle 
lobe. Subjects were premedicated with 0.75 to 1.0 mg intra
venous atropine, and topical anesthesia of the upper airway 
was established using lidocaine spray. Oxygen by nasal 
cannula was administered and cardiac rhythm monitored 
throughout the procedure. The fiberoptic bronchoscope 
(FB-19H, 6.3 mm o.d., Pentax, Orangeburg, NY) was passed 
orally, and topical lidocaine was administered through the 
bronchoscope to suppress cough. The bronchoscope was 
gently wedged in a subsegmental airway of the inferior 
segment of the lingula. Four 50-mL aliquots of sterile nor
mal saline were sequentially instilled and immediately 
withdrawn under gentle suction, and collected into a sili
conized Erlenmeyer flask on ice. The bronchoscope was 
then withdrawn and gently wedged in a subsegmental 
airway of the right middle lobe and the lavage was repeated. 
For these studies, return from the two lung lobes were 
analyzed separately for cell counts in order to assess the 
influence of regional variability in the inflammatory re
sponse. The same lingular and middle lobe subsegments 
were entered during each subject's three bronchoscopies. 
After completing the first four subjects, the BAL protocol 
was modified so that the return of the first 50-mL aliquot 
instilled into the right middle lobe was identified as a 
bronchial lavage (BL) sample and counted separately, be-
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cause this portion of the lavage has been shown to be more 
representative of changes in the proximal airways (Rennard 
et al. 1990). The remaining three 50-mL aliquots were 
pooled as the alveolar lavage (AL) sample. 

NASAL LAVAGE 

In order to determine whether the nasal inflammatory 
response correlates with airway inflammatory responses in 
these groups, NL was performed just prior to BAL following 
each exposure. Warmed normal saline (5 mL) was instilled 
in each nostril, held for 15 seconds, and then discharged 
into a sterile container. The procedure was then repeated, 
and the discharged fluids were pooled, placed on ice, and 
transported to the laboratory for total and differential cell 
counts. 

CELL QUANTIFICATION AND CHARACTERIZATION 

Analysis of cells recovered by BAL was designed to 
detect influx of inflammatory cells or changes in the distri
bution of alveolar cell subpopulations in response to the 
exposure. Total cell counts were performed separately on 
the combined BAL sample obtained from the lingula, and 
on the BLand AL samples obtained from the right middle 
lobe, using a hemocytometer. Viability was assessed using 
trypan blue dye exclusion. Cytospin slides (Shandon Inc., 
Pittsburgh, PA) were prepared from aliquots of BAL, BL, 
and AL of sufficient volume to contain 5 x 104 cells. Slides 
were stained with Diff-Quick (American Scientific Prod
ucts, McGraw Park, IL) for differential counts; at least 500 
cells from each slide were counted. Total and differential 
cell counts for BAL were expressed as averages of the results 
from the two lavaged lung segments. A separate slide of 
cells from the right middle lobe (AL) was stained with 
Mayer's hematoxylin and toluidine blue for enumeration of 
mast cells. 

Flow cytometry was a sensitive method of evaluating 
changes in AMs following ozone exposure, separately from 
other cells in BAL. Measurements included autofluores
cence, light-scattering properties, and surface marker ex
pression. After a single wash in cold phosphate-buffered 
saline (PBS), BAL cells were pooled and run immediately 
on a FACStar Plus (Becton Dickinson, Mountain View, CA) 
equipped with a 15-mW argon laser at 488 nm. Data (for
ward scatter, linear scale; wide-angle light scatter, log scale; 
and fluorescence emission at 500-560 nm and 543-627 nm, 
log scale) were collected in list mode for subsequent analy
sis. In order to standardize detection of fluorescence from 
run to run, a premixed preparation of fluorescent calibra
tion beads (Quantum 25 Premixed, Flow Cytometry Stand
ards Corporation, San Juan, Puerto Rico) was analyzed with 
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each experiment. The fluorescence intensity of these beads, 
which ranged from 5 x 104 to 2 x 106 molecules of equiva
lent soluble fluorochrome (MESF), was used to construct a 
standard curve, as described previously (Gavras et al. 1994). 
Fluorescence intensity is therefore expressed as MESF in 
these studies. 

Alveolar macrophage surface receptor expression was 
quantitated by indirect immunofluorescence using stand
ard techniques as described previously (Gavras et al. 1994). 
Briefly, lavaged cells were incubated for 45 minutes on ice 
in excess concentrations of the following monoclonal anti
bodies: MOPC-21 (control, obtained from Sigma Chemicals, 
St. Louis, MO), 32.2 (FcRI, CD64), IV.3 (FcRII, CD32), 3G8 
(FcRIII, CD16), OKM1 (complement receptor 3, CD11b, 
obtained from Ortho Diagnostics, Raritan, NJ), or anti-Leu
M3 (CD14, obtained from Becton Dickinson, Mountain 
View, CA). Antibodies against FeR were provided courtesy 
of Dr. R. John Looney (University of Rochester). After three 
washes at 4°C in PBS containing 1% bovine serum albumin 
and 0.1% azide, cells were stained (45 minutes, 4°C) with 
excess FITC-conjugated F(ab)z goat antimouse immuno
globulin (Tago, Burlingame, CA). Stained cells were fixed 
in 1% paraformaldehyde and kept at 4°C prior to analysis, 
which was performed within 5 days. A murine IgG1 mono
clonal antibody (MOPC-21) was used as an irrelevant con
trol; previous experiments showed no differences 
between murine IgG1 and IgG2b control antibodies in 
labeling AMs, so MOPC-21 was used with each run. For 
analysis on the flow cytometer, the macrophage population 
was identified using its characteristic pattern of forward 
and wide-angle light scatter. Mean fluorescence emission 
at 530 nm was obtained from these cells and converted to 
MESF using the standard curve calculated from the cali
bration beads. The MESF of fixed, unstained AMs was 
subtracted from the value obtained for each antibody to 
correct for autofluorescence. 

As a measure of changes in AM size in response to ozone 
exposure, an aliquot of fresh BAL fluid was analyzed using 
a Coulter channelyzer (Coulter Diagnostics, Hialeah, FL). 
Gates were set to exclude lymphocytes and debris from the 
analyzed population, and mean cell diameter was recorded. 

TOXIC OXYGEN SPECIES 

The generation of TOS by airway cells may play a role in 
mediating injury after exposure to oxidants, and is an 
important component of intrinsic defense against microor
ganisms. Two methods were used to measure production of 
TOS in these studies: generation of superoxide anion (Oz-) 
by the whole BAL cell population using superoxide dismu
tase (SOD)-inhibitable cytochrome C reduction, and AM. 
production of TOS using flow cytometry. 
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For measurement of Oz- generation, BAL cells were 
centrifuged at 300 x g for 10 minutes, then resuspended in 
Krebs Ringer Phosphate with 5-mM glucose. Two x 105 cells 
were added to warmed mixtures of 20 nmol cytochrome C 
with and without 4 Jlg SOD, with and without 0.2 Jlg 
phorbol myristate acetate (PMA) in wells of a 96-well 
micro titer plate. Absorbance readings at 550 nm were taken 
at 30-second intervals for 30 minutes at 3 7°C in a microtiter 
plate spectrophotometer (MAXline, Molecular Devices 
Corporation, Menlo Park, CA) equipped with a 1-nm band
pass 550-nm filter. Kinetic absorbance curves were gener
ated and stored on floppy disks. The maximal rate of 02-
generation was determined by visually selecting the com
puter-generated line that best matched the steepest portion 
of the absorbance curve. The final absorbance reading after 
3 0 minutes of incubation represent\3d the total 02- gener
ated. Measurements were made in triplicate and the mean 
of the values was used in calculations. 

The rate of 02- generation was calculated using the 
following equation: 

_ . L\(mOD/min) 
nmol 02 /mm = 0.021 x 0.54 x 1000 

where Ll(mOD/min) represents the difference in the rate of 
change with and without SOD in milli -optical density units 
per minute, from the spectrophotometer; 0.021 is the nano
molar extinction coefficient for superoxide; and 0.54 is the 
light path correction factor for the volumes used in these 
plates in this spectrophotometer. 

Total Oz- generation was similarly calculated from the 
difference in absorbance at 30 minutes with and without 
SOD, using the following equation: 

L\OD 
nmol Oz -/min 

0.021 X 0.54 

Alveolar macrophage production of TOS was deter
mined using flow cytometric measurement of oxidation of 
2'-,7'-dichlorofluorescin. Cells were centrifuged at 300 x g 
for 10 minutes, resuspended at 1 x 106 /mL in RPMI with 
10% fetal bovine serum, and then incubated in a shaking 
water bath at 37°C for 15 minutes with and without 5 JlM 
2'-,7'-dichlorofluorescin diacetate (DCFD, Molecular Probes, 
Eugene, OR). Phorbol myristate acetate (1Jlg) was added to 
half the tubes, incubation continued for an additional 30 
minutes, and the tubes were then placed on ice. Propidium 
iodide (0.025 Jlg) was added and flow cytometric analysis 
was performed immediately, gating on the AM population 
using forward scatter and wide-angle light scatter. Cells 
containing propidium iodide (585-nm fluorescence-posi
tive cells) were eliminated from the analysis. Data were 

collected in list mode for subsequent analysis. Mean fluo
rescence of the AMs was converted to MESF using the 
standard curve obtained from the calibration beads. Base
line TOS production was calculated by subtracting MESF 
of cells incubated without DCFD from cells with DCFD 
(both without stimulation by PMA). Stimulated TOS pro
duction was calculated by subtracting MESF of PMA
treated cells not stained with DCFD from cells treated with 
both DCFD and PMA. 

MEASUREMENTS OF PROTEINS AND CYTOKINES IN 
BRONCHOALVEOLARLAVAGEFLUID 

Concentrations of total protein, albumin, and IgM were 
determined to provide indices of changes in epithelial 
permeability. az-Macroglobulin (a2M) is a large molecule 
present in BAL that may inhibit macrophage production of 
02- (Hoffman et al. 1983), and has been shown to increase 
in BAL fluid following exposure to nitrogen dioxide 
(Frampton et al. 1989). Interleukin-6 and IL-8 were meas
ured to determine their potential role in recruiting inflam
matory cells following ozone exposure. 

Bronchoalveolar lavage fluids were stored at -70°C prior 
to analysis; determinations were done simultaneously on 
all samples from each subject. Immunoassays were vali
dated for BAL fluid using serial dilutions and "add back" of 
purified antigen to confirm accurate recovery. Total protein 
was determined using the method of Lowry and associates 
(Lowry et al. 1951), with crystalline bovine serum albumin 
as the standard. Albumin was measured using a modified 
antibody-capture ELISA as described previously (Frampton 
et al. 1989). IgM was measured using a sandwich ELISA 
with sensitivity in the range of 5 to 200 ng/mL. Human IgM 
(standard), murine anti-human IgM (primary antibody), 
peroxidase-conjugated goat anti-human IgM (secondary 
antibody), and orthophenylene-diamine-dihydrochloride 
(color indicator) were obtained from Sigma Chemicals (St. 
Louis, MO). 0.2-Macroglobulin was determined using West
ern blotting. Samples and standards (human az-macro
globulin, Sigma Chemicals, St. Louis, MO) were transferred 
to nitrocellulose paper using a Millipore 96-well filtration 
manifold (Schleicher and Schuell, Keene, NH). Rabbit anti
human az-macroglobulin was added, followed by biotin-con
jugated goat anti-rabbit IgG (both from Sigma Chemicals, St. 
Louis, MO). Avidin horseradish peroxidase (Vectastain 
ABC, Vector Labs, Burlingame, CA) and commercially ob
tained Western blotting reagents (ECL Western detection 
reagents, Amersham Life Sciences, Arlington Heights, IL) 
were used in detection. Blots were exposed on radiographic 
film (X-omat, Kodak Corp., Rochester, NY) and read by 
densitometer. 
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Interleukin-6 and IL-8 were determined in unconcen
trated BAL fluid using commercially obtained immunoas
say kits (R&D Systems, Minneapolis, MN). Samples were 
assayed in duplicate and read on a microtiter plate reader 
(Model EL312, Bio-Tek Instruments, Winooski, VT). 

DATA HANDLING AND STATISTICAL METHODS 

Sample Size 

Koren and coworkers (1989b) found an eight-fold in
crease in PMNs recovered by BAL after 2-hour exposures to 
0.4 ppm ozone. Based on estimates of the total intake of 
ozone in the study by Koren and colleagues, we estimated 
a roughly sixfold increase in PMNs in our study. A sample 
size computation for this effect indicated that eight subjects 
per group would be required to achieve 80% power at the 
5% level of significance. A group size of 12 was selected to 
provide a sufficient margin of statistical power. 

Randomization 

Subjects were run in pairs whenever possible. In the BAL 
phase of the study, subject pairs were randomized so that 
one subject was scheduled to undergo BAL immediately 
after exposure and the other 18 hours after exposure. A 
restricted randomization scheme was employed to balance 
the various treatment assignments over time. Pairs of sub
jects were assigned to all three treatments (air, ozone early, 
ozone late) using a single randomization. Treatment assign
ments were randomly selected from lists prepared by Dr. 
Christopher Cox using a call-in scheme. 

Data Handling and Analysis 

Data collection and storage were performed in accord
ance with guidelines established by a quality assurance 
plan. Data books were custom made, numbered, and bound. 
All entries were made in ink, dated, signed by the respon
sible person(s), and verified periodically by the project's 
quality assurance (QA) officer (Harriet E. Beiter). All re
cords were identified by coded numbers and treated as 
confidential information. 

Data were entered using a Digital Pro 350 computer 
(Boston, MA) and RS1 software (BBN, Cambridge, MA) by 
a technician trained in biostatistics (DonnaM. Speers). Data 
sets were then created using SAS (SAS Institute Inc., Cary, 
NC) and transferred to the Department of Biostatistics Local 
Area VAX Cluster. The primary analyses were all per
formed in SAS using this system, under the direction of Dr. 
Christopher Cox. 

Pulmonary function data from smokers and nonsmokers 
at three time points (before exposure, and after 2 hours and 
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4 hours of exposure) were analyzed by repeated measures 
analysis of variance (ANOVA). The Wilcoxon rank sum test 
was used to compare symptom scores in different groups of 
subjects. Paired t tests were used to compare means for the 
same subjects tested under different conditions. Rates or 
percentages were compared using chi-squared tests, and the 
odds ratio was used as a measure of the difference between 
two groups. In addition a multiple logistic regression was 
performed, using responder status as the dependent vari
able. Association between continuous variables was as
sessed by correlation analysis. 

The primary analyses for the data from BAL were based 
on a two-way mixed model or repeated measures ANOV A, 
which included one between-subjects factor and two 
within-subject factors. The between-subjects effect was the 
subject's group. The primary within-subject effect in the 
model was treatment: air, ozone early, or ozone late (three 
conditions). For these analyses the air exposure was con
sidered as a single treatment, regardless of whether subjects 
underwent lavage early or late. This assumption was 
checked in a separate two-way ANOVA, which compared 
the air-early group with the air-late group. For any variable 
for which air-early was different from air-late, the ANOVA 
was run separately for each group of subjects. 

The second within-subject factor was a period effect. 
Because subjects were run at different times of the year, 
period effects were not expected, and the effect was in
cluded as a check on this assumption. As in any repeated 
measures ANOV A, a random subject effect was also in
cluded, which was nested within groups. The analysis also 
included a test of interaction between the treatment effect 
and the subject group. If this interaction was significant, 
then we concluded that differences among the three treat
ments were different among the three groups of subjects. If 
the interaction was not significant, then the individual or 
main effects were examined for statistical significance. No 
terms were included in the model for carry-over effects 
because of the relatively long interval between repeated 
measurements on the same subject. 

Each analysis included an examination of residuals as a 
check on the assumptions of normally distributed errors 
with constant variance. In many instances the residual 
analysis indicated that the variance was not constant. In 
these cases a log transformation-proved effective in stabi
lizing the variance. In some cases the data contained more 
than 10% zeros (for example, BAL eosinophil counts), and 
in this case the ANOV A could not be used. In such cases 
paired and unpaired Wilcoxon tests were used to make pair
wise comparisons among groups and treatments. In other 
cases, t tests were used to make similar comparisons. 
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A level of 9% was required for statistical significance. 
Because of the multifaceted nature of these studies, a fairly 
large number of significance tests were performed. Our 
main strategy in interpreting these results was to rely on the 
pattern of significance tests, and on concordant effects 
among biologically related variables, rather than individual 
p values. In addition, outliers were not removed in these 
analyses, both because of the number of analyses and the 
strategy for interpretation that was adopted. The number of 
outliers was never more than two. 

Finally, for a small number of endpoints analysis of 
covariance (ANCOVA) was performed. The dependent vari
ables for these analyses were differences between ozone
late and air exposure. Covariates included age and similar 
differences using other lavage parameters. A residual analysis 
was included and outliers were removed for these analyses. 

QUALITY ASSURANCE 

The QA methods for this study included validating ozone 
exposure levels using the EPA reference methods for ozone 
analysis, and adjunctive standardization procedures using 
EPA-equivalent methods. We monitored the performance 
of the air purification system concurrently, which required 
EPA reference methods for NOx, sulfur oxides, and ozone. 
Therefore, the basic QA requirements directed at achieving 
reliable, fully documented ozone exposure conditions were 
performed according to EPA-recommended procedures, 
but we extended our calibration and standardization pro
cedures to include environmental instruments and all 
physiologic testing instrumentation, for which there are no 
specific EPA guidelines. 

The QA program, under the direction of H.E. Beiter, 
includes provisions for spare parts inventories, service 
records, preventive maintenance schedules, the design and 
use of data books, analog and digital printouts, data storage, 
and methods of calibration and standardization. Standard 
operating procedures are maintained in a manual. 

RESEARCH TEAM 

This three-year project involved many individuals with 
complementary roles. The personnel and their designated 
responsibilities are given in Appendix D. 

RESULTS 

For clarity of presentation, significant p values from 
statistical comparison testing are found in the tables and 
figure legends. 

SUBJECT CHARACTERISTICS 

An objective at the outset of these studies was to compare 
the airway inflammatory response among four groups: non
smoker-responders, nonsmoker-nonresponders, smoker-re
sponders, and smoker-nonresponders. Because responders 
were fewer than nonresponders (see the Pulmonary Func
tion section below), the number of subjects screened and 
classified was determined by the number of responders 
identified. Classification of 34 smokers identified only four 
responders. Of these four, only two subjects completed the 
subsequent BAL phase of the study. It became clear that 
studying smoker-responders as a separate group was not 
feasible. The findings from BAL are therefore presented as 
comparisons among three groups: nonsmoker nonrespon
ders (n = 13), nonsmoker responders (n = 12), and smokers 
(n = 13). The group of smokers includes the two ozone 
responders. 

Table 1 shows the number of subjects participating at 
each phase of the study. A total of90 subjects (56 nonsmok
ers, 34 smokers) completed the classification exposure, and 
their screening data are shown in Table 2. Other than 
smoking history, smokers differed significantly from non
smokers only in the ratio of FEV 1:FVC and the mean value 
for FEFz5-75, although these values were within the normal 
predicted range for all subjects. 

In order to assess the accuracy of the smoking histories 
for the 38 subjects (13 smokers, 25 nonsmokers) who com
pleted the BAL phase of the study, measurements of sali
vary cotinine were performed on saliva samples obtained 
at the time of the classification exposure. The mean (± SD) 
cotinine level for smokers was 264 ± 41 ng/mL. One smoker 
had a level lower than generally found in active smokers 
(31.7 ng/mL), and this subject was a responder to ozone. 
Nonsmoking status was confirmed in all nonsmokers with 
salivary cotinine measurements as well. 

EXPOSURE DATA 

Sixty-eight exposure sessions were required to determine 
ozone responsiveness in the 90 subjects because some sub
jects were studied singly. Ozone concentration (mean± SD) 
for these exposures was 0.219 ± 0.004 ppm. The subsequent 
study of responders and nonresponders required a total of 
47 ozone exposures, with a mean concentration of 0,219 ± 
0,005 ppm. Minute ventilation during exposure was similar 
for nonsmokers and smokers, as well as responders and 
nonresponders. During exercise, \TE ranged from 39.4 to 
45.3 L/min in nonsmokers, and from 42.6 to 45.6 L/min in 
smokers. Ambient outdoor ozone levels during the study 
were obtained from the Department of Environmental Con
servation of New York State, and did not exceed 0.10 ppm 
within the 24 hours prior to any exposure session. 
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Table 1. Subject Recruitment and Participation 

Phase 

Screening 

Classification 
Exposure 

BAL Study 

Number 
Participating 

Screened: 
72 

Scheduled: 
67 

Started exposure: 
39 

Completed exposure: 
34 

Invited: 
28 (24 NR, 4 R) 

Started BAL study: 
15 (12 NR, 3 R) 

Completed BAL study: 
13 (11 NR, 2 R) 

Smokers 

Withdrawals 
and Exclusions 

Unable to complete exercise: 
4 

Abnormal pulmonary function tests: 
1 

Missed appointment: 
28 

Unable to maintain exercise: 
4 (~FEVt 0 to +1 %)a 

Withdrew to attend job interview: 
1 (~Vt -1.7%) 

Refused: 
5 (All NR) 
Left area: 

6 (5 NR, 1 R) 
Quit smoking: 

1 (NR) 
Missed appointment: 

1 (NR) 
Withdrew during first bronchoscopy: 

1 (NR) 
Unable to establish intravenous 
access on third bronchoscopy: 

1 (R) 

• ~V1 =percentage of change from baseline FEV1 during exposure. 

Number 
Participating 

Screened: 
74 

Scheduled: 
72 

Started exposure: 
58 

Completed exposure: 
56 

Invited: 
32 (16 NR, 16 R) 

Started BAL study: 
25 (12 NR, 13 R) 

Completed BAL study: 
25 (12 NR, 13 R) 

Nonsmokers 

Withdrawal 
and Exclusions 

Unable to complete exercise: 
1 

Withdrew, no reason given: 
1 

Missed appointment: 
14 

Unable to maintain exercise: 
1 (~Vt -0.3%) 

Hypertension with exercise: 
1 

Refused: 
4 (2 NR, 2 R) 

Left area: 
2 (1 NR, 1 R) 

Pregnant: 
1 (NR) 
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PULMONARY FUNCTION: 
CLASSIFICATION EXPOSURES 

Figure 2 shows the percentage of change from baseline 
in FEV 1 during and after the classification exposure for non
smokers and smokers. Changes after exposure were signifi-

Table 2. Information Obtained at Screening for Subjects 
That Completed the Classification Exposurea 

Smokers Nonsmokers 
(n = 34) (n =56) 

Age (years) 28± 1 25 ± 4 
Gender (M/F) 28/6 36/20 
Body surface area (m2

) 1.94± 0.20 1.86 ± 0.18 
Pack-years 12.8 ± 9.2 0 
History of allergies 17 (50%) 34 (61%) 
FVC (% predicted) 106 ± 11 105 ± 12 
FEV 1 (% predicted) 103 ± 12 106 ± 14 
FEV1/FVC (%) 81 ± 6 85 ±6b 

FEFz5-75 (L/sec) 3.93 ± 1.04 4.48 ± 1.16c 

PD5o 12.9 ± 13.4 14.9 ± 14.0 
Sloped -43.9 ± 74.7 -22.6 ± 28.3 

• Values are presented as means ± SD; numbers in parentheses indicate 
percentage of subjects. 

b p < 0.01. 
0 p < 0.05. 

d Slope of the methacholine challenge-response curve (see the Methods 
section). 
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Figure 2. Percentage of change in FEV t after 2 and 4 hours of exposure to 
0.22 ppm ozone (means ± SE). Smokers were less responsive to ozone than 
nonsmokers (ANOVA interaction between group and ozone effect, p = 
0.0013). 

cantly less for smokers than for nonsmokers (ANOV A test 
for interaction, p = 0,0013). Decrements in FVC paralleled 
those for FEV1, which is characteristic of the lung's func
tionalresponse to ozone. Nonsmokers demonstrated a wide 
range of responsiveness to ozone (Figure 3), consistent with 
previous studies. Of 56 nonsmokers, 16 (28.6%) were re
sponders to ozone (decrement in FEV1 > 15%), and 22 

(39.3%) were nonresponders (decrementin FEV1 < 5%); the 
remaining 18 (32.1 %) showed intermediate levels of re
sponsiveness. For smokers, fewer subjects were responders 
(4 of 34, 11.8%). If the single smoker-responder with a 
salivary cotinine level below the range associated with 
active cigarette smoking is excluded, 9.0% of smokers were 
responders. Some smokers demonstrated small increases in 
FEV1 following exposure (Figure 3), likely as a result of 
exercise-related bronchodilation. 

No evidence for significant airway narrowing was found 
in either nonsmokers or smokers following ozone exposure. 
The ratio of FEV 1:FVC, although slightly lower at baseline 
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Figure 3. Distribution of ozone responsiveness in nonsmokers (Panel A) and 
smokers (Panel B). Fewer smokers than nonsmokers were responsive to 
ozone. 
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in smokers, did not change significantly following exposure 
(Figure 4A). Percentage decrements in FEF25-75 during and 
following exposure were similar in magnit~de to the 
changes in FEV1 (mean± SE; nonsmokers: -12.2% ± 2.2%; 
smokers: -0.5% ± 3.3%). Nonsmokers experienced only 
modest decrements in sGaw (-17.3% ± 2.7%), whereas 
smokers demonstrated a small increase (+1.3% ± 6.2%) 
(Figure 4B). 

In order to determine predictors of lung function respon
siveness to ozone, we performed multiple logistic regres
sion analyses with responder status as the dependent 
variable, and the following as predictors: age, gender, his
tory of allergies, pack-years of smoking, and airway respon
siveness (PD5o and slope of the dose-response curve). 
Pack-years of smoking was associated with decreased 
ozone responsiveness (odds ratio 0.87, p = 0.017). Among 
cigarette smokers, salivary cotinine levels correlated in
versely with decrements in FEV1 (r = 0.65, p = 0.02), 
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Figura 4. Changes in the ratio ofFEV1:FVC (Panel A) and sGaw (Panel B) 
after 2 and 4 hours of exposure to 0.22 ppm ozone. 
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whereas pack-years of smoking did not correlate with dec
rements in FEV1 (r = 0.44, p = 0.13). This suggested that 
current intensity of tobacco use was more closely related to 
ozone responsiveness than lifetime total use. 

Of 90 subjects, 51 reported allergies; 31% of subjects 
without allergies and 14% of those with allergies were 
responders (odds ratio 3.3, p = 0.036). This was also the case 
when data from nonsmokers, 34 of whom reported allergies, 
were analyzed separately: 41% of nonsmokers without 
allergies and 18% with allergies were responders (odds 
ratio 3.5, p = 0.052). Decrements in FEV1 after ozone expo
sure were greater in those without allergies (9.6% with 
allergies, 13.1% without). Age, gender, and methacholine 
responsiveness were not predictive of ozone responder 
status. 

CONSISTENCY OF RESPONSIVENESS 

A total of 14 smokers (11 nonresponders, 3 responders) 
and ·25 nonsmokers (12 nonresponders, 13 responders) 
were subsequently exposed once to air and twice to 0.22 
ppm ozone during the phase involving BAL; exposures 
were separated by at least three weeks. Ozone responsive
ness on each of the two subsequent exposures was signifi
cantly correlated· with the response to ozone during the 
classification exposure (first subsequent exposure, r = 0. 90, 
p < 0.001; second subsequent exposure, r:: 0.89, p < 0.001). 
Smokers as well as nonsmokers were consistent in their 
subsequent responsiveness (or lack of responsiveness) to 
ozone (Figure 5). No subject experienced a decrease of more 
than 2% in FEV1 following air exposure. 

RECOVERY AFTER EXPOSURE 

Of the 16 ozone responders who entered the BAL portion 
of the protocol, 15 (12 nonsmokers, 3 smokers) underwent 
spirometry 18 hours after one of the follow-up ozone expo
sures, prior to BAL. All showed improvement in FVC, FEV 1, 
and FEF25-75 in comparison with measurements at the end 
of exposure. Mean(± SE) decrement in FEV1 from baseline 
was -4.9% ± 1.5% at 18 hours compared with a mean of 
-28.5% at the end of exposure. For all but two subjects, 
FEV1 was within 10% ofthe preexposure baseline, and was 
within 5% for the three smoker-responders. One nonsmok
ing subject, for whom the postexposure decrement in FEV 1 
was -23%, showed a persistent decrement of -20% 18 
hours after exposure. Improvements in FEF25-75 paralleled 
those for FEV1 and FVC; (mean± SE) FEF25-75 was -6.1% 
± 3.2% 18 hours after exposure compared with -32.3% ± 
2.6% at the end of exposure. 
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SYMPTOMS 

Symptom scores following the classification ozone expo
sure were analyzed to determine differences between study 
groups and the relationship of symptoms to pulmonary 
function changes. The most commonly reported symptoms 
were cough, dyspnea, chest tightness, chest pain, and throat 
irritation. Smokers reported fewer respiratory symptoms 
than nonsmokers following ozone exposure, but the differ
ence was significant only for cough (symptom score, mean 
± SE; nonsmokers: 1.93 ± 0.16; smokers: 1.09 ± 0.19; p = 
0.001). Among the nonsmokers, nonresponders reported 
significantly fewer respiratory symptoms than responders 
(Table 3). However, symptoms were not strongly associated 
with changes in lung function. For example, many subjects 
reported a mild cough during exposure, but the correlation 
with decrements in FEVt wasweak(r=0.46,p < 0.001). Other 
symptoms were even less predictive of lung function changes. 
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Figure 5, Consistency of responsiveness to ozone. Percentage of change in 
FEV1 is shown for subjects who completed all three ozone exposures. Panel 
A: nonsmokers; Panel B: smokers. Open symbols and hatched lines represent 
nomesponders (decrement in FEV, < 5% following the classification expo
sure); filled symbols and solid lines represent responders (decrement in FEV 1 

> 15%). 

When 39 subjects were subsequently exposed to filtered 
air during the BAL phase of the study, smokers reported all 
symptoms, including nonrespiratory symptoms, more fre· 
quently than nonsmokers, and the differences were signifi
cant (p < 0.05) for chest pain, chest tightness, wheeze, 
sputum production, eye irritation, headache, fatigue, and 
anxiety. Thus, smokers were generally more symptomatic 
than nonsmokers in response to exercise in air, but experi
enced a smaller increase in respiratory symptoms following 
exposure to ozone than did nonsmokers. 

AIRWAY INFLAMMATION AND INJURY 

Bronchoalveolar Lavage Fluid and Cell Recovery 

No effects of ozone exposure on the recovery of lavage 
fluid were noted, either from the BL or AL components of 
the lavage procedure. Tables 4 and 5 show the recovery of 
fluid and cells from the AL and BL components of BAL, 
respectively. Fluid recovery was slightly less in smokers for 
AL but not BL. 

Alveolar cell recovery after air exposure was twofold 
greater in smokers than in nonsmokers. In all groups, cell 
recovery in both AL and BL decreased early after ozone 
exposure and increased at 18 hours with a high degree of 
statistical significance (Tables 4 and 5). Cell recovery at 18 
hours after ozone exposure was slightly less than that 18 
hours after air exposure in smokers, but higher than that 18 
hours after air exposure in nonsmokers. When total BAL 
cell recovery was analyzed, including the four subjects in 
whom a separate BL had not been performed, smokers 
differed significantly from the other two groups in the 
effects of ozone on cell recovery (p = 0.026). The pattern of 
response in nonsmoker-nonresponders and nonsmoker· 
responders was similar. 

The viability of recovered cells was generally greater 
than 90%. In comparison with air exposure, viability of BL 
cells decreased approximately 2% early after ozone expo· 
sure in all groups (p = 0.026). 

Differential Cell Recovery 

Differential cell counting from cytospin slides was per
formed both for total mixed BAL cells in 38 subjects (Figure 
6) and for BLand AL cells separately in 34 subjects (Figure 
7). Polymorphonuclear leukocytes showed the largest 
change in response to ozone exposure in all groups. For 
BAL, the increase in PMNs was progressive with time, and 
greatest at 18 hours after exposure, with a high degree of 
statistical significance. The concentration of PMNs was 
slightly greater in smokers after air and early after ozone 
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Table 3. Symptoms Following the Classification Exposure to Ozonea 

Nonsmoker-
Smokers Nomesponders 
(n = 34) (n = 22) 

Cough 1.09 ± 0.19 1.09 ± 0.22 
Sputum 0.56 ± 0.15 0.32 ± 0.18 
Dyspnea 1.29 ± 0.23 0.73 ± 0.19 
Chest pain 0.79 ± 0.23 0.41 ± 0.18 
Chest tightness 0,85 ± 0,19 0,68 ± 0.24 
Wheeze 0.56 ± 0,17 0,32 ± 0.15 
Throat irritation 1.00 ± 0.22 0,68 ± 0.23 
Nasal congestion 0.56 ± 0.15 0.50 ± 0.24 
Eye irritation 0.24 ± 0.07 0.05 ±0.05 
Headache 0.50 ± 0.17 0.18 ± 0.11 
Fatigue 0.56 ± 0.19 0,09 ± 0.06 
Nausea 0.12 ± 0.06 0,05 ± 0,05 
Anxiety 0.24 ± 0.10 0±0 

a Data are presented as means± SEM for symptom scores from 0 to 5, with 5 being the most severe. 

b p < 0.01 compared with nonsmoker-nonresponders using Wilcoxon rank sum test. 

c p < 0.05. 

Nonsmoker-
Responders 

(n = 16) 

2.63 ± 0.18b 
0.94 ± 0.27c 
1.88 ± 0.36c 
1.56 ± 0.43c 
1,44 ± 0.32c 
0.50 ± 0.27 
1.31 ± 0.31 
0.50 ± 0.24 

0±0 
0.56 ± 0.27 
0.88 ± 0.34 
0,50 ± o.zzc 
o.so ± o.zob 

Table 4. Fluid and Cell Recovery from the Alveolar Component of Bronchoalveolar Lavage 

Nonsmoker- Nonsmoker-
Smokersa N onresponders Responders 
(n = 12) (n = 11) (n = 11) 

Volume Cells Volume Cells Volume Cells 
Returned (mL) (x 104/mL) Returned (mL) (x 104/mL) Returned (mL) (x 104/mL) 

Air 118.4±3.1 64.4 ± 11.7 129.8 ± 1.9 23.3 ± 2.9 126.8 ± 3.4 19.3 ± 1.3 
Ozone earlyb 116.7±2.1 44.5 ± 7.5 125.4 ± 4.0 19.3±2.1 120.0 ± 2.5 15.6 ± 2.1 
Ozone late 117.3 ± 3.4 59.8 ± 10.5 129.2 ± 1.7 30.1 ± 4.4 123.7 ± 3.3 25.3 ± 3.6 

a Smokers differed significantly from other groups with regard to volume returned and cells recovered, independent of ozone exposure (ANOVA group effect, 
p = 0.0028 and p < 0,0004, respectively). 

b Cell recovery decreased when BAL was performed early after ozone exposure, and increased when it was performed late after exposure in all groups (AN OVA 
ozone effect, p < 0.0001). 

Table 5. Fluid and Cell Recovery from the Bronchial Component ofBronchoalveolar Lavage 

Nonsmoker- Nonsmoker-
Smokers N onresponders Responders 
(n = 12) (n = 11) (n = 11) 

Volume Cells Volume Cells Volume Cells 
Returned (mL) (x 104/mL) Returned (mL) (x 104/mL) Returned (mL) (x 104/mL) 

Air 19.9 ± 0.9 21.7 ± 3.8 19.5 ± 1.0 17.7 ± 3.1 19.5 ± 1.3 17.8±2.4 
Ozone earlya 17.2±1.0 12.3 ± 2.8 19.2 ± 1.0 14.1 ± 3.2 17.8 ± 1.4 9.5 ± 1.1 
Ozone late 18.4 ± 1.0 17.9 ± 1.3 20.4 ± 1.0 28.1 ± 4.8 18.6 ± 1.6 24.7 ± 2.8 

a Cell recovery decreased when BAL was performed early after ozone exposure, and increased when it was performed late after exposure in all groups (ANOVA
ozone effect, p < 0.0001). 
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exposure, compared with nonsmokers. However, the con
centration of PMNs at 18 hours after ozone exposure was 
similar among all groups. 

As shown in Figure 7, recovery of PMNs increased fol
lowing ozone exposure in both BLand AL components. For 
PMNs recovered in AL fluid, the ozone response was simi
lar among groups. In BL fluid, nonsmoker-nonresponders 
had fewer PMNs after air exposure (0.57 ± 0.12 x 104 

cells/mL) than either nonsmoker-responders (1.22 ± 0.24 
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Figure 6. Cell recovery from BAL fluid taken from smokers and nonsmokers 
(nonresponders and responders). (Open bars: a:ir exposure; cross-hatched 
bars: ozone eaily; solid bars: ozone late. Data are expressed as means± SE.) 
AMs were more numerous in smokers than nonsmokers (group effect, p < 
0.0001), and decreased early after ozone in all groups (ozone effect, p < 
0.0001). PMNs progressively increased after ozone exposure for all groups 
(ozone effect, p < 0,0001], and were increased in smokers compared with 
nonsmokers after air and early after ozone (interaction between group and 
ozone effects, p = 0,011). Lymphocytes were decreased in smokers compared 
with nonsmokers (group effect, p < 0.0001), and increased late after ozone in 
all groups (ozone effect,p < 0.0001). Eosinophils showed no significant ozone 
effect. 

x 104 cells/mL) or smokers (0.71 ± 0.24 x 104 cells/mL) 
(ANOVA group difference, p = 0.039). However, no differ
ence ~as found among the groups in the response to ozone. 

Recovery of AMs in BAL and AL fluids was greater in 
smokers than in nonsmokers. Recovery of AMs in BL fluid 
was similar among groups. In all groups, AM recovery 
decreased early after ozone exposure, and returned to base
line 18 hours later. No significant differences among groups 
were found in the effects of ozone on AM recovery for any 
lavage component. 
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Figure 7. Cell recovery from alveolar and bronchial lavage components. 
(Numbers of subjects: smokers 12, nonsmoker-nonresponders 11, non
smoker-responders 11. Open bars: air exposure; cross-hatched bars: ozone 
early; solid bars: ozone late. Data are expressed as means± SE.) AMs were 
increased in smokers compared with nonsmokers in AL (group effect, p < 
0.0001), but not BL, and decreased early after ozone in both fractions (ozone 
effect, p < 0.0001). PMNs progressively increased after ozone exposure in 
both lavage. fractions for all groups (ozone effect, p < 0,0001). Lymphocytes 
were decreased in smokers compared with nonsmokers in both AL (group 
effect, p < 0.0001) and BL (p = 0.0007), and increased late after ozone in all 
groups for AL (ozone effect, p < 0,0001) and BL (p = 0.0096). Eosinophils 
were increased in smokers compared with nonsmokers in bothAL (Wilcoxon 
rank sum test, p = 0.0015) and BL (p = 0.011), and increased late after ozone 
in BL for all nonsmokers (paired t test, p = 0,0098). 
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Lymphocyte recovery increased 18 hours following 
ozone exposure in all components of lavage in all groups. 
No significant differences between groups were seen in the 
effect of ozone on lymphocyte recovery, although fewer 
lymphocytes were recovered from smokers. 

Eosinophils were more numerous in smokers than in 
nonsmokers after air exposure (Figure 7). Eosinophil con
centration in BL fluid increased 18 hours after ozone expo
sure in all groups, but was significant only for nonsmokers 
considered as a single group (paired t test, p = 0.0098). 
Changes in BAL and AL eosinophils were not significant. 

Metachromatic cells in BAL fluid were assessed by stain
ing of cytospin smears with Mayer's hematoxylin and 
toluidine blue, and the results are shown in Figure 8. The 
number of metachromatic cells increased early after ozone 
exposure in all groups. A further increase was seen at 18 
hours in nonresponders, but not in responders or smokers. 
Analysis of variance indicated the main effect of ozone was 
marginally significant (p = 0.045), with no significant dif
ferences between groups. 

Epithelial cell recovery in BL fluid was assessed as an 
indicator of airway epithelial injury. Figure 9 shows both 
percentage and concentration of epithelial cells in BL. No 
significant change was noted in epithelial cell concentra
tion in BL fluid following ozone exposure. The percentage 
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Figure B. Metachromatic cells in BAL. Cytospin slides were prepared from 
equal numbers of calls obtainadfromBAL, stained with Mayer's hematoxylin 
and toluidine blue, and the total number of cells per slide were counted. 
Stained cells increased early after ozone exposure in all groups (ozone effect, 
p = 0.045). Nonrespondars showed a further increase late after exposure, but 
there was no siguificant difference between groups. Open bars: air exposure; 
cross-hatched_bars: ozone early; solid bars: ozone lata. Data are expressed as 
means ±SE. 
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of epithelial cells increased early after ozone exposure in 
all groups, possibly because of the decrease in recovery of 
AMs and total cells at this time point (see Table 4). 

Inflammatory Cytoldnes 

Levels of the inflammatory cytokines IL-6 and IL-8 were 
measured in BL and AL components of lavage fluid to 
examine their potential role in modulating the inflamma
tory .response following ozone exposure. Both IL-6 (Figure 
10) and IL-8 (Figure 11) increased early after ozone expo
sure and decreased toward baseline at 18 hours, and similar 
effects were seen in BL and AL. The largest change was in 
IL-6, which increased more than 10-fold in nonsmokers. 
The increase was greater in nonsmokers than in smokers in 
both AL and BL components. For IL-8, the response to 
ozone was not significantly different between groups. 

To examine the possible role of IL-6 and IL-8 in the 
recruitment of PMNs following ozone exposure, ANCOVA 
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Figure 9, Epithelial cell recovery from BL. Panel A shows the concentration 
of epithelial calls; Panel B shows epithelial cells as a percentage of the total 
cells recovered from BL. Percentage, but not concentration, increased early 
after ozona exposure in all groups (ozona effect, p = 0.0002). Open bars: air 
exposure; cross-hatched bars: ozona early; solid bars: ozone late. Data are 
expressed as means ± SE. 
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was performed using changes in these inflammatory cytok
ines in AL fluid early after ozone exposure as independent 
variables, and changes in PMNs in BAL fluid 18 hours after 
ozone as the dependent variable, Early increases in both 
IL-6 and IL-8 correlated significantly with the late increase 
in PMNs (p = 0.002, p = 0.007, respectively). A marginally 
significant difference was found between groups for the 
IL-8 association (p = 0.046), but not for IL-6. These findings 
support the hypothesis that both IL-6 and IL-8 may play a 
role in recruiting PMNs following ozone exposure. 

Predictors of Inflammation 

In order to determine predictors of susceptibility to airway 
inflammation in response to ozone exposure, ANCOV A was 
performed with the change in PMNs in BAL fluid 18 hours 
after ozone exposure as the dependent variable and the 
following as independent variables: age, gender, PD5o, his
tory of allergies, and subject group. Subject group was 
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Figure 10. Concentration of IL-6 in AL and BL fluids. IL-6 increased early 
and returned to baseline late in both AL and BL fluids (ozone effect, p < 
0.0001). The effect of ozone was greater in nonsmokers than in smokers for 
bothAL and BL fluids (interaction between group and ozone effects, p; 0.024 
and p ~ 0.0002, respectively). Open bars: air exposure; cross-hatched bars: 
ozone early; solid bars: ozone late. Data are expressed as means± SE. 

marginally predictive ofincrease in PMNs using this model 
(p = 0.045). When controlling for other factors, including 
subject group, age was inversely correlated with the inflam
matory response (p = 0.013). The relationship between age 
and increase in PMNs is shown in Figure 12. Gender, PD5o, 
and allergy history were not predictive of an ozone-induced 
increase in PMNs. 

Respiratory symptoms during exposure were not predic
tive of the intensity of airway inflammation. No significant 
correlation was found between the increase in PMNs in 
BAL fluid 18 hours after exposure to ozone and the increase 
in cough (r = 0. 14, p = 0.42) or shortness of breath (r = 0.01, 
p = 0.94). 

ALVEOLAR MACROPHAGE CHARACTERIZATION 

Alveolar macrophages obtained by BAL were charac
terized to determine whether ozone exposure caused an 
influx of less-differentiated, monocyte-like macrophages 
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Figure 11. Concentration ofiL-8 in ALand BL fluids. IL-8 increased early in 
all groups in both AL and BL (ozone effect, p < 0.0001), Open bars: air 
exposure; cross-hatched bars: ozone early; solid bars: ozone late. Data are 
expressed as means± SE. 
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into the alveolar space, or caused activation of resident 
AMs. Changes in AM size were assessed by Coulter chan
nelyzer. Flow cytometric measurement of forward scatter 
provided an additional index of cell size, as well as mem
brane changes associated with cell activation (Shapiro 
1988). Wide-angle light scatter and autofluorescence were 
determined as markers of cell activation and metabolic 
activity (Shapiro 1988). Phenotypic expression of selected 
cell surface markers was used to detect an influx ofless-dif
ferentiated monocyte macrophages. 

Figure 13 shows the results of alveolar macrophage char
acterization using flow cytometry. Forward light scatter 
(Figure 13A) increased late after ozone exposure in smokers 
and decreased in nonsmokers, but the effect was not signifi
cant by ANOVA. Wide-angle light scatter (Figure 13B) and 
autofluorescence (Figure 13C) were significantly greater in 
smokers than nonsmokers under all conditions, but the 
effect of ozone exposure was not significant by ANOVA. No 
significant differences were noted between responders and 
nonresponders in AM light-scattering properties. 

After subtracting autofluorescence, expression of FcRIII 
(CD16) decreased early after ozone exposure and increased 
18 hours later in all groups, and the changes were signifi
cant by AN OVA (Figure 13D). The intensity of staining with 
monoclonal antibodies recognizing FcRI (CD64), FcRII 
(CD32), complement receptor 3 (CDllb). and CD14 was 
similar among groups and did not change significantly with 
ozone exposure. Coulter channelyzer measurements re
v.ealed no difference in AM size among the groups, and no 
significant effect of ozone exposure on AM size (data not 
shown). 
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Figure 12. ANCOVA with age in years as the independent variable and the 
increase in PMNs 18 hours after exposure to ozone as the dependent 
variable. Shown is the association between the increase in PMNs and age as 
indicated in the ANCOVA, after adjusting· for other independent variables 
(see text). 
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PRODUCTION OF TOXIC OXYGEN SPECIES 

Two methods were used to assess production of TOS 
following ozone exposure in these studies. First, release of 
Oz- by the whole BAL cell population was measured over 
30 minutes, with and without PMA stimulation. Second, 
oxidation of DCFD was determined using flow cytometry, 
gating on AMs. This provided a measure of the effect of 
ozone exposure on production of TOS by AMs separate 
from other BAL cells. Figure 14 shows unstimulated and 
PMA-stimulated Oz- production by the whole BAL cell popu
lation. Stimulation with PMA resulted in an approxi
mately fourfold increase in Oz- release by BAL cells. In 
nonsmoker-responders and nonsmoker-nonresponders, 
stimulated Oz- production increased slightly but progres
sively, and the increase was statistically significant 18 
hours after exposure (Figure 14B). In smokers, unstimu
lated Oz- release nearly doubled early after ozone exposure 
(Figure 14A), although the difference did not reach statisti · 
cal significance (paired ttest, p = 0.070). A similar response 
was seen for stimulated Oz- release in smokers. Smokers 
differed from nonsmokers both early and late after ozone 
exposure (Wilcoxon rank sum test,p = 0.012 andp = 0.046, 
respectively). 

Incubation of AMs with DCFD caused a considerable 
increase in cellular fluorescence measurements, suggesting 
substantial constitutive production of TOS by AMs. For 

Smokers Nonresponders SmOkers Nonresponders 
n=12 n=11 na12 n=12 

Figure 13. Characterization ofAMs, Panels A, B, and C show forward scatter, 
wide-angle light scatter, and autofluorescence ofAMs, respectively, obtained 
using flow cytometry. Forward scatter increased after ozone exposure in 
smokers but decreased in nonsmokers; difference between smokers and 
nonsmokers 18 hours after ozone exposure was significant by unpaired t test 
(p = 0.0043], but the ozone effect was not significant by AN OVA. Wide-angle 
light scatter and autofluorescence were increased in smokers relative to other 
groups (ANOVA group effect, p = 0.010 and p < 0.0001, respectively); ozone 
effect was not significant. Panel D shows AM expression of FcRIII (CD16) 
determined by immunofluorescence techniques, Expression of FcRIII de
creased early and increased late after ozone (ANOVA ozone effect, p = 0.037], 
without significant group differences. Open bars: air exposure; cross-hatched 
bars: ozone early; solid bars: ozone late, Data are expressed as means± SE. 
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example, fluorescence (mean± SE) of AMs from nonsmok
ers obtained after air exposure increased from 4.41 ± 0.76 
to 54.26 ± 8.20 x 104 MESF after staining with DCFD. For 
smokers after air exposure, AMs increased from 40.29 ± 6.95 
to 66.46 ± 14.64 x 104 MESF; Stimulation with PMA pro
duced little further increase. 

Figure 15 shows the effects of ozone exposure on AM 
oxidation of DCFD, without PMA stimulation. Following 
ozone exposure, production ofTOS in AMs from nonsmok
ers progressively decreased, but increased in AMs from 
smokers. The pattern was similar to that seen for AM 
forward scatter (Figure 13A), but effects were not signifi
cant by ANOVA (p = 0.21). 

Analysis of covariance revealed no significant relation
ship between increases in PMNs and unstimulated produc
tion of TOS, either by the whole BAL cell population or by 
AMs using DCFD, at 18 hours after exposure. 
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Figure 14. Unstimulated (Panel A) and PMA-stimulated (Panel B) 0 2-

production by BAL cells. Unstimulated Oz- release increased early after 
ozone in smokers but not nonsmokers, but changes were not significant by 
ANOVA. Smokers differed from nonsmokers both early and late after ozone 
exposure (Wilcoxon rank sum test, p = 0.012 and p = 0.046, respectively). 
Stimulated 0 2- production increased significantly for all nonsmokers 18 
hours after ozone exposure (paired ttest, p = 0.0081). Open bars: air exposure; 
cross"hatched bars: ozone early; solid bars: ozone late. Data are expressed as 
means± SE. 

EPITIIELIAL PERMEABILITY 

Protein influx into BAL fluid was measured as an index 
of changes in epithelial permeability following ozone ex
posure. fu addition to total protein, albumin and IgM were 
selected as molecules of divergent size whose sources are 
from plasma exclusively. As shown in Figure 16, total 
protein, albumin, and IgM increased in response to ozone 
exposure in all subject groups, reaching maximal levels 18 
hours after exposure. Albumin showed the greatest increase 
and IgM the least, consistent with a permeability effect. The 
increase in albumin following ozone exposure was delayed 
for smokers compared with nonsmokers (Figure 16B). 

Analysis of covariance revealed that increases in albu
min levels in BAL fluid were associated with ·increases in 
PMNs 18 hours after exposure (Figure 17). However, the 
strength of the association differed among groups. Smokers 
and nonsmoker-nonresponders showed the strongest asso
ciation between increases in PMNs and increases in albu
min (r = 0.71, r = 0.73, respectively); no correlation was 
found in nonsmoker-responders (r = 0.04). 
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Figure 15. Production ofTOS by unstimulated AMs, BAL cells were incu
bated with DCFD, and flow cytometry was performed gating on AMs. Data 
represent the increase in AM fluorescence (expressed as MESF) associated 
with DCFD staining of cells. Fluorescence increased following ozone expo· 
sure in smokers, but decreased in nonsmokers; effects were not significant 
by ANOVA. Open bars: air exposure; cross-hatched bars: ozone early; solid 
bars: ozone late. Data are expressed as means± SE. 
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a2·MACROGLOBULIN 

The concentration of a2M in BAL fluid increased more 
than threefold 18 hours after exposure (Figure 18). in a 
pattern similar to that seen for increases in PMNs in this 
study. The increase was much larger than that seen for IgM, 
suggesting the source was not translocation from plasma. 
Plasma levels of a2M were measured and found to be 
unchanged by ozone exposure in these studies (data not 
shown). Analysis of covariance showed a significant rela
tionship between increase in PMNs and increases in a2M 
18 hours after exposure (p = 0.0001), with no differences 
among groups. 

Smokers 
n=13 
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Figure 16. Concentration of total protein (Panel A), albumin (Panel B), and 
IgM (Panel C) in BAL fluid. Total protein, albumin, and IgM increased after 
ozone exposure (AN OVA ozone effect, p < 0.0001, p < 0,0001, and p = 0.0022, 
respectively), The increase in albumin was delayed in smokers relative to 
nonsmokers (ANOVAinteraction between group and ozone effect, p = 0.033), 
Open bars: air exposure; cross-hatched bars: ozone early; solid bars: ozone 
late, Data are expressed as means± SE. 
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NASAL LAVAGE 

Cell recovery using NL proved variable under all expo
sure conditions. Although some subjects showed increases 
in PMN recovery associated with ozone exposure, other 
subjects had high numbers of PMNs recovered after air 
exposure. Mean PMN recovery varied depending on timing 
of nasal lavage, independent of ozone exposure: mean PMN 
recovery was greater when NL was performed 18 hours after 
air exposure than early after air exposure (Figure 19). No 
statistically significant differences were found between 
groups or significant effects of ozone exposure on PMN 
recovery (concentration or percentage of cells) by NL. No 
significant correlation was seen between NL PMNs and 
BALPMNs. 

DISCUSSION 

For these studies, we chose an ozone exposure concen
tration and exercise level relevant to performing manual 
labor or exercising outdoors on a summer day in a major 
city such as Los Angeles. The findings are applicable to 
young, healthy individuals with normal lung function who 
are able to perform repeated exercise. 

PHYSIOLOGIC RESPONSES 

Our findings confirm previous studies indicating that a 
subset of young, healthy, nonsmoking individuals will ex-
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Figure 17. ANCOVA with the increase in PMNs 18 hours after ozone 
exposure as the independent variable and the increase in albumin at the 
same time point as the dependent variable, Increases in albumin and PMNs 
were significantly correlated for all subjects (p = 0.0026), The associations 
differed among groups (group effect, p = 0.0064), with smokers and non
smoker-nomesponders showing the strongest correlation (r = 0.71 and r = 
a. 73, respectively) and nonsmoker-responders showing no correlation (r = 
0,04), 



M.W. Fl'ampton et al, 

perience substantial decrements in lung function when 
exposed to ozone under the conditions of this study 
(McDonnell et al. 1995; Bascom et al. 1996), Both FVC and 
FEV1 were affected, which is consistent with previous 
studies that indicate inspiratory capacity is reduced follow
ing ozone exposure (Hazucha et al. 1989). Decrements in 
sGaw were generally small, suggesting an absence of sig
nificant bronchoconstriction. For subjects classified as re
sponders to ozone, FEV1 measured 18 hours after exposure 
had improved from the level measured immediately after 
exposure. 

Smokers in our study experienced significantly smaller 
decrements in lung function than nonsmokers. Fewer 
smokers were responsive, and some subjects experienced 
slight increases in FEV1, which suggests that exercise may 
have induced bronchodilation or clearance of airway mu
cus. Changes in sGaw and FEFzs-75 also were smaller in 
smokers. The ratio ofFEV1:FVC tended to increase slightly 
during exposure (Figure 4A), indicating that smokers did 
not experience bronchoconstriction. Differences between 
smokers and nonsmokers were not explained by differences 
in levels of exercise or \TE. Smokers remained consistent in 
their level of responsiveness on subsequent exposures, 
similar to nonsmokers (Figure 5). 

Smokers also experienced fewer respiratory symptoms 
in response to ozone exposure. In the 39 subjects exposed 

1 

..-.1 

...1 
E 
0,1 
c -

Smokers 
n~13 

Nonresponders 
n~12 

Responders 
n~12 

Figure 18. Concentration of a2M in bronchoalveolar lavage fluid. a2M 
increased progressively in all groups (ANOVAozone effect, p < 0.0001), Open 
bars: air exposure; cross-hatched bars: ozone early; solid bars: ozone late, 
Data are expressed as means± SE. 

to filtered air, smokers reported higher scores than non
smokers for all symptoms. Nevertheless, following ozone 
exposure, smokers reported respiratory symptoms less fre
quently than nonsmokers. 

It is interesting to speculate on possible explanations for 
the decreased responsiveness of smokers. More smokers 
than nonsmokers (28 vs. 14) failed to attend on the initial 
classification exposure day, and more smokers than non
smokers (8 vs. 2) were unable to complete the exercise 
required (Table 1). However, no smokers failed to complete 
the study because of ozone responsiveness or symptoms, 
making significant selection bias unlikely. Nevertheless, 
smokers may be a self-selected group that is relatively 
tolerant of the effects of exposure to both cigarette smoke 
and ozone. 

Lung function decrements in response to ozone exposure 
appear to be mediated by irritant receptor stimulation 
(Hazucha et al. 1989); the response diminishes with re
peated exposures (Farrell et al. 1979). It is possible that 
oxidant components of cigarette smoke attenuate the irri
tant fiber responsiveness, thus explaining the reduced sen
sitivity to ozone. Alternatively, increases in the mucous 
layer lining the airways in smokers (Fiore et al. 1994) could 
serve as a "sink" for ozone and its reactive products, reduc
ing effects on epithelial cells and irritant receptors. Em
mons and Foster (1991) attempted to determine whether 
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Figure 19. Recovery ofPMNs in NL fluid. Open bars: air early; stippled bars: 
air late; cross-hatched bars: ozone early; solid bars: ozone late. Number of 
subjects is shown above each bar. Data are expressed as means± SE. 
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smoking abstention increases ozone responsiveness by ex
posing nine smokers to 0.4 ppm ozone for 2 hours both 
before and 6 months after smoking cessation. Maximal 
midexpiratory flow rates increased with smoking cessation 
and this indicator became responsive to ozone, but no 
significant effect of ozone exposure on FVC was seen either 
before or after smoking cessation. However, the exposure 
incorporated only a brief period of light exercise, which 
may have been insufficient to provoke a change in FVC even 
in nonsmokers. 

CELLULAR RESPONSES 

Our studies also confirm previous observations (Seltzer 
et al. 1986; Kehrl et al. 1987; Koren et al. 1989a,b, 1991; 
Devlin et al. 1991) that healthy, nonsmoking subjects de
velop an airway inflammatory response to ozone exposure. 
The magnitude ofPMN influx in our study at 18 hours after 
exposure is similar to that observed in previous studies; for 
example, Koren and coworkers (1989b) observed an ap
proximately eightfold increase in PMNs 18 hours after 
exposure to 0.4 ppm ozone for 2 hours with exercise. 
However, our observations differ from previous reports in 
two respects. First, the observed time course of the PMN 
response differs in our study from that reported by inves
tigators at the U.S. Environmental Protection Agency 
(Koren et al. 1991). We observed an influx ofPMNs at 18 
hours after exposure that was greater than the influx im
mediately after exposure; this observation contrasts with 
previous studies that reported a greater PMN influx 1 hour 
after exposure to 0.4 ppm ozone for 2 hours. Previous 
reports involved separate studies on different subjects, and 
the findings may have been influenced by group differences. 
This underscores the importance of obtaining time-course 
observations using the same subjects. Our observation has 
important implications: the inflammatory response to 
ozone appears to be increasing or persisting at a time when 
symptoms and decrements in lung function have largely 
resolved. 

Second, in contrast with previous BAL studies, our data 
suggest the airway cellular response to ozone is not limited 
to PMNs, but involves virtually all cells recovered by BAL. 
We observed increases in lymphocytes, eosinophils (in 
nonsmokers), and mast cells associated with ozone expo
sure. Specific lymphocyte marker studies were not performed, 
so we cannot exclude the possibility that monocytes or small 
macrophages recruited to the alveolar space following ozone 
exposure were mistakenly counted as lymphocytes. How
ever, the absence of changes in AM size by Coulter meas
urements and the pattern of AM surface marker expression 
do not support an influx of monocytes or immature macro-
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phages. Future studies of ozone exposure should include 
identifying lymphocyte cell markers and determining cel
lular subsets. 

We observed small decreases in the number of AMs 
recovered at the early time point following ozone exposure, 
which could indicate direct toxicity of ozone or induced 
programmed cell death. This is supported by the small 
decrease in the viability of cells obtained early after expo
sure with BAL. Alternatively, AM recovery could be re
duced as a consequence of (1) altered membrane adhesive 
properties making cells less accessible by BAL, (2) acceler
ated clearance of airway cells during ozone exposure, or (3) 

other airway effects altering total cell recovery. 

A striking finding in our study was the similarity in the 
pattern and intensity of the cellular inflammatory response 
among the three subject groups, despite differences in cell 
recovery following air exposure. After air exposure, smok
ers had nearly threefold more AMs, fewer lymphocytes, and 
more eosinophils than nonsmokers. As shown in Figure 6, 
smokers had slightly more PMNs in BAL fluid than non
smokers after air exposure and early after ozone exposure, 
but the mean recovery ofPMNs 18 hours after exposure was 
similar for all groups. Analysis of variance of the recovery 
of PMNs from BL and AL fluids (Figure 7) revealed no 
interaction effects between group and exposure, suggesting 
similar effects of ozone for all three groups. In addition, the 
similar cellular responses seen in the BL and AL fractions 
suggest that ozone-induced inflammation is not limited to 
the conducting airways. These findings indicate that indi
viduals without symptoms or lung function changes may 
still experience airway inflammation following exposure to 
ozone. To the extent that airway inflammation is consid
ered an adverse health effect, this observation has implica
tions for determining who is most susceptible to the health 
effects of ozone exposure. 

Interleukin-6 and IL-8 are involved in the recruitment, 
activation, and persistence of PMNs and other cells at sites 
of inflammation (Levine 1995). We observed increases in 
BAL fluid levels of both cytokines, especially IL-6, early 
after ozone exposure with a return toward baseline at 18 
hours. This time course is consistent with PMNs having a 
contributing role in the response; furthermore, ANCOV A 
showed a significant correlation between increases in both 
IL-6 and IL-8 and increases in PMNs when all subjects were 
considered together. The approximately 10-fold increase in 
IL-6 early after ozone exposure particularly implicates this 
cytokine in the pathogenesis of the response to ozone. 
Bronchial epithelial cells release IL-8 and IL-6 in response 
to ozone exposure in vitro (Devlin et al. 1994), suggesting 
that epithelial cells may be the source of the changes in BAL · 
fluid. However, the magnitude of the ozone-induced in-



M.W. Frampton et al. 

crease in both cytokines was similar for BL and AL frac
tions, suggesting that epithelial cells lining the conducting 
airways may not be the only source. In our study, all subject 
groups showed similar patterns of cytokine responses, al
though smokers had smaller increases in IL-6 than non
smokers. 

ALVEOLAR MACROPHAGE RESPONSES 

Previous BAL studies have shown changes in protein 
synthesis by AMs (Devlin and Koren 1990) and reduction 
in complement receptors on AMs mediating phagocytosis 
of Candida albicans (Devlin et al. 1991) following ozone 
exposure in vivo. We sought to determine whether influx 
of newly recruitedmacrophages could account for changes 
in AM function in response to ozone. Surprisingly, we 
found no change in AM size following ozone_ exposure in 
any subject group using Coulter measurement techniques. 
We also found no change in AM expression of receptors for 
FcRI (CD64), FcRll (CD32), and the third component of 
complement (CD11b). In contrast, FcRIII (CD16) increased 
slightly 18 hours after exposure. CD16 is the low-affinity Fe 
receptor, which is present on AMs but not on monocytes 
(Levy et al. 1991); an influx ofmonocytes or immature AMs 
in response to exposure would be expected to decrease, 
rather than increase, expression of CD16. Thus our obser
vations are not consistent with an influx of less mature 
AMs. We cannot exclude the possibility of an influx of 
small monocytes that were excluded from the macrophage 
gates set during analysis; however, gates were set to include 
small as well as large AMs, and microscopic differential 
counts did not suggest an influx of monocytes. 

PRODUCTION OF TOXIC OXYGEN SPECIES 

Our findings suggest that smokers may differ from non
smokers in the generation of TOS by cells recovered 
through BAL and by AMs. Stimulated Oz- generation by 
the whole cell population in BAL fluid from nonsmokers 
showed small progressive increases following ozone expo
sure (Figure 14B), whereas cells from smokers showed 
increases in both unstimulated and stimulated 0 2- release 
early after ozone exposure. The small increase in nonsmok
ers may reflect superoxide generation by newly recruited 
PMNs in the BAL cell population. For smokers, AMs that 
are continously activated may respond directly to ozone 
exposure by releasing Oz- at the. early time point. 

We used DCFD staining and flow cytometry to measure 
the generation of TOS by AMs, separate from other cells in 

BAL fluid. Alveolar macrophages from both nonsmokers 
and smokers showed constitutive production of TOS, 
which decreased following ozone exposure in nonsmokers 
but increased in smokers (Figure 15). 

These patterns of changes in production of TOS suggest 
that, in nonsmokers, AMs may decrease generation of TOS 
following ozone exposure, even while other newly re
cruited inflammatory cells increase the overall burden of 
TOS. These findings are consistent with studies in animals: 
ozone exposure has been shown to decrease the oxidative 
burst of AMs obtained from mice (Ryer-Powder et al. 1988), 
rats (Grose et al. 1989), and rabbits (Schlesinger et al. 1992). 
Witz and coworkers (1987) have demonstrated in mice that 
reactive aldehydes, which are products of OZOJ!e lipid per
oxidation, decrease AM superoxide generation. 

az-Macroglobulin is known to suppress macrophage ac
tivation. Hoffman and coworkers (1983) demonstrated that 
aZM complexed with protease suppressed PMA-stimulated 
superoxide generation by activated murine peritoneal macro
phages. It is unknown whether aZM suppresses the oxida
tive burst of human AMs; however, the time course of the 
increase in a2M in BAL fluid was similar to the time course 
of the decrease in AM production of TOS in our studies. 

We hypothesize that, in nonsmokers, AM production of 
TOS may be suppressed following ozone exposure by a2M 
or other· components of the epithelial lining fluid, thus 
protecting the respiratory epithelium from further injury. 
In smokers, AM production of TOS is not suppressed, and 
may increase following ozone exposure, possibly as a result 
of continuous activation. This raises the question of 
whether prolonged or repeated exposures to ozone could 
aggravate the epithelial injury and airway dysfunction 
caused by smoking. 

Albumin concentration in BAL fluid increased following 
exposure to ozone in all groups, consistent with an increase 
in permeability of the respiratory epithelium. The greatest 
increase in albumin was found 18 hours after exposure, 
similar to the pattern of increase in PMNs. Increases in 
PMNs 18 hours after exposure correlated strongly with 
increases· in albumin in smokers and nonsmoker-nonre
sponders, suggesting that PMN influx may play a role in 
epithelial injury in these groups. No such correlation could 
be found for nonsmoker-responders, even though increases 
in albumin were slightly larger than for the other two 
groups. This difference between groups may be a chance 
observance, particularly considering that a single outlier 
may strengthen the apparent correlation in the smoker 
group (Figure 17). 
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NASAL LAVAGE 

Nasal lavage proved disappointing as a predictor of air
way inflammation following ozone exposure. For some 
subjects, recovery of PlviNs appeared more dependent on 
the timing of the NL than on ozone exposure (Figure 19), 
suggesting that exercise may have enhanced clearance of 
nasal inflammatory cells prior to lavage. Our study did not 
specifically exclude subjects with allergic or vasomotor 
rhinitis, which may account in part for the variability. In 
addition, mouth-breathing during exercise may have mini
mized exposure of the nasal mucosa. Our data indicate that 
findings from NL do not reliably predict the lower airway 
inflammatory response to ozone. 

CONCLUSIONS 

These findings may not be representative of the response 
to ozone in all segments of the population. Subjects studied 
were young, healthy, motivated, and able to sustain exer
cise. Although no subject declined participation because of 
ozone-related symptoms, we cannot exclude the possibility 
of selection bias. Despite these caveats, these data suggest 
the following: 

1. Smokers experience smaller decrements in lung func
tion and fewer symptoms than nonsmokers in response 
to ozone exposure. 

2. The intensity of the airway inflammatory response 
following ozone exposure is independent of smoking 
status or airway responsiveness to ozone. 

3. Inflammation and changes in epithelial permeability 
to proteins at 18 hours after ozone exposure are greater 
than immediately after exposure with the ozone con
centration used in this study. 

4. Interleukin-6 and IL-8 may be important in recruiting 
inflammatory cells following ozone exposure. 

5. Alveolar macrophage production of TOS may be sup
pressed in nonsmokers following ozone exposure. 

6. The burden of TOS presented. to the lower respiratory 
epithelium following ozone exposure may be greater in 
smokers than nonsmokers. 

7. Inflammation following ozone exposure appears to be 
inversely associated with age; gender, nonspecific air
way responsiveness, and allergy history are not predic
tive of airway inflammation. 

8. Findings from NL do not mirror the lower airway 
inflammatory response following ozone exposure. 

In our study, the prospective selection of subjects based 
on ozone lung function responsiveness, with sampling at 
two time points after exposure, proved to be a useful experi-
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mental design for comparing responders and nonrespon
ders with regard to airway inflammation and injury. The 
striking similarity between responders and nonresponders 
in virtually all response indicators is worthy of note. It is 
clear from these and other studies that symptoms and 
spirometric effects do not provide sufficient bases for as
sessing risks associated with ozone exposure. Smokers, and 
possibly other individuals with underlying airway inflam
mation, may be at particular risk from the effects of ozone 
exposure, even in the absence of symptoms or spirometric 
changes. Unfortunately, individual subject characteristics 
and noninvasive techniques such as NL are not helpful in 
determining who is susceptible to the lower airway inflam
matory effects of ozone exposure. 
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APPENDIX A. Screening Questionnaire 

·fleight ----

Weight----- , ... 
(for office use only) 

____ ,.., 

1, WHAT IS YOUR R.JU NAME'1------------------

la, Address-----------------------

%. IIMAT IS YOUR SOCIAL SECURfTY NUMBER? 

:L, WHAT SEX AfiE YOU? 

4. WHAT IS YOUR ETI"LNIC GROUP OR ANCESTRY? 

5, WHAT 15 YOUR MARITAl. STATUS'? 

6, HOW MANY YEARS OF FORMAL EDUCATION OR 
SCHOOUNG HAVE YOU HAD? 
(Faruample, completion of high school= t'i!) 

7, WHAT IS YOUR B!RTHDATE? 

8, HOW TAU. ARE. YOU (.,-1\hcutsh.oes)? 

9, HOW MUCH DO YOU WEIGH? 

10, HAVE YOU EVER HAD p.Jf( OF lHE FOLlOWING 
DIBE.ASES7 (II uneerlaln, c/"le HO) 

a. Arthritis 

b. Ulcer of \he stomach or duodenum 

e. BoweftrcubleorccUlis 

d.Kld.neyltcuble 

e,LlYertrouble 

f. Any kind of heart ltouble 

g. High blood pressure 

h. Plabetes.{sugarlnurlne\ 

1. Stroke 

j. HardenlngoflheartBfies 

lt. AserloussklnreshTnlnfancy(eczem.a) 

11a, DO YOU USUAllY COUGH FIRST iHING IN THE! 
MORNING IN TilE BAD WEATHER? 
~~~~~e~~)ln the morning regardless cl\he 

11b, DO YOU USUAU.Y COUGH AT OTHER TIMES 
DURING. THE PAY OR NIGHT IN THE BAD 
Vrr:.ATHER1 . ' 
(llyouusua/lyeQ1Jghregatdlesscl\hemalher, 
circle~ ---

=·=·== 
1. Male 

2. Female 

1. While 

2. MIU!ean-AmeriC&Jl 

3, Black 

4. Olht!r 

1. Married 

2:;Separated. 

3, Navermarried 

4, Widowed 

S, Dlyoreed 

day year 

___ pounds 

1, YES,IsUIIhiMI'H.. 
2. YES,bllllno!ongerhavolt. 
3. NO. 

1. YES,Istillhaveil 
2. YES,butlnolongerhavalt. 
3. NO, 

1, YES,IsiDIIlave!L 
2. YES,butlnolongerllavelL 
3, NO. 

1. YES,JsUIIhaveil 
2.. YES,bt!tlnolongerhavelL 
3. NO. 

1, YES,Isb111laveiL 
'l. YES,butlno\ongerhave!L 
3, NO, 

1. YCS,!Gtlllllavell, 
2. YES,butlrtolongerhll'o'eiL 
3. NO. 

1. YES,lstlllha...eiL 
2.. YE.S,butlnolongerll~rVeiL 
3, NO, 

1. YES,IsUilhauiL 
2. YES,butlnclongerhll'lelt. 
3, NO. 

1. YES,I&ID!havell. 
2.. YES, but I nclongerha'/elL 
3. NO, 

1. YES. 
2. NO. 

1. YES. 
2. NO, 

1. YES. 
2. NO, 

1. YES. 
2. NO, 

IF YES TO EITHER 11a or f1b, ANSWER c AHO d -----------, 

c. 00 YOU COUGH ON MOST DAYS FOR AS 
MUCH AS 3 MONTIIS OF THE YEAR? 

d. FOR HOW MANY YEARS HAVE YOU HAD 
THIS COUGH? 

12. HOW MUCH ME YOU BOTHERED BY COUGH 
COMPARED TO MOST PEOPLE? 

1, YE.S, 
2. NO, 

1. LeS31h!!.n:Zyeare. 
2.2.-5)-elll'S'. 
3. MorelhanSyean .. 

mue/1leS3 much mofl!l 
lhanmost \he.nm~t 

{clrcl&apprcprtatenumberj 

, .. 

'"' 
,., 

, .. 

'"' 

'"' 

13a. CO YOU USUALLY BRING UP PHL.fQM, SPUTUM, 
OFI MUCOUS FROM YOUR CHEST FIP.ST iHING 
IN THE MORNING lH lHEBADYIEATHER? 

~J~~~::e~ ~f~~~~~~~c~ic:~~~;:;tn the 
t3b, DO YOU USUALLY BRING UP PHlEGM, SPUTUM, 

OR MUCOUS FROM YOUR CHEST AT OniEA TIMES 
DURING THE DAY OR NIGHr\N lliE BAD 
WEATHER? 

&'::a~~a~~~cl~~V~ from your chest.~ 

1. Yes 
2. No 

1. Yes 
2, No 

IF YES TO Em-lER 13a a/ U.b, ANSWER c AND dl --------------, 

o. DO YOU BRING UP PH\..EGM, SPU11JM. OR 
MUCOUS FROM YOUR CHEST ON MOST 
DAYS FOR AS MUCH AS 3 MONll-IS OF THE 
YEAR? 

d, FOR HOW MANY YEARS HAVE YOU RAISED 
• PHLEGM, SPunJM, OR MUCOUS FROM YOUR 
CHEST1 

14, HOW OFTEN DO YOU BRING UP PkLEGM FROM 
YOUR CkEST'l 

15a, DOES YOUR CHEST EVER SOUND WHEEZY OR 
WHISTUNG? 

1. Yes 
z. No 

1,Less\han2years • 
%. 2-5yean. 
3, Mcrelhan!iyeats. 

very often 

(ciieleepprcprla!anumber) 

1. YES. 
2:. NO. 

IF YES 'TO 15&~---------------------, 

b. DO YOU GET THI9 Willi COLDS? 

e. DO YOU GEf THIS EVEN WHEN YOU DON'T 
HAVE. A COLD? 

d. DO YOU GET iHIS ON MOST DAYS? 

16a. HAVE YOU EVER HAD AITACKS OF SHORTNESS 
OF BREATH WITH \VHEEZ1NG7 

1. YES, 
2. NO, 

1. YES. 
2. NO. 

1. YES. 
2. NO. 

1. YES. 
2. NO. 

IF YES TO 111:----------------------, 
b, HOW OFTEN ARE YOU BOTHERED BY 

SUCH ATTACKS? 

17, ARE YOU MORE SHORT OF BREAlH THAN MOST 
PEOPLE YOUR AGE? 

11, ARE YOU lROU13U:.D BY SHORTNESS OF B~TH 
WHEN HURRYlNG ON lEVEL GROUND OR 
WAU<lNG UP A SUGHT HILL? 

19. DO YOU GET SHORT OF BREATH WALKING WITH 
OTHER PEOPLE OF YOUR O';'IN AGE ON LEVEL 
GROUUO? 

20. DO YOU HJ\VE TO STOP FOR BREATH \VH\U:. 
WAlKING AT YOUR O'NN PACE. ON LEVEL 
GROUND? 

21a. HAVE YOU EVER HJ\0 ANY KIND OF CHEST 
TROUBLE? 

rarely veryotten 

(e!rcteapproprlalenumber) 

1. YES. 
2. NO. 

1. YES, 
2. NO, 

1. YES. 
2. NO. 

1. YES. 
2. NO. 

1, YES, 
2, NO. 

IF YES TO 2101:---------------------, 
b, WHAT SORT OF lROUSLE? _______________ _ 

c. HAVE YOU HAD THIS DURING THE PAST 
YEAR? 

2:2.. DID YOU HAV~ ANY RESPIRATORY TROUBLE 
~AGE16? 

2:3. DURING TilE PAST lliREE YEARS, HOW MUCH 
iHOUBLE HAVE YOU RAO WIIA ILWESSES SUCH 
AS CHEST COLDS. BAONCHmS, OR PNEUMONIA? 
(Doesnotrelertohead.colds) 

1, YES. 
,2. NO. 

1. YES. 
2. NO. 

agrretdeal 

{clrclesppropriatenumber) 

"" 

"" 

111) 

IU) 

''" 

.24. DURING JHE PAST THREE YEARS, HOW OFTEN 
WERE YOU UNABLE TO DO YOUR USUAL 
AGTIVffiES BECAUSE OF !~ESSES SUCN AS 
CHEST COLDS, BROHCHmS, OR PNEUMONIA? 
{Ooesnclrelerlotlead.colds) 

1. Never. ttl) 

15. OtlRjNG JHE PAST YEA B. FOR HOW t.Wf( DAYS 
HAVE YOU BEEN UNABLE TO DO YOUR USUAL 
AGTIVJnES BECAUSE OF SUCH Jw.IESSE57 

1S. BEFORE Jt!REE YEARS AGO, HOW MUCH 
TROUBLE DID YOU HAVE WITH lw.IESSES 
SUCH AS CHEST COLDS. BRONCHITIS, OR 
PNEUMONIA? 
{lnclUdes.ruchltlnes.sesd.ur!ngchlldhocd) 

27. DO YOU THINK YOU HAVE EVER HAD ANY OF 
11-IE.SE CHEST DISORDERS-ASTHMA, ANY KIND 
OF BRONCHIAllROUBLE, OR EMPHYSEMA? 

2.8. HAS A DOCTOR EVER TOLD YOU THAT YOU HAD 
ASTHMA, SOME KIND OF BRONCHIAL TROUBLE, 
OR EMPHYSEMA'? 

2. Durlngcnesuehlllne$S.. 
3, Durlr.g2·5111neues. 
4. Durlng6111ne:!Sesormore. 

___ da)'11. 

a. great deal 

(elrcleapprcprlatsm:mber) 

1. YES. 
2. NO. 

1. YES. 
2. NO. 

,.., 
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IN THIS &EcnON, PLEASE INDICATE WHAT ~ LUNG DISEASES YOU KAYE HAO, 

U, HAVE YOU HAD Am .OF TiiE FOLlOWING? 
{llunt:ertefn,clrcleND) 

1. YES,Is.UIIhaveiL 
2. YES, but I no !Oflger Mve IL 
3. NO. 

b. cnronTcBronchlli!l 1. YEs, I s:WI have lt. 
2. YES,butl nolangerhaveiL 
3. NO. 

c. Broi\Chlectasls 1. YES,I!i1l!lhavell 
2. YES,butlnolangerhavail 
3. No. 

IF YE!B TO EMPHYSEMA,. CHRONIC BRONCHlnS, OR BRONCHIECTASIS:------~ 

d. DID YOU SEE A DOCTOR ABOliT THE 
CONOITION{S)'l' 

e, HAVE YOU HAD MEDICATION OR TREATMENT 
FOR iHE CONDITION{S)'l' 

f. HOW OlD WERE YOU WHEN YOU El.Bll 
De.YELOPED SYMPTOMS FROM EMPHYSEMA, 
CHRONIC BRONCHmS. QB. SAONCHIECTASJS? 

:IDa. HAVE YOU EVER HAD ASni.MA? 

1, YES, 
2. NO. 

1. YES. 
2. Na. 

(age) 

1, YES,IsU\Iha.nll 
2. YES,butlnalongtrhll'o'alt. 
.:J. NO, 

""'"" IOCUP 

IF YES TO 30a;----------------------, 

b.1.Nn-rrMA6~'WN'H1~~1 MANY ASTHMA 

c, CIRCLE THE MONTHS IN WHICH YOUR 
ATIACKS 1-tAVE SEEN MOST FREQUENT. 

t.N"oattaeka. 
2. Afew(1__,)at:ta.clcs. 
3. Saveral(4-12)attacks. 
4. Many(13ormore)attack.l. 
5. AHac;ks almost every day. 

Q!t 0 Check here If no rela.Uon to Ume ct yaa1, 

1 2 :J 4 5 6 7 s 9 10 11 12 
Ja.n Feb Mar Apr May Jun Jul AUg Sep Cot N~ Oi!c 

d, HAVE YOU EVER SEEN A DOCTOR ASOliT 1, YES, lZ5J 
YOUR ASTHMA? 2. NO. 

e, ARE YOUPRESENilYTAKING MEDIOAnON 1. YES, Ill) 
OR TREATMENT FOR YOUR ASTHMA? 2. NO, 

f. HOW OLD WEI'\E YOU WHEN YOU 1-tAD YOUR 
ARST ASTHMA ATIACK? 

31, HAVE YOU HAC AJN OF lHE FOLLOWING? 
(lfunc;ertaln,cltr:JsNO) 

a. Tularculosl5 

b. ValleyFm>er 
(eoccldlodomycosis) 

c. Hlsto 
(hlstoPI•UfliOsJs) 

d. Pneumonia or Sronchopnl!umonla 

31a. HAVE YOU EVER HAC HAY FEVER OR A~ 
OlHER AllERGY lHA T MAKES YOUR NOSE 
RUNtCY OR ST\JFFY, APART FROM COLDS? 

___ (age} 

1. YES. 
2. NO. 

1. YES. 
2. NO. 

1. YES, 
2. NO. 

1. YES. 
2, NO. 

1. YES,Istmha.vett. 
2. YES,butlnolcngerha'feit. 
3. NO. 

IF YES TO 324:----------------------, 
b. ~ga~~~E'fr~ci:&~TR~&"CY ~c;w MUCH HAVE 

very little 't'erymuch 

{elrcleapproprlatanl.!mber) 

c., CIRCLE lHE MONTHS IN Vn-JJCH YOUR 

.. 

EPISODES HAVE BEEN MOST FREQUENT, ()&MI 
Qft:CCheekhare if no relation to Ume of year. 

1 2 s 4 s s 1 a g to 11 12. 
Jan Feb Mar Apr May Jun Ju! Aug Sep Oct Nov Deo 

33.. DO YOU lHINK YOU HAVE EVER HAD SINUS 1. YES. I~ 
TROUBLE? 2. NO. 

34. HAS A DOCTOR EVER TOlD YOU ntAT YOU HAC 
SINUS TROUBLE1 

'i. HAVE YOU EVER BEEN AUERGIC TO AJff FOOD 
OR MEDICINE? 

38. HOW MUCH EXERCISE 00 YOU GET (wtlrlt or 
reoreaUan}? 

37, 00 YOU USE ANY ESTROGEN OR PROGESTERONE 
{HORMONE) M!:DICATIONS, SUcH AS B!Fmi 
CONTROL PILLS? 

ARE YOU NOW PReGNANT? 
3S,IFOR WOMEN oNLY: 

39. 00 YOU USUALl.Y USE ANY OF TiiE FOlLOWING 
AEROSOLS {pre.ssutiled spray cans} !J OR MORE 
TIMES PER WEEK? 

a. SPRAY ROOM FRESHENERS? 

b, HAIR SPRAY? 

c. UNDERARM DEODORANT SPRAY? 

d, OTiim AEROSOL SPRAYS? 
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1, YES, 
2. NO. 

1, YES. 
2. NO. 

1, None. 
2. lltua. 
:1, Modera!eamounL 
4.Agrutdes.J. 

1· YES. 
2. NO. 

1. YES. 
2. NO or Uncertain. 

1. YES. 
2. NO, 

1. YES. 
2. NO. 

1, YES. 
2. NO. 

1. YES. 
2. NO. 

•• 

40a. IN THE PAST TWO YEARS, HAVE YOU HAD A 
cRES'i' X·f!!AV' 

r YU TO 40.; 

. WHERE VIAS IT DONE? 

41. HAVE YOU EVeR BEEN TOLD YOU HAD AH 
ABNORMAL CHEST X·RAY? 

42. ~~'lr~o~A~TJ~~~O~~k~?EEN HOSPITAL. 

43. HAVE YOU ~ER 1-tAO At-N CHEST OR LUNG 
SURGERY? (Oo~totlnc!udebrea..stsurgery) 

44a. CO YOU DRINK Am ALCOHOUC BEVERAGES? 

IF YES TO 4411: 

b, HOW MAt-« GL.ASSI:S OF BEER PER WEEK? 
(onlhea'o'e111ge) 

c. HOW MAt-N GlASSES OF WINE PER WEEK? 
(onlhBe~rage) 

d. HOW MUCH HARD UOUOR PER WEEK? 
{on the average) 

... DID YOU DRINK MOF\... HEAVllY l~llHE PAST 
THAN YOU DO NOW? 

·~ HAVE YOU EVB'I HAC A PROBLEM WlTli YOUR 
ORINKING? 

..f-7. IN WHAT TYPE OF AREA HAVE YOU SPENT 
MOST OF YOUR LIFE? 

ctLf.OKIHG: 

411. DO YOU NOW SMOKE CIGARETTES REGULAP.LY, 
OCCASIONALLY, OR tiEVER? 

1. YES. 
2. NO, 

1. YES. 
2. NO. 

1. YES, 
2. NO. 

1. YES. 
2. NO. 

1. YES, 
2. NO. 

___ g!as.ses 

___ gla:!.Ses 

---'"'" 
~---·In· 

1. YES • 
2. NO. 

1. YES. 
2. NO. 

1. avtrylergeelty(mnnonormorDI 
2. alargeelty(fOO,O®-mllllon} 
.:J. 11. suburb in a rnetrcpclitan Ill& a 
4. asmellelty(50QQ..100.000) 
s. alown(under5000} 
6. a rural area 

__ ye41~ 

1, Regularly. 
2. oeeulonally(~auaJ/y/eulhllll 

1eaetrday), 
3. Never, 

IF YOU SMOKE REGULARLY HOW:;-----------------, 
(II you do not usually 6mOke at least ana cjgarena each day, GO TO 149) 

b, DO YOU INHAlE? 

e. DO YOU SMOKE CIGARETTES WITH FllTEAS 
OR W/THOIJT FILTERS? 

tl. HOW MANY CIGARETTES DO YOU USUALLY 
SMOKE EACH DAY AT TiiE PRESENT TIME? 
(Please give bast esllmats: one pack conlalns 
20clgarattes.) 

e. HOW OlD WERE YOU WHEN YOU BEGAN 1"0 
SMOKe CIGARETTES? 

f. WHAT IS THE USUAL NUMBER OF CfGA· 
RETTES YOU HA\IE SMOKED PER DAY BINCE 

1, YES, 
2. NO, 

1. Wilhrillt!ts. 
2.Wrthoutmters. 
3. Bothwlthandwtthculflltef$. 

__ nwnberperday 

__ (age) 

YOU BEGAN TO SMOKE.? (Piea.seglve.but ___ mnnberpe.rday 
estimale:Onepackcontains2tlc1garatte.!!.) 

{If fllU haVe completed UIT;s &eel/an, Sf(Jp qJJe.stlcn 49 II.Ild GO TO 150) 

49a. IF YOU DO NOT SMOKE CIGAREITES NOW, DID 
YOU EVER SMOKE iHEM REOULAP.LY OR 
OCCASIONALLY? . 

1, RegtJ!arty, 
2. Oecaslonally(usua.{fy/eulhan 

1eachday). 
3, NeversnHl!U'Oelgarettes. 

iF YOU DO NOT SI.!OKI: CIGAREITES REGULARLY NOW BUT US.ED TO SMOKE ntEM: 
(I/ you have never smoked cne cigarette or more eac;h day, GO 70 ISO) 

b. WHAT WAS iHE USUAL NUMBER OF CIGA• 
R~ YOU SMOKED PER DAY? (PIU9egtve ___ flum.berpetday 
bulestlrnal!: One pack CIJ!Itains :2.0 cigarettes.) 

c. DID YOU INHAL.E7 1. YES. 
2. NO. 

d. HOW OLD WERE YOU WHEN YOU BEGAN 
TO SMOKE CIGARETTES? 

e. HOW OlD WERE YOU WHEN YOU STOPPED 
SMOKING CIGARETTES REGULARLY? 

L WERE YOU INFLUENCED TO STOP BECAUSE 
YOU HAC A COUGH, WHEEZING, OR SHORT~ 
NESS OF BREATH? • 

__ (age) 

__ (ega) 

1. YES. 
2. NO. 

1l11 

(!+-el, 

·~· 
"""' 

"" 

(11-U) 

,., 

'""' 



M.W. Frampton et al. 

liQI., DO YOU NOW SMOI<E PIPES OA CIGARS 
REGULARLY, OCCASIONAlLY, OR NEVER? 

t. Ragvlerly. 
2. Oc.caslana.Jiy(U!UsJly/eulhsn 

flilllc/Jday), 
3. N!Mlt. 

(lf~ou do nolutual/y smob .111/east one clgl(ot pipe lui uch day, GO ro "51) 

I
IF YOU SM.OKE PIPES OR CIGARS REGULAR.I.Y NOW: 

b, HOW IAANY PIPEFULS OR CIGARS 00 YOU 
USUAllY SMOKE EACH DAY? --111/mbereaehd.ay 

e. HOW Ol.O WERE YOU WHEN YOU FIRST 
SMOKED1 

d. DO YOU USUAUY INHALE WHEN YOU 
SMOKE EITHER PIPES OR CIClAAS? 
(ll)'oiJ r:omp/eted !hl3 sl!ction, SK/Pquu&/151 end G010 #52) 

61L IF YOU 00 NOT SMOKE CIClAAS OR PIPES NOW, 
010 YOU EVER SMOKE THEM REGlJLARLY OR 
OCCASIONALLY? 

__ (age) 

t, YES. 
.2. NO. 

1. Regularly, 
2. occulonally(usuaJ/y/eulhan 

fucllday). 
l. Never. 

(55) Dou anyon~ in ycur i.c!:l.diate. family (pare.nt:.s• brothers. siate.rs 1 or 
c:.hildren) ha.v.e. a.sthca. 110".1 or a histo:ey of asthma in ~e past, 

(1) Yu 
(2) llo 

(56) 1n the past six vu.ks have you had any syt:~ptos=s of a. cold, ".flu", or 
any cth!.r re.spiratory infection. 

(57) Rbat ill your occupation? 

(1) Yu 
(2) No 

(l) Student 
(2.) Other - Ple.ase desc:riba briefly 

(SB) Are you routine,I.y a-posed to any fumu or dusts that l:lake you cough, 
vbene1 or short of breath? 

(1) Ye.s 
(2) Ko 

(59) Are. you pre.seatly taldna any medic.atio-ns? 

IF YOU DO NOT SMOKE PIPES OR CIGARS REGUL.ARL.Y NOW BUT U5.£D 10 SI:.!OXE niEMl (1) Yu 
(II yoo bavs never smoked alteast one cJ.g;u orplpafl1 ~day, GO TO "~2) (2.) Ho 

b. HOW MANY PIPEFU\..5 OR CIGARS DIO YOU 
USUALLY SMOKE EACH DAY? 

o. HOW OLO WERE YOU WHEN YOU FIRST 
SMOKED PIPES OR CIGAilS? 

d. HOW OLD WERE YOU WHEN YOU STOPPED 
SMOKINQ PIPES OR CIGARS? 

e. DID YOU USUAU Y INHALE WHEN YOU 
SMOKED ElTI-IEA PIPES OR CIGAAS? 

62.. MAY WE INFORM YOUR DOCTOR OF THE 
RESULTS OF THIS STUDY? 

53. MAY WE OBTAIN INFORMATION FROM YOUR 
DOCTOR REQAAOINQ YOUR HEALTH? 

___ number each day 

___ (agt) 

___ (age) 

1. YES. 
2. NO. 

1. YES. 
2. NO. 

1.YES. 
2. NO. 

54, WHAT IS YOUR OOCTOR'S NAME AND LOCATION? ___________ _ 

FOR OFFICE USE: 

•~I 
PMO CODE 

"· A· FORM" 
1 ' 3 4 

ST. ADMIN. "" I R 

•• "'- , .. 

,., 

\II) 

(u-11) 

'~"' 

(60) 1f ansver Yu to number (59) 1 list medications and dosase.• 

(61) U you have. asthma and are not currently taking 1ll.e.di~tion 1 'lihat 
me.dkaticn have. you tak~n ill the put S ye.ars1 

(62) If you have. uttmut, when did your last a.ttac.k oc.cur? 

(63) ~ ~~uft.~~f~~i~namin c or Vitamin E (including what 1dght be 

aJ ~s 
(64} If the answer to number (63) is aves" please write the dOses of 

Vitamin C and Vitamin E you take and how often .YOU take them. 
If ycu take a multivi tamin1 gtve the brand nar.\e and the dose of 
Vitamin .C and Vitamin E in tt. ((f you de not knO'rl ther;, off~hand 
please find them out and !Jet back to us~) 

{65} Are there any gas buming' appliances 1n use 1n your hoEJe on 
a regular· basis or that have been in use in the past few 
weeks? (Stoves, unvented heaters, etc.) 

(1) Yes 
(2). Nc 

{66} Has there been a kerosene heater in use fn your home in the 
past few ~-reeks?" 

(1) Yes, frequently used 
(2} Yes, occasionally used 

(3) If j'I!S, how long ago was it used 
(Days or weeks) 

,(4) flo 

·(67) Are _ycu getting ifesensitizatibn. injection? 

Hl ~~s 
Nave you ever had shots? 

g~ ~~s 
(3~ If yes,. when? 

{68} Have you ever had fonna1 sl:in testing? 
(1}. Yes 
(2} tfo 
(3) If yes, when? 

(69) Do yr:JU. noli" l>COke J::ar;ijuana regularly, occaaionlil.ly~ or n.eve.r1 
( 1) Regululy 
{2.) Occaeion.ally (uiSUally less than 

On!:!e e.acll week) 
(3) !lever 

(70) If you do not s:I:loke ~rijue.n.a new, d1d you e.ver smoke it regularly 
or gccasicnally? 

(1) Regularly 
{2.) Occ.asiqu.ally (u~»~ally lees than 

onee. ea!:!h veek) 
(3) ll!!.ver s1:10ke.d ca"tijua.ne. 

(71) Do you pre&ent1y reside. vit.h anyone Wo s~ke.s cigarettes regularly1 
(1) Yes 
{2) No 
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Protocol for HEI Ozone Lavage Study 

Screening Day: Questionnaire and Informed Consent 
History and Physlca.J Examination 
Basenne PFT's 

FRC 
Sgaw 
Spirometry 
FV Loop 

·Methacholine Challenge 
Repeat PFrG 
Exerdse for 20 min with VE (25UMINIM''BSA) 
Repeat Spirometry 

Criteria: 18 ~40yean;, Responsive to Ozone (FEV1 >15%) 
Nonresponsive to Ozone (FEV1 < 5%) 

Nonsmokers: no Tobacco use x 3 yr.i,llietime < 1 pkyr 
Smokers: Now >1 pklday, fifatlme > 3 pkyr 

Exposure 1: .Q..b.a.rnll.a.: 0.22 ppm Ozone x 4 hours 

Exposure 2~ 

Exposure 3: 

Exposure 4: 

a:oo- 9:00 Baseline PFT's, Resting VE & 0 2 Sat 
Chamber brought up to concentration 
PaUent 1 Patient 2 

9:00 • 0:05 Enter and Cal VE 
0:05 • 0:25 Exer 1 with VE 
0:25- 0:35 Rest 9:30- 0:35 Enter and CalVE 
0:35-0:55 Exer 2 Exer 1 with VE 
0:55 - 1:05 Rest Rest 
1:05 ·1 :25 Exer 3 with VE Exer 2 
1:25-1:35 Rest Rest 
1:35 ·1 :55 Exer 4 Exer 3 with VE 
1:55-2:05 PFT's Rest 
2:05 ~ 2::25 Exer 5 Exer 4 
2:25-2:35 Rest PFT's 
2:35 ~ 2:55 Exer 6 with VE Exer 5 
2:55 - 3:0S Rest Rest 
3:05w3:25 Exer7 Exer6withVE 
3:25- 3:35 Rest Rest 
3:35 ~ 3;55 ExerB with VE Exer 7 
3:55 ~ 4:00 PFT's, questionnaire Rest 
4:05 w 4:25 Home Exer 8 with VE 
4:25 -4:30 PFT's quesllonnalre 

Home 

.Qh..arn..Wu: 0.22 ppm Ozone x 4 hours- 3 weeks later 

7:00- 8:00 Baseline PFrs, Resting VE 
Chamber brought up to concentration 
!=Jatlent schedule same as Exposure 1 

except : start at 8:00am. 
PaUent 1 - BAL & Nasal Lavage Immediately 
Patient 2- BAL & Nasal Lavage 1 B Hour after exposure 

Same as Exposure 2 except: 
Patient 1 • BAL & Nasal Lavage 16 hour after exposure 
PaUent 2- BAL & Nasal Lavage immediately 

Air x 4 hours (Randomized with Ozone) 
Patient 1- BAL & Nasal Lavage 18 hour after exposure 
Patient 2- BAL & Nasal Lavage 18 Hour after exposure 

Order of Exposures 2, 3, and 4 will be randomized for each 
subject pair. Each Exposure will be separated by at least 
3 weeks. 

APPENDIX C. Symptom Questionnaire 

CODE•-------

DATE•-------

During the exposure period, did you develop any of the folloR"ing- 5ymptoms> 

a) Cough " 1 2 3 4 5 

b) Sp1,1tum production " 1 2 3 4 5 

c) Shortness o:f breath " 1 2 3 4 5 

d) Chest pains on cl.eep inspiration " 1 2 3 4 5 

e) Throat irritation 0 1 2 3 4 5 

f) Nasal conjestion or irritation 0 1 2 3 4 5 

g) Headache " 1 2 3 4 5 

b) Fatigue (beyond that attributable 0 1 2 3 4 5 
to exercise) 

1) Uausea 0 1 2 3 4 5 

j) Wheeze 0 1 2 3 4 5 

k) Chest tightness " 1 2 3 4 5 

l) Eye irritation " 1 2 3 4 5 

m) Anxiety 0 1 3 4 5 

e ::;: Not Present 

1 ::. Hinimal -- not noticeable unless speci:fically asked about 

2 = Mild -- noticeable but not annoying 

3 ::. Moderate -- noticeable and annoying 

4 ::. Severe -- limits activity or performance 

5 = Incapacitating -- causes ongoing activity to be discontinued 

Could you smell or taste anything unusual about the air you Mere breathing'. 

Yes llo 

Do you think you ;~ere exposed to ozone today? Yes Uo 

GENERAL COMHENTS: 

APPENDIX D. Research Team 

PERSONIIEL 

MW Frampton, Associate Professor of Medicine and Environmental Medlcine, 
Principal Investigator 

PE Morrow, Emeritus Professor ol Environmental Medicine, Coinvestigator 

KZ Voter, Associate Professor of Pediatr1cs, Coinvestigator 

JC Whitin, Senior Research Sdentlst, Stanford Unlver.itty Medical School, 
Coinvestigator 

A Torres, Instructor and Fellow, Coinvestigator 

PC Levy, Assodate Professor of Medldne, Coinvestigator 

MJ Utell, Professor ol Medlclne and Environmental Medldne, Coinvestigator 

c Cox, Associate Professor ol Biostatistics, Consu~ant in Statistics 

OM Speer.i, Senior Technical Associate In Medicine 

Y Tsai, Associate In Medldne 

FR Gibb, Associate in Environmental Medldne 

D Chalupa, Laboratory Technician IV 

L Frasier, Laboratory Technldan IV 

HE Beiter, Quali1y Assurance Officer 

DESIGNATED RESPONSIBILITIES 

Exposure, Analytical, and Physical Plant Team: Morrow, Gibb, Chalupa 

Clinical Evaluations, Physiologic Assessments,and Bronchoscopy: Frampton, 
Torres, Levy, and Speers 

Cell Biology Laboratory: Frampton, Voter, WhlUn, Torres, Tsal and Frasier 

Statistical Analyses: Cox and Speers 

Ouafrty Assumnce: Belter and Morrow 
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APPENDIX E. Quality Assurance Report 

The conduct of this study has been subjected to periodic 
audits by the Quality Assurance Officers at the University 
of Rochester, Ms. Ellen Miles and Ms. Harriet Beiter. The 
audits included observations of study activities and audits 
of the data (see Table E.1 on the next page). The results of 
the audits were reported to the Director of Research of the 
Health Effects Institute and to the Principal Investigators. 
The activities of the university's Quality Assurance Officers 
were overseen by REI's Quality Assurance Officer, Ms. 
Denise Hayes of BioDevelopment Laboratories. 

Observations made during these visits indicate that the 
study is well documented, and that the report describes the 
methods used and reflects the raw data. The effect of devia
tions from the protocol and standard operating procedures 
on the results of the study have been considered and ad
dressed, as appropriate, in the data or final report. 

Denise Hayes, M.S. 
Quality Assurance Officer 
BioDevelopment Laboratories 

APPENDICES AVAILABLE ON REQUEST 

The following appendices may be obtained by writing 
the Health Effects Institute, 955 Massachusetts Avenue, 
Cambridge, MA 02139 or sending your request via e-mail 
to pubs@healtheffects.org. Please provide the first author's 
name, the Investigators' Report title, and the titles of the 
appendices you would like. 

• Appendix F. Consent Form 

• Appendix G. Raw Data (Group Means) 
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Table E.l. Audits by Quality Assurance Officers 

Date 

November 21, 1991 

January 24, 1992 

June 1, 1992 

February 4, 1993 

February 16, 1993 

February 26, 1993 

March 9, 1993 

January 27, 1994 

February 2, 1994 

February 11, 1994 

May 18,1994 

June 16, 1994 

June 21, 1994 

October 31, 1994 

December 9, 1994 

June 20-22, 1995 
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Procedure or Data Reviewed 

Initial QA oversight visit 

Review procedures for collecting and 
processing lavage fluids 

Audit data including lavage cell counts 
and ELISA protein assays, superoxide 
anion generation, and flow cytometry 

Audit files for subjects who had 
completed the study 

Audit data including lavage cell counts, 
superoxide anion generation, and flow 
cytometry 

Audit exposure chamber logs 

Audit flow cytometry data 

Review lavage sample and pulmonary 
function test data 

Audit superoxide anion generation 
assay data 

Review pulmonary function test, 
protein assay, and lavage cell 
characterization data 

Review exposure, ELISA, and 
az-macroglobulin data 

Review superoxide anion generation and 
flow cytometry data 

Review exposure data 

Final review of exposure data 

Final review of pulmonary function 
test data 

Review lavage data 

Review lavage data 

Final review of protein, albumin ELISA, 
az-macroglobulin, and superoxide anion 
generation data 

Review interleukin assay logbook 

Final audit of interleukin data 

QA Officer 

Denise Hayes 

Ellen Miles 

Ellen Miles 

Harriet Beiter 

Harriet Beiter 

Harriet Beiter 

Harriet Beiter 

Harriet Beiter 

Harriet Beiter 

Harriet Beiter 

Harriet Beiter 

Harriet Beiter 

Harriet Beiter 

Harriet Beiter 

Harriet Beiter 

Harriet Beiter 
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ABBREVIATIONS 

AL alveolar lavage 

AM alveolar macrophage 

a 2M 

ANCOVA 

ANOVA 

BAL 

BL 

DCFD 

ELISA 

FEFz5-75 

FEV1 

FVC 

IL-6 

az-macroglbbulin 

analysis of covariance 

analysis of variance 

bronchoalveolar lavage 

bronchial fraction of lavage 

2' ,7' -dichlorofluorescin diacetate 

enzyme-linked immunosorbent assay 

forced expiratory flow between 
25% and 75% of FVC 

forced expiratory volume in 1 second 

forced vital capacity 

interleukin 6 
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IL-8 interleukin 8 PMA phorbol myristate acetate 
MESF molecules of equivalent soluble PMN polymorphonuclear leukocyte 

fluorochrome ppm parts per million 
NAAQS National Ambient Air Quality Standards sGaw specific airway conductance 

NL nasal lavage SOD superoxide dismutase 
Oz- superoxide anion TOS toxic oxygen species 

PBS phosphate-buffered saline 'IE volume of expired air per minute 
PDso concentration of methacholine that 

produces a 50% decrease in sGaw 
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Effects of Ozone on Normal and Potentially Sensitive Human Subjects 
Part III: Mediators oflnflammation in Bronchoalveolar Lavage Fluid from Nonsmokers, 
Smokers, and Asthmatic Subjects Exposed to Ozone: A Collaborative Study 

Mark W. Frampton, John R. Balmes, Christopher Cox, Peter M. Krein, 
Donna M. Speers, Ying Tsai, and Mark J. Utell 

ABSTRACT 

To provide bases of comparison between the studies 
described in Parts I and II of this Research Report, concen
trations of interleukin 6 (IL-6)*, interleukin 8 (IL-8), and 
a 2-macroglobulin (a2M) were measured in airway lavage 
fluids obtained in the Balmes study (Part I) and compared 
with the same measurements in the Frampton study (Part 
II). For healthy subjects in the Balmes study, IL-6 and a2M, 
but not IL-8, increased in association with ozone exposure. 
Statistical analyses suggested that effects of ozone on IL-8 
levels observed in the first exposure and bronchoscopy may 
have carried over to the second exposure and broncho
scopy, which may have obscured an effect of ozone on IL-8 
after the second exposure. For asthmatic subjects in the 
Balmes study, IL-6 and IL-8 increased in both bronchial and 
alveolar lavage fluid, but not in proximal airway lavage 
fluid. The mean interval between exposures was longer for 
asthmatic subjects than for healthy subjects, and no carry
over effects were seen. When the Balmes and Frampton data 
were analyzed together, subject groups in the two studies 
(nonsmokers, smokers, and subjects without and with 
asthma) did not differ significantly in the response of cy
tokines to ozone exposure. The finding of possible carry
over effects in one group suggests that subtle effects of 
ozone exposure, or bronchoscopy including proximal air
way lavage and biopsy, or both, may persist for three weeks 
in some subjects. 

*A list of abbreviations appears at the end of the Investigators' Report. 

This Investigators' Report is Part III ofHealthEffects Institute Research Report 
Number 78, which also includes Part I: Airway Inflammation and Respon
siveness to Ozone in Normal and Asthmatic Subjects, by John R. Balmes and 
associates; Part II: Airway Inflammation and Responsiveness to Ozone in 
Nonsmokers and Smokers, by Mark W. Frampton and associates; a Commen
tary by the HE! Health Review Committee, and an HE! Statement about the 
research project. Correspondence concerning this Investigators' Report may 
be addressed to Dr. Mark W. Frampton, University of Rochester School of 
Medicine, 601 Elmwood Avenue, Box 692, Rochester, NY 14642-8692. 

Although this document was produced with partial funding by the United 
States Environmental Protection Agency under Assistance Award R824835 
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 
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institutions, including those that support the Health Effects Institute; there
fore, it may not reflect the views or policies of those parties, and no 
endorsement by them should be inferred. 
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INTRODUCTION 

One problem in assessing the experimental data base on 
effects of exposure to atmospheric ozone and other pollut
ants is the difficulty in comparing findings among different 
laboratories. This is particularly true for human clinical 
studies. Differing criteria for subject selection, exposure 
regimens, outcome variables, sampling times, and measure
ment techniques often lead to results that are difficult to 
compare. 

The two projects presented in this Research Report pro
vided an opportunity to compare effects of similar exposure 
regimens in different laboratories. The two studies exam
ined the effects of ozone exposure in healthy nonsmokers, 
but also in different subgroups with potential susceptibility 
to ozone exposure: smokers in the study by Frampton and 
coworkers (see Part II of this Research Report), and people 
with asthma in the study by Balmes and associates (see Part 
I of this Report). The studies used similar ozone exposure 
levels (0.22 ppm in the Frampton study, and 0.20 ppm in 
the Balmes study), duration (4 hours), and exercise inten
sity (minute ventilation of 25 L/min/m2

), with a minimum 
of three weeks benveen exposures. Both used bronchoalveolar 
lavage (BAL) techniques in sampling. The Balmes study in
volved sampling at 18 hours after exposure, whereas the 
Frampton study design included sampling immediately 
after exposure and 18 hours after exposure. The similarities 
in the protocols allowed the results from the sampling at 18 
hours after exposure to be directly compared. 

In the Frampton study, healthy nonsmokers and smokers 
developed airway inflammation following ozone exposure. 
Increases in the proinflammatory cytokines IL-6 and IL-8 
were observed in BAL fluid as part of this response. Inter
leukin-6 is a multifunctional cytokine that induces T lym
phocyte proliferation and differentiation of cytotoxic T 
cells, macrophages, and polymorphonuclear leukocytes 
(PMNs) (Levine 1995). Interleukin-8 mediates PMN chemo
taxis, but may also induce eosinophil and T lymphocyte 
chemotaxis. These cytokines therefore combine to cause 
airway inflammatory cell recruitment, proliferation, and 
differentiation. 
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In the Frampton study of nonsmokers and smokers, peak 
increases in both IL-6 and IL-8 preceded the peak increases 
in PMNs and lymphocytes, consistent with these cytokines 
having a role in recruiting inflammatory cells following 
ozone exposure. Both cytokines can be released by epi
thelial cells in vitro (Levine 1995); however, the predomi
nant site or sites of release within the airways have not been 
determined. 

a 2-Macroglobulin is a large molecule that is abundantly 
present in serum, but is also present in BAL fluid (Frampton 
et al. 1989). It may play an important role in protecting the 
epithelium from the damaging effects of inflammation. For 
example, a2M serves as a local antiprotease by binding 
protease molecules (Travis and Salvesen 1983). It may bind 
proinflammatory cytokines in a similar manner, modulat
ing their effects (Bonner et al. 1989; Matsuda et al. 1989). 
Murine peritoneal macrophages possess membrane recep
tors for a2M complexed with protease; engaging these re
ceptors appears to suppress the oxidative burst (Hoffman et 
al. 1983). 

Ozone exposure was associated with a two- to threefold 
increase in a2M; the time course of the response paralleled 
the increase in PMNs. In addition, production of toxic 
oxygen species by alveolar macrophages (AMs) from non
smokers decreased as a2M levels increased. We hypothe
sized that a2M may serve to down-regulate AM production 
oftoxic oxygen species following ozone exposure, perhaps 
to protect the respiratory epithelium from oxidative injury. 
The cellular source and airway location of a2M production 
following ozone exposure is unknown. 

In this collaborative project, we measured protein con
centrations of these mediators in BAL samples from the 
Balmes study with three goals in mind. First, determining 
levels of these mediators in samples from both studies using 
identical techniques provides a point of comparison be
tween the two studies, and extends the findings to a larger 

·.group of healthy, nonsmoking subjects. We hypothesized 
that changes in cytokines and a2M would be similar for the 
two studies. To the extent the findings agree between the 
two studies, the results could be extrapolated to the 
general population of young, healthy nonsmokers with 
greater confidence. 

Second, the lavage protocol for the Balmes study pro
vided an opportunity to determine the source within the 
lung for these mediators. The protocol included proximal 
airway lavage (PAL), which avoids contamination from 
epithelial lining fluid and cells from the lower airways by 
performing the lavage between occluding balloons in a 
mainstem bronchus. We hypothesized that, if airway epi-
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thelial cells are the primary source for the increase in these 
proteins following ozone exposure, the increases would be 
greater in PAL fluid than in the initial return from standard 
BAL (bronchial lavage fraction or BL) or in the pooled 
subsequent return from BAL (alveolar lavage fraction or 
AL). (In this collaborative report [Part III], two terms from 
Part I [the Balmes study] have been changed to correspond 
with terms in Part II [the Frampton study]: ''bronchial 
fraction" in Part I is now ''bronchial lavage [BL)", and 
"bronchoalveolar lavage" in Part I is now "alveolar lavage 
[AL]". 

Third, in order to determine whether asthmatic subjects 
have increased susceptibility to ozone exposure, we sought 
to compare changes in the production of these mediators 
following ozone exposure across four subject groups from 
the two studies: nonsmokers and smokers from the Framp
ton study, and subjects without and with asthma from the 
Balmes study. 

METHODS 

Protocols and methods for subject recruitment, ozone 
exposure, and BAL in these studies are found in the indi
vidual accompanying reports. In brief, the Balmes study 
examined healthy nonsmokers and subjects with mild 
asthma. Subjects were exposed to air or 0.20 ppm ozone for 
4 hours with exercise for 50 of each 60 minutes at a target 
minute ventilation of 25 L/min/m2

• Bronchoscopy with 
PAL, BL, AL, and endobronchial biopsy was performed 18 
hours after exposure. Exposures were separated by at least 
3 weeks. The Frampton study examined healthy nonsmok
ers and smokers who had been selected based on respon
siveness or nonresponsiveness to a previous ozone 
exposure. Each subject underwent a total of four exposures 
(including the initial classification exposure) and three 
bronchoscopies. Subjects were exposed to air or 0.22 ppm 
ozone for 4 hours, with exercise to achieve a minute venti
lation of 25 L/min/m2 for 20 of each 30 minutes. Broncho
scopy with BL and AL was performed immediately after 
one ozone exposure, 18 hours after the other ozone expo
sure; and either immediately or 18 hours after air exposure. 
Exposures were separated by at least 3 weeks. Only the 
results from bronchoscopy 18 hours after exposure are 
presented for comparison with the Balmes study. 

Materials and methods used in the measurement of IL-6, 
IL-8, and a2M are provided in Part II of this report by 
Frampton and coworkers. Methods had been previously 
validated for use with BAL fluid, as described. Aliquots of 
supernatant fluid from PAL, BL, and AL from the Balmes 
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study were stored at -70°C and shipped on dry ice to the 
University of Rochester by overnight mail. Analyses were 
performed in duplicate using techniques identical to those 
used in the Frampton study. Investigators were blinded to 
the identity of the exposures until analyses were complete. 
Lavage fluids from both exposure days for each subject were 
analyzed on the same day. 

Statistical analysis was performed with two objectives. 
First, we wanted to compare the levels of the markers of 
inflammation (IL-6, IL-8, and a2M) after ozone exposure 
with the levels after air exposure in the PAL, BL, and AL 
samples from the Balmes study. We did so by using the 
paired crossover ttest (Brown Jr. 1980), which allowed for 
possible period effects and interaction effects to be recog
nized. A significant period effect would indicate that re
sponses to exposure varied with time (time of day, time 
between exposure and lavage) or season (of year) inde
pendent of the treatment (i.e., ozone or air). A significant 
interaction effect would indicate that one exposure may 
have altered the results of the next exposure (also referred 
to as "carry-over effect"). 

Second, we wanted to determine whether differences in 
the effects of ozone exposure could be found among the four 
groups of subjects in the two studies: nonsmokers and 
smokers in the Frampton study, and nonasthmatic and 
asthmatic subjects in the Balmes study. Analysis of vari
ance with the Tukey method of multiple comparisons was 
used to compare the four groups; the absolute differences 
between air and ozone exposure for each subject 18 hours 
after exposure were compared, recognizing that significant 
differences could be due either to actual differences be
tween groups of subjects, or to procedural or subject selec
tion differences between the studies. Percentage of change 
was not used because values measured after air exposure 
included significant numbers of zeros. 

A p value of less than 0.05 was required for significance; 
the overall error rate for the Tukey method was 5%. 

RESULTS 

Lavage samples were received for 19 healthy subjects and 
18 subjects with asthma. Because of occasional technical 
difficulties, not all lavage samples were obtained on every 
subject. The numbers of samples analyzed and the results 
of statistical comparisons are shown in the figures. Individ
ual and mean data are provided in Appendix A, which is 
available on request from the Health Effects Institute. 

NORMAL SUBJECTS 

Figures 1A through 3A show the changes in IL-6, IL-8, 
and a2M, respectively, for nonasthmatic subjects. Inter
leukin-6 increased following ozone exposure in PAL, BL, 
and AL. Increases in IL-6 ranged from nearly fourfold in 
PAL to more than twofold in AL. Using the crossover ttest, 
a significant interaction effect was seen for IL-6 in PAL 
(Figure lA, p < 0.05), suggesting the possibility of carry
over effects from the first exposure to the second. 

For IL-8, no significant ozone effect was observed (Figure 
2A). However, significant interaction effects were seen for 
IL-8 in BLand AL. In order to determine whether carry-over 
effects from the first bronchoscopy may have obscured an 
ozone effect on IL-8, two analyses were performed. First, 
we compared IL-8 levels in BL following air exposure 
between subjects receiving air as the first exposure and 
subjects receiving air as the second exposure. Interleukin-8 
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PAL 
n=15 
p=0.352 

AL 
n=18 
P<0.001 

Figure 1. Jnterleukin 6 in nonasthmatic (A) and asthmatic (B) subjects. 
Concentration of IL-6 in PAL, BL, and AL fluids. Open bars: air exposure; 
solid bars: ozone exposure. IC = Significant interaction effect on crossover t 
test (p < 0.05 for PAL). Data are expressed as means± SE. 
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levels after air exposme were higher in the group exposed 
to air second (mean ± SE, 289.3 ± 156.4 pg/mL; n = 9) 
compared with the group exposed to air first (62.3 ± 7.9 
pg/mL; n = 9). Second, we compared IL-8 levels in BL after 
air exposme in those subjects exposed to air first (62.3 ± 7.9 
pg/mL; n = 9) with levels after ozone exposme in those 
exposed to ozone first (240.1 ± 42.6 pg/mL; n = 9); the 
difference was significant using an unpaired t test (p = 
0.003). This suggested that ozone exposme caused an in
crease in IL-8 in BL fluid, but that carry-over effects from 
the first exposme and bronchoscopy may have obscmed 
that effect for the study as a whole. 

For IL-8 in PAL, no significant interaction effect was 
found, and the observed difference between air and ozone 
exposme (treatment effect) was not significant. 
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p=0.140 

PAL 
n=15 
p=0.690 

BL 
n=18 
p=0,013 

AL 
n=18~ 

AL 
n=18 
p=0.033 

Figure 2. Interleukin 8 in nonasthmatic (A) and asthmatic (B) subjects. 
Concentration of ll.-8 in PAL, BL, and AL fluids. Open bars: air exposure; 
solid bars: ozone exposure, )C = Significant interaction effects on crossover t 
test (p < 0.050 for BL, p = 0.035 for AL). Data are expressed as means± SE. 

76 

Mediators of Inflammation: A Collaborative Study 

az-Macroglobulin increased following ozone exposme in 
all samples (Figure 3A). However, analysis of data from PAL 
showed a significant period effect (p = 0.007), indicating 
that the timing of the exposmes, independent of treatment 
(air or ozone), may have influenced the measmement of 
a2M levels. No significant interaction (carry-over) effect 
was noted. The increases in a2M in BL and AL were highly 
significant, without period or interaction effects. 

SUBJECTS WITH ASTHMA 

Figmes 1B through 3B provide the findings for subjects 
with asthma. Interleukin-6 increased significantly in BL 
and AL, but the inc~ease in PAL was not significant (Figure 
1B). Interleukin-8 also showed no significant change in 
PAL, but increased more than two-fold in BL (Figme 2B). 

PAL 
n=19 ~ 

PAL 
n=15 
P=0.744 

BL 
n=1B 
p<0.001 

BL 
n=18" 
p=0.013 

AL 
n=18 
p<0.001 

AL 
n=1B 
p=0.004 

Figure 3. <tz-Macroglobulin in nonasthmatic (A) and asthmatic (B) subjects. 
Concentration of a2M in PAL, BL, and AL fluids, Open bars: air exposure; 
solid bars: ozone exposure. lC = Significant period effect on crossover t test 
(p = 0.007 for PAL), Data are expressed as means ± SE. 
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Levels were lower in AL, but also increased significantly. 
a2-Macroglobulin was unchanged in PAL, with substantial 
increases in BL and AL, similar to nonasthmatics (Figure 
3B). After air exposure, levels of a 2M were generally higher 
in PAL than in BL or AL, for both nonasthrnatic and asth
matic subjects. 

In contrast to the data for nonasthmatic subjects, no 
significant period or interaction effects were observed for 
any variable. The mean (± SE) interval between air and 
ozone exposures for asthmatic subjects was 85 ± 18 days, 
compared with 50 ± 7 days for nonasthrnatic subjects. 

SUBJECT GROUP COMPARISONS 

Figures 4 through 8 show IL-6, IL-8, and aZM data for BL 
fluid and AL fluid for all four subject groups: nonasthmatic 
and asthmatic groups (from the Balmes study) and non
smoker and smoker groups (from the Frampton study). 
Concentrations of IL-6 in BLand AL fluid (Figures 4 and 5) 
from subjects in the Balmes study were lower after air 
exposure than for the subjects from the Frampton study 
(nonasthmatic subjects compared with nonsmokers, p < 
0.001);· however, IL-8 (Figures 6 and 7) and aZM (Figure 8) 
levels after air exposure were similar between the two studies. 

Analysis of variance with multiple comparisons was 
performed, using the absolute change in the levels of these 
mediators following ozone exposure as the variable of in
terest. The increase from air to ozone exposure did not differ 
among subject groups for IL-6, IL-8, or aZM from BL orAL 

Nonsmokers 
n=21 

Figure 4. Concentration ofiL-6 in bronchial lavage fluid: Comparison offour 
subject groups. Data from the Frampton study are presented for nonsmokers 
and smokers; data from the Balmes study are presented for nonasthmatic and 
asthmatic subjects. Numbers of smokers and nonsmokers (Frampton study] 
differ from Figure 5 because bronchial lavage was not performed separately 
on all subjects. Open bars: air exposure; solid bars: ozone exposure. Data are 
expressed as means ± SE. 

fluids. Only for IL-6 in BL fluid did the differences among 
groups approach significance (p = 0.061); smokers had the 
largest increase in levels of IL-6 in BL fluid. 

Nonsmokers 
n=24 

Nonasthmatics 
n=18 

Figure 5, Concentration ofiL-6 iu alveolar lavage fluid: Comparison offour 
subject groups. Data from the Frampton study are presented for nonsmokers 
and smokers; data from the Balmes study are presented for nonasthmatic and 
asthmatic subjects. Open bars: air exposure; solid bars: ozone exposure. Data 
are expressed as means± SE. 

Nonsmokers 
n=21 

Smokers 
n=12 

Nonasthmalics 
n=18 

Figure 6. Concentration ofiL·B in bronchiallavage fluid: Comparison of four 
subject groups. Data from the Frampton study are presented for nonsmokers 
and smokers; data from the Balmes study are presented for nonasthmatic and 
asthmatic subjects. Numbers of smokers and nonsmokers (Frampton study) 
differ from Figure 7 because bronchial lavage was not performed separately 
on all subjects. Open bars: air exposure; solid bars: ozone exposure. Data are 
expressed as means ± SE. 
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DISCUSSION 

Interleukin-6, IL-8, and aZM were measurable in PAL 
after air exposure, suggesting that epithelial cells produce 
these mediators constitutively or in response to broncho
scopic manipulation. Interleukin-6 increased substantially 
in all lavage components 18 hours after exposure, except in 
PAL in asthmatic subjects. In nonasthmatic subjects, the 
largest increase was in PAL fluid, and in asthmatic subjects 
the largest increase was in BL fluid. However, IL-6 levels 
are known to be much higher immediately after exposure 
than 18 hours later; therefore, these measurements at 18 
hours may not reflect the peak concentrations. The time 
course for the increase in IL-6 in PAL is unknown, but is 
likely to be similar to that for BL fluid. 

Mean levels of aZM were actually higher in PAL than in 
BL or AL fluids after air exposure, for both nonasthmatic 
and asthmatic subjects. Nevertheless, the largest ozone-re
lated increases in aZM were in BL and AL fluids for both 
healthy and asthmatic subjects, with little or no increase in 
PAL fluid. This suggests that the source of the increased 
synthesis of a 2M in response to ozone exposure may be in 
the distal airways or alveolar space. 

Interleukin-8 also tended to remain increased 18 hours after 
exposure in asthmatic subjects (Figure 5). For nonasthmatic 
subjects, analysis suggested unexpected carry-over effects 
in the measurement of IL-8 levels in BL and AL fluids. 
Levels of IL-8 were higher when air exposure was per-
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Nonasthmatics Asthmatics 
n~24 

Figure 7. Concentration ofiL-8 in alveolar lavage fluid: Comparison offou:r 
subject groups. Data from the Frampton study are presented for nonsmokers 
and smokers; data from the Bahnes study are presented fornonasthmatic and 
asthmatic subjects. Open bars: air exposure; solid bars: ozone exposure, Data 
are expressed as means± SE, 
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formed as the second exposure rather than the first, which 
suggests that persistent effects on IL-8 release by airway 
epithelial cells may have resulted from the previous bron
choscopy or ozone exposure. The occasional significant 
carry-over or interaction effects could be by chance, consid
ering that a total of 18 comparisons were performed in the 
analysis. However, interaction effects occurred exclusively 
in nonasthmatic subjects, and the interval between expo
sures was shorter for this group than for the asthmatic 
subjects. 

Bronchoscopy with BAL has been shown to induce an 
influx of PMNs, but this resolves within 72 hours after the 
procedure (Von Essen et al. 1991). It seems unlikely that 
changes in IL-8 production following bronchoscopy could 
persist beyond three weeks. However, we cannot exclude 
the possibility that some component of the procedure, 
which included PAL and endobronchial biopsies, might 
have sensitized the epithelium to respond by releasing 
more IL-8 following the second procedure in some subjects. 
In this study, carry-over effects would tend to obscure the 
effects of ozone. Indeed, significant ozone-induced in
creases in IL-8 in BL fluid were seen only when data from 
first exposures were used. 

We conclude that ozone exposure causes increases in 
lavage fluid levels of IL-6, IL-8, and aZM that persist to 18 
hours after exposure. The effects of ozone were similar in 
two different laboratories, suggesting that they are repre
sentative of the general population. Increases in IL-6 and 
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Figure 8, Concentration of a 2M in alveolar lavage fluid: Comparison of four 
subject groups. Data from the Frampton study are presented for nonsmokers 
and smokers; data from the Balmes study are presented for nonasthmatic and 
asthmatic subjects. Open bars: air exposure; solid bars: ozone exposure. Data 
are expressed as means± SE. 
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IL-8 occurred in all lavage fractions, indicating that the 
source for the increased production of these cytokines is 
not limited to the proximal conducting airways. The in
crease in a2M was greater in BLand AL fluids than in PAL 
fluids, suggesting a source in the more distal airways. No 
significant differences were noted between healthy non
smokers, smokers, and asthmatic subjects in the effects of 
ozone on these mediators. The finding of possible carry
over effects on lavage fluid levels of IL-8 has implications 
for all studies involving repeated exposures and broncho
scopic procedures, and suggests that subtle effects of ozone 
exposure, bronchoscopy (including PAL and biopsy), or 
both may persist for three weeks in some subjects. 
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ABBREVIATIONS 

AL alveolar fraction of lavage 

AM alveolar macrophage 

a 2M az-macroglobulin 

BAL bronchoalveolar lavage 

BL bronchial fraction of lavage 

IL-6 interleukin 6 

IL-8 interleukin 8 

PAL proximal airway lavage 

PMN polymorphonuclear leukocyte 
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INTRODUCTION 

Since its formation, the Health Effects Institute has sup
ported studies on oxidants, primarily nitrogen dioxide and 
ozone. A variety of experimental approaches have been 
used, including in vitro, animal, controlled human expo
sure, and epidemiologic studies. One goal of REI's ozone 
research program has been to provide scientific information 
to aid the U.S. Environmental Protection Agency's (EPA)* 
deliberations of whether the National Ambient Air Quality 
Standard (NAAQS) for ozone adequately protects human 
health. 

The current primary NAAQS for ozone is 0.12 parts per 
million (ppm), a level not to be exceeded for more than one 
hour, once per year. The ozone standard is being reevalu
ated and the EPA has proposed changing the level and the 
form of the standard to 0.08 ppm based on an eight-hour, 
rather than a one-hour, average (U.S. Environmental Pro
tection Agency 1996b). The EPA's proposal for an eight
hour standard is based on evidence (discussed in the 
Scientific Background section) that ozone causes adverse 
effects on the respiratory system after multihour exposures. 
The adverse effects following short-term exposure to ozone 
include shortness of breath, coughing, reversible changes 
in pulmonary function, and airway inflammation (re
viewed in U.S. Environmental Protection Agency 1996a). 
Little is known about the impact of repeated or prolonged 
episodes of airway inflammation due to ozone on lung 
structure and function. This information is crucial to un
derstanding the role that exposure to this pollutant may 
have in the etiology of chronic lung disease. In particular, 
it is important to determine whether subpopulations with 
preexisting respiratory disease, including people with un
derlying airway inflammation, are more susceptible to the 
effects of ozone than people with healthy lungs. 

In order to address this particular issue, HEI issued a 
Request for Applications (RFA) in 1990 entitled "Clinical 
Studies of Sensitivity to Ozone." This RFA had two objec
tives: (1) to determine the range ofresponsiveness to ozone 
in the general population; and (2) to identify subgroups 
within the general population who are particularly sensi
tive to ozone. In response to RFA 90-2, Drs. John Balmes of 

• A list of abbreviations appears at the end of this Commentary for your 
reference, 
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the University of California at San Francisco and Mark 
Frampton of the University of Rochester Medical Center 
submitted separate proposals for studies examining normal 
volunteers and volunteers expected to have underlying 
airway inflammation that might influence their response to 
ozone. Common goals of both studies were to determine if 
lung function responses to ozone exposure correlated with 
the appearance of markers of inflammation, and if poten
tially sensitive individuals, such as smokers and people 
with asthma, had greater adverse responses to ozone than 
normal subjects. The reports for the Balmes and Frampton 
studies form Part I and Part II of this Research Report, 
respectively. Because each investigator used similar ozone 
exposure protocols, it was possible to compare selected 
endpoints for both population groups in a collaborative 
study (Part III)t. The common goals and similar ozone 
exposure protocols provided the HEI Health Review Com
mittee with the opportunity to evaluate and compare the 
interpretations and conclusions of all studies in a single 
Commentary. 

SCIENTIFIC BACKGROUND 

OZONE'S EFFECTS ON PULMONARY FUNCTION 

In some individuals, ozone causes acute changes in 
pulmonary function. These changes are primarily of the 
restrictive type (i.e., decreased lung volume as a result of 
impaired ability to take a deep breath), although some 
bronchoconstriction (i.e., narrowing of the conducting air
ways) may occur as well. Common pulmonary function 
tests used to measure ozone's effects are the forced expira-

t Dr, Balmes' study, Airway Inflammation and Responsiveness to Ozone in 
Normal and Asthmatic Subjects, began in March 1991 and total expendi
tures were $932,712. The Investigators' Report from Dr, Balmes and col
leagues was received for review in September 1995. A revised report was 
accepted for publication by the Health Review Committee in March 1996, 
Dr. Frampton's study, Airway Inflammation and Responsiveness to Ozone 
in Nonsmokers and Smokers, began in July 1991 and total expenditures 
were $816,197. The Investigators' Report from Dr. Frampton and colleagues 
was received in October 1995, A revised report was accepted for publication 
by the Health Review Committee in October 1996. The report on the 
collaboration, Mediators of Inflammation in Bronchoalveolar Lavage Fluid 
from Nonsmokers, Smokers, and Asthmatic Subjects Exposed to Ozone: A 
Collaborative Study, was received in October 1995, A revised report was 
accepted for publication by the Health Review Committee in October 1996. 
During the review process, the HEI Health Review Committee and the 
investigators had the opportunity to exchange comments and to clarify 
issues in the Investigators' Reports and in the Review Committee's Com
mentary. The following Commentary is intended to aid the sponsors ofHEl 
and the public by highlighting both the strengths and limitations of the studies 
and by placing the Investigators' Reports into scientific and regulatory per
spective. 
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tory volume in one second (FEV1), which is the volume 
exhaled in the first second following maximal inspiration; 
the forced vital capacity (FVC), which is the maximum 
exhaled volume following maximal inspiration; and their 
ratio (FEV1/FVC), a measure of airflow during exhalation. 
With lung restriction, the absolute values of FEV 1 and FVC 
decrease, but the FEV1/FVC ratio remains relatively un
changed. With bronchoconstriction, the absolute value of 
FEV 1 and the FEV 1/FVC ratio decrease, whereas FVC tends 
not to change. There are age-, gender-, and height-specific 
normal values for FEV 1, FVC, and FEV 1/FVC from reference 
populations that can be compared to subject values. 

Bronchoconstriction (which occurs when the bronchi 
and bronchioles constrict) is associated with increases in 
airway resistance (defined as the driving pressure of air 
through the airways divided by the air flow rate) or de
creases in the reciprocal ftrnction, airway conductance. 
Because airway resistance and airway conductance vary 
with factors such as lung volume, resistance and conduc
tance values are divided by the lung volume at which they 
are measured and expressed as specific airway resistance 
(sRaw) and specific airway conductance (sGaw). Both 
measurements change according to airway smooth muscle 
tone. For example, resistance decreases when smooth mus
cle relaxes and increases when smooth muscle tightens. 
Inflammation of the airways can lead to irritation and 
constriction of the bronchi and small bronchioles, which 
increases airway resistance and decreases airway conduc
tance. 

A large body of evidence indicates that decreases in FEV 1 
and increases in sRaw occur in some people who are ex
posed to the maximal allowable ambient or near-ambient 
levels of ozone while exercising. These changes become 
worse with longer exposure (Folinsbee et al. 1988), higher 
ozone concentration, and deeper breathing (Gong et al. 
1986; Hazucha 1987). The FEV1 response to ozone is repro
ducible within an individual (McDonnell et al. 1985), and 
is attenuated by multiple expos.ures on consecutive days 
(discussed by Tepper et al. 1989). Individuals who are 
exposed to 0.08 ppm ozone and higher over 4- to 6-hour 
periods expe~ience transient changes in FEV 1, ranging from 
very slight increases to 40% decreases from baseline. Many 
laboratory studies involve healthy adults from 18 to 50 
years of age; this carefully selected group of normal subjects 
may not provide adequate information to assess the health 
effects of ozone in the general population and in susceptible 
populations. For example, the effects of ozone on individu
als with asthma, who may be more sensitive to the acute 
effects of ozone than their healthy counterparts, are not 
clear. Some studies suggest that the magnitude of ozone-in-
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duced decrements in pulmonary ftrnction in asthmatic sub
jects is no greater than those in normal subjects (Linn et al. 
1978; Silverman 1979; Koenig et al. 1985, 1987, 1988), 
whereas another study indicates that ozone causes greater 
decrements in people with asthma (Kreit et al. 1989), 

OZONE'S EFFECTS ON AIRWAY INFLAMMATION 

When inhaled, ozone reacts with surface mucus and the 
airway epithelium. The consequence of such exposure is 
the appearance of inflammatory cells in the airways (re
viewed by Bates 1995). These recruited cells are mainly 
polymorphonuclear (PMN) leukocytes (a subgroup of white 
blood cells). Inflammatory cell recruitment also involves 
activating immune cells and airway epithelial cells. When 
activated, these cells produce and release specific proteins, 
known as cytokines, that further stimulate the growth and 
activation of inflammatory cells (Mantovani et al. 1992). 
Cytokines upregulate the expression of adhesion molecules 
on the surfaces of vascular endothelial and inflammatory 
cells, and act as chemoattractants (called chemokines) to 
attract more inflammatory cells. The presence of adhesion 
molecules facilitates movement of PMNs from the blood 
into the tissue, Inflammatory cells also can adhere to the 
tissue's epithelial layer and produce highly reactive oxygen 
species that damage epithelial cells. 

Analysis ofbronchoalveolar lavage (BAL) fluid obtained 
by fiberoptic bronchoscopy has made it possible to charac
terize the inflammatory response in the lungs of patients 
with respiratory disease (reviewed by Russi and Crystal 
1997) and in the lungs of normal volunteers exposed to air 
pollutants. Many components of the airway inflammation 
and tissue repair processes can be identified in lavage fluid. 
(Table 1lists the components examined in the Balmes and 
Frampton studies.) For example, it has been established 
that ·BAL fluids obtained 1 to 24 hours after subjects were 
exposed to ozone contain higher than normal levels of a 
broad range of markers of inflammation, including inflam
matory cells, cytokines, chemokines, fibronectin (a protein 
involved in tissue repair), lactate dehydrogenase (LDH, a 
marker of cell injury), and markers of epithelial layer per
meability such as total protein, albumin, and immuno
globulin G (Koren et al. 1989; Devlin et al. 1991; Schelegle 
et al. 1991). 

Researchers also have studied the time course for appear
ance of several markers of inflammation and cell damage in 
BAL fluid. For example, levels of interleukin 6 (IL-6) and 
prostaglandin Ez (PGEz) were reported to be higher one 
hour after exposure to ozone than 18 hours later; the reverse 
is true for fibronectin and tissue-plasminogen activator 
(Koren et al. 1991; Devlin et al. 1996). The early appearance 
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Table 1. Markers of Inflammation Analyzed in the Balmes and Frampton Studies 

Marker 

Intercellular adhesion 
molecule-1 (ICAM-1) 

Vascular cell adhesion 
molecule (VCAM) 

Interleukin 6 (IL-6) 

Interleukin 8 (IL-8) 

Polymorphonuclear (P:Nfi.\T) leukocyte 
Neutrophil 

Eosinophil 
Alveolar macrophage (AM) 

T Lymphocyte 

Mast cell 
az-Macroglobulin 

Transforming growth factor pz 
(TGF-Pz) 

Fibronectin 

Lactate dehydrogenase (LDH) 

Granulocyte-macrophage colony
stimulating factor (GM-CSF) 
Integrins 

M yelop eroxidase 
Immunoglobulin M (IgM) 

Function 

Adhesion molecule 

Adhesion molecule 

Cytokine 

Cytokine 

Inflammatory cell 

Inflammatory cell 
Cell derived from blood 

monocyte 
Cell derived from lymphoid 

cell line 
Inflammatory cell 
Protein found in serum 

Growth factor found in serum 

Extracellular protein secreted 
by fibroblasts 

Enzyme found in muscle tissue 
and serum 

Cytokine 

Proteins that bind cells to 
extracellular matrix 

Enzyme produced by neutrophils 
An immunoglobulin 

Role in Inflammation 

Involved in inflammatory cell migration; facilitates attachment 
and spread of inflammatory cells on vascular epithelium; 
facilitates movement through endothelium 
Involved in inflammatory cell migration; facilitates attachment 
and spread of inflammatory cells on vascular epithelium; 
facilitates movement through endothelium 
A multifunctional cytokine that may contribute to inflammatory 
cell chemotaxis and persistence at sites of inflammation 
Stimulates growth and activation of inflammatory cells; 
upregulates expression of adhesion molecules on vascular 
endothelial and inflammatory cell surfaces; has potent neutrophil 
chemoattractantproperties 

Granulocytic cell with phagocytic properties: destroys invading 
substances including bacteria; produces toxic oxygen species 
Modulates allergic inflammatory response 
Phagocytic properties: destroys invading substances; produces 
toxic oxygen species 
Kills virus-infected cells; regulates other white blood cells 

Key cell in allergic response 
Antiprotease activity; interacts with certain cytokines and 
inflammatory cells 
A protein produced in response to tissue injury; regulates cellular 
growth and differentiation 
Provisional matrix protein that participates in tissue repair and 
may lead to fibrosis 
Marker of tissue damage; a measure of ozone-induced cell injury 

Activates P:Nfi.\Ts 

Involved in inflammatory cell migration 

Degrades peroxidase 
One measure of exposure to an antigen 



"1..1:7( Commentary re---------____:_ 

of IL-6 and PGE2 in BAL fluid is significant because they 
are believed to recruit inflammatory cells into the airways. 
Because fibronectin can participate in tissue repair, its late 
elevation suggests a tissue response to injury. The inflam
matory response to ozone appears to attenuate after contin
ued exposure, as do lung function and symptom responses. 
Devlin and coworkers (1997) reported that the increases in 
several markers of inflammation seen in the BAL fluid of 
humans one hour after a two-hour exposure to 0.4 ppm 
ozone attenuated after five consecutive days of exposure. 
However, the BAL fluid levels of compounds indicative of 
cell damage (LDH, epithelial cells) or leakage of plasma 
components into lung air spaces (total protein, at-antitryp
sin) remained elevated. The bulk of the evidence indicates 
that inflammation is an early response to ozone and that it 
persists for several hours after exposure ceases (Koren et al. 
1991; Devlin et al. 1996). The impact of repeated episodes 
of ozone-induced inflammation on subsequent airway dis
ease is an unanswered question. 

CONDITIONS THAT MAY INFLUENCE THE AIRWAY'S 
RESPONSE TO OZONE 

Preexisting Airway Inflammation 

Chronic airway inflammation is characteristic of smok
ing and several respiratory illnesses, including asthma, 
chronic obstructive pulmonary disease, and cystic fibrosis. 
These are common disorders; for example, in the United 
States, asthma affects 14 to 15 million people; it is the most 
common chronic disease of childhood, affecting an esti
mated 4. 8 million children (National Heart, Lung and Blood 
Institute 1997). Smoking is also associated with pulmonary 
inflammation (Mullen et al. 1986), and approximately 48 
million Americans smoke cigarettes (Fiore et al. 1994). 
Because inflammation under these conditions is longstand
ing, there is concern that people who smoke or have lung 
diseases may respond differently to ozone exposure than 
healthy people; furthermore, repeated exposure to ozone 
could lead to permanent structural damage in the airways 
and more severe chronic lung disease. 

Inflammatory cells infiltrate the bronchial mucosa and 
airways of people with•asthma; eosinophils especially ac
cumulate in the airways and are believed to play a major 
role in airway inflammation. During an allergic episode, 
other cells, especially mast cells and lymphocytes, also 
accumulate, and may play a role in the pathogenesis of the 
airway response (Lukacs et al. 1995). When activated, in
flammatory cells release an array of cytokines that perpetu
ate inflammation. Continued inflammation, in turn, affects 
the reactivity of the bronchial smooth muscle cells. 
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Smokers differ from nonsmokers in the numbers of in
flammatory cells obtained from BAL fluid and in the ability 
of those cells to produce oxidants damaging to the lungs. 
For example, when compared with healthy nonsmokers, 
alveolar macrophages (AMs) are more plentiful in the lav
age fluid (Martinet al. 1985); more neutrophils are found 
in the alveolar walls, and AMs are more dense in the lung 
parenchyma (Finkelstein et al. 1995); PMNs and AMs re
lease more reactive oxygen intermediates, including super
oxide anion (Hubbard et al. 1987); and blood neutrophils 
release more superoxide anion (Rahman et al. 1996). These 
findings suggest that inflammatory cells are present and 
sequestered in the pulmonary microvasculature of smokers, 
and that they are primed to release oxidant species and may 
be triggered by inhaling reactive pollutants such as ozone. 

Airway Hyperresponsiveness 

Airway hyperresponsiveness is defined as a heightened 
tendency of the airways to constrict in response to irritant 
stimuli, viral infections, or chemical injuries. One way to 
test airway responsiveness is to expose subjects to an aero
sol containing increasing concentrations ofbronchoconstric
tive agents such as methacholine. Individuals with hy
perresponsive airways require significantly less metha
choline aerosol to increase sRaw than individuals with 
normally responsive airways. By measuring the airway 
constriction in response to methacholine before and after 
ozone exposure, some studies have demonstrated that peo
ple and animals exposed to ozone also show increased 
hyperresponsiveness to the methacholine challenge (Selt
zer et al. 1986; Tan and Bethel1992; McFadden 1997). 

The causes and contributing factors of airway hyperre
sponsiveness are not fully understood; however, airway 
inflammation is thought to play a role. Eosinophils release 
proteins that damage the airway epithelium, making it more 
responsive to stimulation and less responsive to a relaxing 
factor derived from the epithelium itself (Flavahan et al. 
1988; Ohashi et al. 1992; Gleich and Adolphson 1993; 
Bousquet et al. 1994). Because underlying airway inflam
mation may play a role in hyperresponsiveness, one con
cern is that people with asthma and smokers (who are 
known to have preexisting airway inflammation) may also 
experience increased hyperresponsiveness after exposure 
to ozone. 

JUSTIFICATION FOR THE STUDIES 

The HEI Health Research Committee thought that the 
proposals from Drs. Balmes and Frampton were highly 
responsive to the goals of RF A 90-2. Both investigators 
proposed (1) to study populations who were responsive and 
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nonresponsive to ozone on the basis of changes in pulmo
nary function as measured by spirometry; (2) to study 
normal subjects from the general population and poten
tially sensitive subpopulations: people with asthma in the 
Balmes study and smokers in the Frampton study; and (3) 
to investigate the degree of the inflammatory response in 
normal and potentially sensitive populations. Changes in 
spirometry are a common measure of ozone sensitivity and 
only a few investigators (Koren et al. 1989; Schelegle et al. 
1 991) have attempted to correlate changes in FEV 1 and FVC 
with the degree of airway inflammation. The HEI Research 
Committee thought it was important to replicate the Koren 
and Schelegle studies in normal subjects and to extend the 
study population to include individuals with underlying 
airway inflammation. Both studies were expected to pro
vide new information on ozone-induced inflammatory re
sponses. The Balmes technique of separating proximal and 
distal airway lavage samples would evaluate whether 
ozone caused inflammation throughout the airways or in a 
specific region. The Frampton study was expected to pro
vide new information about the effect of ozone on the 
production oftoxic oxygen species. The collaborative study 
would compare markers of inflammation from smokers, 
people with asthma, and normal subjects; this comparison 
would provide an internal check of the results and allow 
the results from both studies to be extrapolated to a broader 
general population. 

TECHNICAL EVALUATION OF PART 1: 
AIRWAY INFLAMMATION AND 
RESPONSNENESS TO OZONE IN NORMAL 
AND ASTHMATIC SUBJECTS 

SPECIFIC AIMS AND ATTAINMENT OF 
STUDY OBJECTIVES 

The specific aims of Dr. Balmes' study were to determine 
whether: 

1. Airway responsiveness to any of a variety of chemical 
stimuli (e.g. methacholine) is correlated with sensitiv
ity to ozone as measured by pulmonary function tests; 

2. Short-term exposure to ozone induces inflammation in 
the proximal airways and distal regions of the lungs in 
subjects classified as sensitive or insensitive to ozone 
on the basis of their ozone-induced FEV1 responses; 
and 

3. Ozone-induced decrements in lung function predict 
the degree of inflammation in normal and asthmatic 
subjects. 

The investigators attained their study objectives and 
obtained new information about the relation between 
ozone sensitivity and the degree of the inflammatory 
response in normal subjects and about differences in the 
ozone-induced inflammatory response between normal 
and asthmatic subjects. 

STUDY DESIGN AND METHODS 

This was a well-designed, rigorously controlled study 
that was divided into three phases. Phase I tested whether 
the degree of nonspecific airway responsiveness predicted 
the degree of ozone sensitivity in normal, nonsmoking men 
and women. In initial experiments, the investigators meas
ured each subject's nonspecific airway responsiveness by 
administering increasing concentrations of a methacholine 
aerosol until a specific level of change in responsiveness 
was achieved. On later days, subjects were exposed in 
random order to either 0.2 ppm ozone or clean air for four 
hours while exercising moderately. The investigators sepa
rated the air and ozone exposures by at least three weeks to 
minimize the possible effects of one exposure on the other. 
They measured FEV1, FVC, and sRaw before exposure 
(baseline), at hourly intervals during exposure, and at the 
end of each exposure. Balmes and coworkers analyzed their 
data to look for correlations between methacholine respon
siveness prior to ozone exposure and ozone-induced FEV1, 
FVC, and sRaw responses. They then determined each 
subject's ozone sensitivity on the basis of the degree of 
ozone-induced decreases in FEV1. Based on the results of 
this test, they divided the subjects into tertiles and ana
lyzed data from subjects in the upper (most-sensitive) and 
lower (least-sensitive) tertiles. Data from subjects in the 
middle tertile were not analyzed because the middle tertile 
of data often introduces random variations or "noise" into 
statistical analyses, and removing those data is a useful way 
to compare the extreme levels of responsiveness. 

Phase II followed the same exposure protocol and divi
sion of subjects into tertiles as Phase I. It was designed (1) 
to determine if ozone-induced changes in lung function 
correlated with the appearance of markers of inflammation 
in lung lavage fluids or bronchial mucosal biopsy speci
mens obtained 18 hours after exposure, and (2) to compare 
the inflammatory responses in the airways of subjects clas
sified as most-sensitive or least-sensitive to ozone. The 
investigators chose the 18-hour time point because pre
viously published studies had demonstrated that subjects 
exposed to ozone showed an inflammatory response at this 
time (Koren et al.1989; Aris et al. 1993a,b). However, the 
time separation between measuring physiologic responses 
(during exposure) and levels of markers of inflammation (18 
hours after exposure) makes it difficult to correlate these 
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two types of responses, and provides a single snapshot of 
responsiveness rather than information on the time course 
of the appearance or disappearance of each inflammatory 
marker. 

The investigators measured markers of airway inflamma
tion in lavage fluids obtained from the proximal airways, 
bronchus, and bronchoalveolar regions of the lungs. Proxi
mal airway lavage (PAL) fluid was collected from the left 
main bronchus and the bronchial fraction lavage (BL) fluid 
and BAL fluid from the right middle lobe. They analyzed 
lavage fluids for levels of total protein, fibronectin, the 
potent neutrophil chemokine interleukin 8 (IL-8), and 
granulocyte-macrophage colony-stimulating factor (GM
CSF), a general activator of PMNs. 

A unique aspect of this study was the evaluation of 
bronchial mucosal biopsy specimens to determine the ef
fects of ozone on lung tissue (as opposed to the more 
common measurements of the constituents oflung fluids). 
The biopsy specimens were analyzed for integrins and cell 
adhesion molecules by immunohistochemistry, for neutro
phils and eosinophils by morphometry, and for damage to 
the bronchial epithelium by electron microscopy. Initial 
technical difficulties limited the number of biopsy speci
mens available for analysis. Because the investigators could 
not always compare paired tissues from both air and ozone 
exposures for the same subject, the statistical power of this 
aspect of the study was limited. Also, because the investi
gators took tissues from only one site, sampling errors may 
have compromised their analyses of inflammatory cells. 
Another limitation was that the investigators performed 
immunohistochemical staining for cell surface molecules 
(e.g., integrins, adhesion molecules) using primary antibod
ies at only one dilution and without positive staining con
trol cells for the antibodies. The absence of data from 
staining performed at lower dilutions and on positive con
trol cells allows only limited interpretation of the immuno
histochemistry data. 

In Phase III, the investigators .tested the hypothesis that 
exposure to ozone produces a greater inflammatory re
sponse in subjects with asthma than in normal control 
subjects. They compared the effects of ozone on lung func
tion responses for 18 subjects with mild asthma with those 
obtained previously from the normal subjects who partici
pated in Phases I and II. They also compared the levels of 
markers of inflammation in lavage fluids and bronchial 
mucosal ~iopsy specimens with those in normal subjects. 
The lavage fluid analyses included additional markers: 
myeloperoxidase (a product of neutrophils), transforming 
growth factor p2 (a protein involved in the repair of cell 
injury), and LDH (a measure of cell injury). 
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For statistical analyses, the investigators used parametric 
tests, such as two-tailed t tests, to compare the differences 
in physiologic responses (sRaw, FEV1, and FVC) between 
the most-sensitive and least-sensitive subjeets. They also 
appropriately used nonparametric methods, such as the 
Wilcoxon signed rank test (used to compare two groups via 
paired samples), and the Wilcoxon rank sum test (used to 
compare two groups from independent samples). For exam
ple, they used the signed rank test to compare (1) markers 
of inflammation in lavage fluids from each subject after air 
and ozone exposures, (2) symptom scores between normal 
and asthmatic subjects after exposure to air or ozone, (3) the 
physiologic responses in asthmatic subjects after exposure 
to air and ozone, and (4) the staining intensity of adhesion 
molecules, neutrophils, and eosinophils. They used the 
Wilcoxon rank sum test to compare (1) symptom responses 
between the most-sensitive and least-sensitive groups, (2) 
lavage fluid markers of inflammation between the most
sensitive and least-sensitive groups and between normal 
and asthmatic groups, and (3) the physiologic responses 
between normal and asthmatic subjects. 

RESULTS AND INTERPRETATIONS 

Phase I. Relationship of Nonspecific Airway 
Responsiveness to Ozone Sensitivity 

As expected, the FEV 1 and FVC values for normal sub
jects decreased progressively from baseline during ozone 
exposure. However, the degree of responsiveness to 
methacholine challenge was not associated with the degree 
of ozone-induced decline in FEV1 or FVC. Although the 
authors suggest that such a relationship may not have been 
detectable because there were too few subjects to encom
pass the full range of methacholine responsiveness, as 
discussed below, the lack of association agrees with Framp
ton's results. Balmes and coworkers did report a weak 
association between the degree of nonspecific airway re
sponsiveness and ozone-induced increases in sRaw; how
ever, the magnitude of the increase in sRaw was small and 
did not differ between groups of subjects defined as most
sensitive or least-sensitive to ozone. An association be
tween nonspecific airway responsiveness and increased 
sRaw would suggest that people who are hyperresponsive 
to certain stimuli may experience a greater degree of airway 
constriction after exposure to ozone than normal people; 
however, it requires confirmation. 

Subjects defined as most-sensitive to ozone on the basis 
of their FEV 1 response reported significantly more cough
ing and chest discomfort after ozone exposure than the 
least-sensitive group; both groups reported similar levels of 
wheezing. Because separate regression analyses indicated 
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that the association between symptoms and pulmonary 
function responses was weak, the authors proposed that 
exposure to ozone can produce symptoms without affecting 
lung function responses, or conversely, can cause decreases 
in lung function in the absence of symptoms. 

Phase II. Effects of Ozone Exposure on Proximal 
Airways and Distal Lung in Normal Subjects 

Lavage Fluid Analyses For each source of lavage fluids 
(PAL, BAL, and BL), the cellular and biochemical charac
teristics did not differ between the groups defined as most
sensitive and least-sensitive to ozone on the basis of the 
subjects' FEV1 responses. Therefore, the data from both 
groups were combined to compare the results of air and 
ozone exposures. The results of these analyses are shown 
in Table 2. The investigators observed ozone-induced in
creases in several markers of inflammation compared with 
the levels after exposure to air. No statistically significant 
correlations were found among the ozone-induced in
creases in markers of inflammation and declines in FEV 1 
and FVC; however, increased sRaw correlated significantly 
with ozone-induced increases in the percentage of neutro
phils and amount of total protein in the BAL fluid. The 
increased number of neutrophils in the PAL fluid after 
ozone exposure supports the concept that the inflammatory 
response to ozone involves the proximal airways as well as 
the distal lung. 

The lack of correlation between FEV 1 or FVC and inflam
matory markers reported by Balmes may lie in the choice 
of markers for study, or in the fact that the measurements 
of these endpoints were widely separated in time. However, 
these findings agree with the conclusions of other re
searchers (Koren et al. 1989; Schelegle et al. 1991; Devlin 

Table 2. Balmes Study: Lavage Fluid Analyses of 
Healthy and Asthmatic Subjects 18 Hours After 
Ozone Exposurea 

Marker of Healthy Asthmatic 
Inflammation Subjects Subjects 
or Tissue Damage (Phase II) (Phase III) 

PMNs t BAL, BL, ttBAL, 
PAL t BL, PAL 

Total protein tEAL, BL tt BAL, tEL 
IL-8 tEL tEAL, BL 
GM-CSF tEAL tEAL 
Fibronectin tEAL tEAL 
Myeloperoxidase Not done tEAL 

• Compared with air exposum. A single arrow indicates a statistically 
significant change. Double arrows indicate a greater response thana single 
arrow. 

et al. 1996). Bates (1995) suggested that the decrements in 
FEV1 that occur immediately after ozone exposure involve 
a neurally mediated reduction in lung volume. This mecha
nism differs from that causing a cascade of events leading 
to inflammation. Therefore, it is not surprising that the 
investigators found no correlation between physiologic and 
inflammatory responses to ozone. 

Analyses of Bronchial Biopsy Specimens Table 3lists the 

results of the analyses of bronchial tissues. Because the 

investigators initially experienced technical problems in 

obtaining bronchial biopsy specimens, only a limited num

ber of samples from normal subjects were available for 

analysis. Electron microscopy of four of the six biopsy 

specimens from subjects exposed to ozone showed evi
dence of epithelial injury. Balmes found no effects of ozone 

exposure on the expression of vascular cell adhesion mole

cules (VCAM), E-selectin, and the integrins. Analyses of 

unpaired biopsy specimens (five from individuals exposed 

to air and four from subjects exposed to ozone) revealed a 

nonsignificant trend toward an elevation in the expression 

of intercellular adhesion molecule-1 (ICAM-1) after ozone 

exposure. Because the ICAM-1 data from the unpaired 

biopsy samples agree with the statisticalfy significant ele
vation in ICAM-1 from three (of six) sets of paired biopsy 

specimens, the investigators concluded that ICAM-1levels 

were elevated in endothelial tissue from the bronchial 
mucosa after ozone exposure. However, the degree of 

ICAM-1 upregulation and the consistency of this response 

are uncertain because increases were found in only half of 

the paired biopsy tissues and were not observed in the 
asthmatic subjects. 

The investigators concluded that there were weak, non

significant trends toward increased numbers ofneutrophils 

and eosinophils in the bronchial mucosa specimens iso
lated from normal subjects exposed to ozone. Although this 

result is consistent with their observation of increased 

levels of neutrophils in the lavage fluids and the apparent 

upregulation of ICAM-1 (which may recruit peripheral 

blood neutrophils to the airways), it should be interpreted 

cautiously. Examination of Figure 12 in the Investigators' 

Report indicates that the apparent increase in the mean 

numbers of neutrophils and eosinophils in the limited 

number of bronchial biopsy specimens was driven by out

lier data points. 

Summwy of Phase II The overall results of Phase II indicate 
that sensitivity to ozone (as measured by spirometry) does not 
correlate with the magnitude of the inflammatory response; 
thus, individuals exposed to ozone who do not have 
changes in measurements of pulmonary function may still 
be at risk of respiratory tract inflammation. 
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Phase ill. Effects of Ozone on Proximal Airways and 
Distal Lung in Subjects with Asthma 

Lavage Fluid Analyses and Physiologic Responses The 
key results of analyzing lavage fluid from asthmatic sub
jects 18 hours after exposure to 0.2 ppm ozone are compared 
with those from normal subjects in Table 2. The magnitude 
of ozone-induced changes in FEV1, FVC, and sRaw in 
subjects with asthma was similar to that seen in normal 
subjects. In addition, the ozone-induced increases in sev
eral markers of inflammation (IL-8, GM-CSF, and fi
bronectin) in lavage fluids were similar to those in normal 
subjects exposed to ozone. However, the percentage of 
neutrophils and the total protein content in the BAL fluid 
of asthmatic subjects both were elevated to a greater extent 
than in normal subjects, and these differences were statis
tically significant. 

While the Balmes study was underway, Basha and co
workers (1994) reported increases in neutrophils, IL-6, and 
IL-8 in BAL fluid from asthmatic subjects 18 hours after 
exposure to 0.2 ppm ozone. These ozone-induced increases 
in inflammatory markers in asthmatic subjects were 
greater than those seen in normal subjects, but the effect 

of ozone on the pulmonary function responses (FEV 1, FVC, 
FEV1:FVC, sRaw) did not differ between normal and asth
matic subjects. Based on analyses oflung lavage fluid, these 
two studies suggest that people with asthma may be at risk 
of developing a greater inflammatory response following 
exposure to ozone than normal people. 

Analyses of Bronchial Biopsy Specimens In Phase III, the 
investigators resolved their technical problems with the 
biopsy procedure and obtained 15 paired biopsy specimens 
from asthmatic subjects. The results of the morphometric 
and immunohistochemistry studies are shown in Table 3. 

No effect of ozone was found on the levels of integrins or 
cell adhesion molecules. A larger number of eosinophils 
was found in biopsy specimens from asthmatic subjects 
(Figure 20 in the Investigators' Report) compared with 
normal subjects (Figure 12 in the Investigators' Report). 
This finding would be expected based on the role eosino
phils play in asthma and increases confidence in the biopsy 
procedures. The investigators suggest that nonsignificant 
trends were seen toward increased levels of inflammatory 
cells in the bronchial mucosa of subjects exposed to ozone. 
However, as discussed above for the normal subjects, any 

Table 3. Balmes Study: Analyses of Bronchial Biopsy Specimens from Subjects Exposed to Ozone a 

Analysis 

Normal Subjects 
Pathologic changes 

Expression of cell 
adhesion molecules 

Expression of integrins 

Inflammatory cells 

Asthmatic Subjects 
Pathologic changes 

Expression of cell 
adhesion molecules 

Expression of integrins 

Inflammatory cells 

Result 

Intercellular spaces expanded in 
bronchial epithelium 

ICAM-1 increased in blood vessel 
endothelium 

No changes in VCAM and E-selectin 

No changes 

No changes 

Not reported 

No changes in ICAM-1, VCAM, and 
E-selectin 

No changes 

No changes 

a Compared with air exposure. Only changes that were statistically significant are note.d. 

Commentb 

Changes observed in 4 of 6 paired specimens 

Statistically significant changes in ICAM-1 
observed in 3 of 6 paired specimens; 
nonsignificant trend in 4 unpaired specimens 

Of 11 unpaired specimens, 1 had elevated 
levels ofPMNs and 3 had elevated levels of 
eosinophils 

Of 17 unpaired specimens, 2 had elevated 
levels of PMNs and eosinophils 

b Paired specimens are samples from the same subject after air exposure and after ozone exposure. 
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ozone-induced increase in the levels of neutrophils and 
eosinophils appears to be due to outlier data points (Figure 
20 in the Investigators' Report). Because the investigators 
obtained biopsy specimens from the larger airways, the lack 
of an increase in inflammatory cells in these tissues following 
exposure to ozone does not necessarily reflect conditions 
existing at peripheral sites that may be more critical targets 
for ozone's effect, such as the bronchoalveolar junction. 

TECHNICAL EVALUATION OF PART II: AIRWAY 
INFLAMMATION AND RESPONSIVENESS TO 
OZONE IN NONSMOKERS AND SMOKERS 

SPECIFIC AIMS AND ATTAINMENT OF 
STUDY OBJECTIVES 

The overall objective of Dr. Frampton's study was to 
determine whether individuals who differ in their sensitiv
ity to ozone (as evaluated by their lung function responses) 
also differ in their susceptibility to ozone-induced airway 
inflammation. The investigators' original specific aims 
were to: 

1. Examine the relationship between ozone-induced 
changes in pulmonary function and the appearance of 
markers of inflammation in lung lavage fluids from 
smokers and nonsmokers who were design&ted as "re
sponsive" or "nonresponsive" to ozone based on the 
degree of their decrement in FEV 1 after ozone expo
sure. 

2. Define how AMs respond to ozone, and characterize 
ozone's effect on the in vitro generation oftoxic oxygen 
species (TOS) by alveolar cells isolated from smokers 
and nonsmokers who are responsive or nonresponsive 
to ozone. 

3. Determine if exposing subjects (smokers and nonsmok
ers) repeatedly to the same ozone concentration pro
duces the same symptom responses and decrements in 
FEV1. 

4. Determine whether the inflammatory markers found in 
BAL fluid are similar to those found in nasal lavage 
(NL) fluid from subjects exposed to ozone. 

The investigators attained most of their original objec
tives. However, only 4 of34 smokers tested were responsive 
to ozone and only two of these four completed the BAL 
portion of the protocol. Because of the difficulty in finding 
smoker-responders, the investigators, with HEI's approval, 
revised their original objective of analyzing data from 
smoker responders and smoker nonresponders separately 
(objective 1) and combined the two smoker responders with 
the smoker nonresponders. 

STUDY DESIGN AND METHODS 

The investigators recruited 74 nonsmokers and 72 smok
ers (men and women 18 to 40 years old) and measured their 
airway responsiveness to methacholine challenge. Subjects 
were classified as "responders" to ozone if exposure to 0.22 
ppm ozone for four hours (combined with intermittent 
exercise) decreased their FEV1 by 15% or more from base
line (measured just before ozone exposure began), or as 
-"nonresponders" if their FEV1 decreased by 5% or less. 
Subjects with intermediate decreases in FEV 1 were not 
included in the study. This method of selecting subjects, 
differed from that of Balmes in thatit was prospective rather 
than retrospective. Frampton and colleagues determined 
the cutoff for FEV1 at the outset, and then screened enough 
subjects to provide the predetermined number in each 
group. 

The final study group consisted of 13 nonsmoker nonre
sponders, 12 nonsmoker responders, and 13 smokers, of 
whom 11 were nonresponders. The preponderance of non· 
smokers was accounted for by the fact that more smokers 
than nonsmokers were noncompliant. No smokers dropped 
out because of their sensitivity to ozone or their respiratory 
symptoms; therefore, the possibility of significant selection 
bias seems unlikely. Table 1 of the Investigators' Report 
compares recruitment and participation rates for smokers 
and nonsmokers. 

Following the classification exposure, subjects were ex
posed twice to ozone and once to clean air, with each 
exposure accompanied by exercise. Although classification 
as responders or nonresponders to ozone was based on 
decline in FEV1, the investigators also measured FVC and 
forced expiratory flow between 25% and 75% of FVC 
(FEFz5-75) immediately before exposure, and after two and 
four hours of exposure. One group of ozone responders was 
tested for pulmonary function responses at 18 hours after 
ozone exposure. Pulmonary function data were analyzed by 
a repeated measures analysis of variance. 

Nasal lavage and BAL were performed immediately after 
one ozone exposure and 18 hours after the other. As in the 
Balmes study, the investigators modified their BAL proce
dure to separate the components of the proximal and distal 
airways into the bronchial lavage fraction (BL), which is 
thought to reflect the proximal airways primarily (Rennard 
et al. 1990) and which would correspond closely to Balmes' 
bronchial fraction, and the alveolar lavage (AL) fraction, 
which reflects the distal airways and would correspond with 
the BAL fraction in the Balmes study. The investigators ana
lyzed lavage fluids for inflammatory cells, cytokines IL-6 
and IL-8, total protein, albumin, immunoglobulin M (IgM), 
and a2-macroglobulin (a2M, which is thought to suppress 
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macrophage activation). They tested the total cell popula
tion in the BAL fluid for its ability to produce superoxide 
anion (a toxic form of oxygen that can damage cell mem
branes and decrease the barrier function of vascular mem
branes), and AMs specifically for their production of the 
total population of TOS. 

Overall, the study was well designed and measurements 
were done carefully with state-of-the-art facilities and pro
cedures. An important feature of the study is that it is one 
of few studies that report sequential pulmonary function 
and lavage data on the same subjects following exposure to 
ozone. The investigators considered that a three-week in
terval between ozone exposures would be enough time for 
the airways to revert to their original condition. 

RESULTS AND INTERPRETATION 

Physiologic and Inflammatory Responses 

The key physiologic, cellular, and biochemical responses 
following exposure of smokers and nonsmokers to ozone 
are listed in Table 4. Dr. Frampton and associates reported 
that the lung function responses to ozone were reproducible 
within each subject and that the degree of nonspecific 
airway responsiveness (before ozone exposure) was not 
predictive of changes in FEV 1· Measurements of lung func
tion in subjects who were responsive to ozone returned to 

preexposure levels by 18 hours after exposure. Frampton's 
finding that smokers showed smaller decrements in lung 
function than nonsmokers immediately after ozone expo
sure is similar to the results of Kerr and colleagues (1975), 
but different from those of Hazucha and coworkers (1973), 
who reported greater decrements in FEV1 in smokers than 
in nonsmokers. In the Frampton study, smokers reported 
fewer ozone-induced respiratory symptoms (cough, spu
tum production, dyspnea, wheeze, chest tightness, chest 
pain, and throat irritation) than nonsmokers. The Frampton 
results confirm and extend other reports of airway inflam
mation in normal subjects exposed to ozone (the Balmes 
Investigators' Report, Part I of this Research Report; see also 
Seltzer et al. 1986; Koren et al. 1989, 1991; Schelegle et al. 
1991; Devlin etal. 1991). New findings were that the degree 
of the ozone-induced airway inflammatory response in the 
lower respiratory tract was independent of both smoking 
status and airway responsiveness as measured by spi
rometry, and that lymphocytes, eosinophils (in nonsmok
ers), and mast cells, in addition to PMNs, were elevated 
after ozone exposure. 

The time course of the appearance of cytokines in lavage 
fluids of subjects exposed to ozone differed from that of the 
inflammatory cells (Table 4). The levels of IL-6 and IL-8 
increased immediately after ozone exposure, whereas the 
levels ofPMNs were highest 18 hours later, thus supporting 

Table 4. Frampton Study: Physiologic, Cellular, and Biochemical Responses to Ozone in Smokers and Nonsmokersa 

Analysis Nonsmokers Smokers 

Immediately After 18 Hours After Immediately After 18 Hours After 
Exposure Exposure Exposure Exposure 

Lung Function Tests 
FEV1, FVC, FEFz5-75 -!--!- NSDb NSDb 

Lavage Fluid Analyses 
PMNs NSD tt NSD tt 
Lymphocytes NSD t NSD t 
Eosinophils NSD t NSD NSD 
Mast cells t NSD t NSD 
AMs -!- NSD -!- NSD 
IL-6 tt t tt t 
Total protein, albumin, IgM NSD t NSD t 
a 2M NSD t NSD t 

• Compared with air exposure, Arrows indicate statistically significant changes. Double arrows indicate a greater response, NSD indicates no significant 
difference from air exposure, 

b Lung function tests at this time point were performed only in ozone responders. 
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the theory that these cytokines are involved in the recruit
ment and activation ofPMNs at sites of inflammation. Total 
protein, albumin, and IgM levels in the BAL fluid were 
higher 18 hours after ozone exposure than one hour after 
exposure, indicating that ozone exposure progressively in
creased vascular permeability. The fact that the decrements 
in FEV1 and FVC observed immediately after ozone expo
sure returned toward normal values 18 hours later (when 
PMNs and the plasma proteins in the BAL fluid were at their 
highest levels) indicates that these measures of pulmonary 
function do not correlate with the inflammatory response 
in the lower respiratory tract. 

Production of Toxic Oxygen Species 

Production of superoxide anion by cells in the BAL fluid 
from nonsmokers (both responders and nonresponders) 18 
hours after ozone exposure was higher than after air expo
sure. Overall, superoxide anion production was greater in 
smokers than in nonsmokers immediately and 18 hours 
after exposure to ozone. The immediate production of su
peroxide anion by smokers may be due to AMs in the BAL 
fluid that are chronically activated by exposure to cigarette 
smoke. 

When Frampton and colleagues examined the produc
tion of the total TOS by AMs in the BAL fluid after air and 
ozone exposures, they found that smokers and nonsmokers 
responded differently. In smokers, TOS production by AMs 
progressively increased during the 18 hours after ozone 
exposure; TOS production by cells from nonsmokers de
creased during the same time period. Although neither 
result was statistically significant, together they suggest 
that the levels of TOS after ozone exposure may be greater 
in the lungs of smokers than nonsmokers. 

Nasal Lavage 

The recovery of cells by nasal lavage was variable under 
all exposure conditions. For example, mean recovery of 
PMNs from smokers and nonsmokers depended on the 
timing of nasal lavage (immediately after or 18 hours after 
exposure), and was independent of ozone exposure. No 
statistically significant differences between smokers and 
nonsmokers, no significant effects of ozone exposure on 
PMN recovery, and no significant correlations between 
PMN sin nasal and BAL fluids were noted. Thus, in contrast 
to Graham and Koren (1990), the results of this study 
suggest that nasal lavage is not a useful predictor of how the 
lower airways respond to ozone. 

TECHNICAL EVALUATION OF PART III: 
MEDIATORS OF INFLAMMATION 
IN BRONCHOALVEOLAR LAVAGE FLUID 
FROM NONSMOKERS, SMOKERS, AND 
ASTHMATIC SUBJECTS EXPOSED TO OZONE: 
A COLLABORATIVE STUDY 

INTRODUCTION 

Because Drs. Balmes and Frampton used similar ozone 
exposure protocols and examined lavage fluids from proxi
mal and distal airways, they collaborated to examine fur
ther the inflammatory response of the airways after 
exposure to ozone. The overall goal was to analyze lavage 
fluids from both studies in one laboratory, thereby ensuring 
that all specimens would be examined by uniform methods. 

SPECIFIC AIMS 

The collaborative study had three objectives: 

1. Compare levels of three markers of inflammation (IL-6, 
IL-8, and a2M) in lavage samples from normal subjects 
after exposure to air or ozone in both studies. 

2. For lavage samples from the Balmes study, determine 
whether the ozone-induced increases in these three 
markers of inflammation were greater in the PAL fluid 
(which does not sample the lower airways) than in the 
BL fluid or in the BAL fluid from the distal airways. 
The investigators hypothesized that if airway epi
thelial cells were the primary source of the increase in 
markers of inflammation after ozone exp-osure, the 
increases would be greater in the PAL fluid than in the 
BL or BAL fluids. 

3. Compare ozone-induced changes in the levels of mark
ers of inflammation among all groups in the two stud
ies: normal subjects, smokers, and subjects with 
asthma. 

STUDY DESIGN AND METHODS 

Because Balmes and coworkers examined lavage fluids 
at only one time point (18 hours) after exposure, all analyses 
for the Collaborative Study were performed on samples 
obtained 18 hours after air or ozone exposures. Dr. Balmes 
shipped lavage fluids on dry ice to Dr. Frampton's labora
tory, where the analyses for IL-6, IL-8, and a2M were 
performed. 

Statistical analyses were performed with two objectives: 
First, a crossover t test was used to compare the levels of 
the three markers ofinflammation in the PAL, BL, and BAL 
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fluids from subjects after exposure to air with those after 
exposure to ozone in the Balmes study. This analysis also 
allowed the investigators to determine whether the analyti
cal results were influenced by period or interaction effects. 
A significant period effect would indicate that responses to 
exposure varied with time (time of day, time between 
exposure and lavage), or season (of year) regardless of 
whether the exposure was to air or ozone. A significant 
interaction effect would indicate that the first exposure may 
have altered the results of the second exposure by the effects 
of the first exposure being carried over during the time 
inter~al between exposures. Second, the investigators used 
analyses of variance to determine whether the effects of 
ozone exposure on the levels of inflammatory markers 
differed among the four groups of subjects in the two 
studies: nonsmokers and smokers in the Frampton study, 
and normal and asthmatic subjects in the Balmes study. 

RESULTS AND INTERPRETATION 

Normal Subjects from the Balmes Study 

Additional analyses of the levels of inflammatory media
tors (IL-6, IL-8, and a2M) in lavage fluids from the normal 
and asthmatic subjects in the Balmes study are shown in 
Table 5. All three markers of inflammation were found in 
the PAL fluid samples isolated from subjects 18 hours after 
air exposure, which suggests that epithelial cells (whose 
products predominate in the PAL fluid) either (1) produce 

these components constitutively, or (2) were stimulated by 
irritation caused by bronchoscopic manipulation to pro
duce these compounds. Eighteen hours after ozone expo
sure, the levels of IL-6 were elevated in the PAL, BL, and 
BAL fluids from Dr. Balmes' subjects. A crossover t test 
indicated a significant interaction effect for the measure
ments ofiL-6 in PAL but not for the analyses ofBL andBAL 
fluids. 

In the collaborative study, no statistically significant 
effects of ozone exposure were found on IL-8 levels in 
lavage fluids from Dr. Balmes' normal subjects 18 hours 
after exposure to ozone. This finding differs from that 
reported for the bronchial fraction by Balmes in Part I of 
this Research Report (see Table 7 of Part I). The apparently 
discrepant result is probably due to ilie different procedures 
used for data analysis (paired analysis of ozone versus air 
in Part I and crossover t test in Part III). Statistical analysis 
of IL-8 levels in BL and BAL fluids after air or ozone 
exposure indicated a possible interaction effect, which 
prompted the investigators to further analyze their data for 
the BL fluid. These analyses revealed that IL-8 levels in BL 
fluid after air exposure were higher when it was the second 
exposure (following ozone as the first exposure). When the 
investigators compared IL-8 levels in BL fluids from sub
jects exposed to ozone first with those from subjects ex
posed to air first, they detected an ozone-induced elevation 
in IL-8. Although these analyses were performed on differ
ent subjects, the results suggest that ozone exposure may 

Table 5. Collaborative Study: Additional Comparisons oflnflammatory Markers in Lavage Fluids Obtained 18 Hours 
After Ozone Exposure from Subjects in the Balmes Studya 

Marker of Inflammation 

Normal Subjects 
IL-6 
IL-8 

a 2M 

Asthmatic Subjects 
IL-6 
IL-8 
a 2M 

Proximal Airway Lavage 

t; Interaction effectb 
No changes 

t; Period effectc 

No changes 
No changes 
No changes 

Bronchial Fraction of Lavage 

t 
No change; interaction effect; 
further analysis suggested an 
increase 

t 

t 
t 
t 

Bronchoalveolar Lavage 

t 
No change; interaction effect; 
further analysis not done 

t 

t 
t 
t 

• Compared with air exposure. Samples were analyzed in Dr. Frampton's laboratory. An arrow indicates a statistically significant change. All effects noted 
were statistically significant. 

b A significant interaction effect indicates that the first exposure may have altered the results of the next exposure; a carry-over effect. 
0 A significant period effect indicates that responses to exposure varied with time [time of day, time between exposure and lavage], or season (of year] 

indepRndent of whether the exposure was to ozone or air. 
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have caused an increase in IL-8 in the BL fluid and that 
interaction effects caused by the first bronchoscopy ob
scured ozone-induced increases in IL-8 when data from 
both bronchoscopic procedures (after air and ozone) were 
compared. The investigators concluded that the first bron
choscopic procedure produced a persistent, but undefined, 
effect on IL-8 release by airway epithelial cells that ob
scured the difference between ozone and air exposures. 
Although the investigators did not expect that changes in 
IL-8 production following bronchoscopy would persist for 
three weeks, it is possible that some component of the 
overall study procedure, which included multiple lavages 
and bronchial biopsies, sensitized the epithelium resulting 
in a greater release of IL-8 following the second broncho
scopic procedure. 

Ozone exposure caused an increase in the levels of a2M 
in all lavage fluids. Statistical analysis of the data from the 
PAL fluid showed a significant period effect, indicating that 
the timing of the exposures may have influenced the meas
urements. The ozone-induced elevated levels of a2M in the 
BL and BAL fluids were not influenced by period effects. 

Asthmatic Subjects from the Balmes Study 

As illustrated in Table 5, IL-6, IL-8, and a2M were ele
vated in BL and BAL fluids from asthmatic subjects in the 
Balmes study after exposure to ozone. (No statistically 
significant differences were found between the PAL fluids 
after air and ozop.e exposures.) No significant period or 
interaction effects were observed for the asthmatic subjects, 
possibly due to the longer mean interval between air and 
ozone exposures for asthmatic subjects (85 days) than for 
normal subjects (50 days). 

Comparison of Subject Groups from the Balmes and 
Frampton Studies 

Eighteen hours after exposure, the ozone-induced in
creases in levels of IL-6, IL-8, and a2M were similar in AL 
and BL fluids in smokers and nonsmokers (Frampton study) 
and in the BL and BAL fluids from normal subjects and 
asthmatic subjects (Balmes study). Because the protocol for 
the Balmes study did not include a lavage procedure four 
hours after exposure, it was not possible to make compari
sons at the time point when the cytokines were at- their 
highest level in the Frampton study. 

Conclusions 

Five conclusions can be drawn from the collaborative 
study: (1) The increased levels of IL-6, IL-8, and a2M in 
lavage fluids obtained 18 hours after ozone exposure by two 
groups of investigators using similar exposure protocols 

suggests that the results are representative of populations 
with the same general characteristics as these subjects, (2) 
The source of the cytokines (IL-6 and IL-8) is not limited to 
the proximal conducting airways because the levels of IL-6 
and IL-8 increased in the BL and BAL fluids. (3) The 
ozone-induced increases in a2M being greater in the BLand 
BAL fluids than in the PAL fluid suggests that the source of 
a2M may be the distal, rather than the proximal, airways. 
(4) No statistically significant differences were found 
among normal subjects, smokers, and asthmatic subjects in 
the increases in three markers of inflammation (IL-6, IL-8, 
and a2M) in lavage fluid 18 hours after exposure to ozone. 
(5) The effects of bronchoscopy combined with lavage and 
endobronchial biopsy may persist for longer than three 
weeks in some subjects. The possibility of carryover effects 
has critical implications for studies involving repeated 
bronchoscopic procedures. 

DISCUSSION OF THE STUDIES BY BALMES 
AND FRAMPTON 

It has been well established that, for some people, inhal
ing ozone can lead to short-term decrements in some pul
monary function tests such as FEVt and FVC and to 
bronchopulmonary inflammation. Drs. Balmes and Framp
ton and their collaborators investigated the effects of ozone 
on the airways of people with asthma and people who 
smoke and compared these results with observations of 
normal nonsmoker subjects. Neither investigator found an 
association between the degree of a subject's nonspecific 
airway responsiveness (measured before exposure to 
ozone) and his or her sensitivity to ozone as measured by 
decrements in FEV 1· This result agrees with that of McDon
nell and coworkers (1987) but differs from the results of 
Hackney and colleagues (1989) and Kreit and coworkers 
(1989). 

The results of both studies highlight the fact that people 
who experience little or no effect of ozone on their FEVt 
measurements (the least-sensitive subjects in the Balmes 
study and nonresponders in the Frampton study) can nev
ertheless experience airway inflammation following expo
sure to ozone. Balmes found no association between the 
degree of ozone-induced decrements in pulmonary func
tion (as assessed by FEVt or FVC) measured during and 
immediately after ozone exposure and the levels of various 
markers of inflammation in lavage fluids collected 18 hours 
later. (Balmes did not assess pulmonary function at the 
same time that he collected the lavage fluid.) Frampton and 
associates found that early decrements in pulmonary func
tion returned toward normal18 hours after ozone exposure 
when PMNs and plasma proteins in lavage fluids were at 
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their highest levels. Thus, the inflammatory response to 
ozone persisted at a time when decrements in lung function 
were resolving. The results of both studies suggest that 
ozone-induced changes in FEV 1 or FVC do not reflect the 
degree of the airway inflammatory response, and confirm 
the conclusions of other investigators (Koren et al. 1989; 
Schelegle et al. 1991; Devlin et al. 1996). Balmes found that 
ozone-induced increases in sRaw were correlated with ele
vations in the levels of neutrophils and total protein in the 
BAL fluid 18 hours after ozone exposure. These findings 
agree with those of Devlin and colleagues (1996), who also 
reported a correlation between increases in sRaw and in
creased inflammatory cells in the BAL fluid of subjects after 
exposure to 0.4 ppm ozone. Both Balmes and Frampton 
separated lavage fluids into fractions representing the 
proximal and distal airways. These techniques provided 
evidence that the inflammatory response elicited by ozone 
appeared in both regions of the airways and was not limited 
to the conducting airways. 

Both Balmes and Frampton compared the ozone-induced 
responses of potentially susceptible populations with those 
of normal subjects. Balmes found that exposure to ozone 
did not cause a greater incidence of respiratory symptoms 
or larger decrements in spirometric tests of lung function 
in subjects with asthma than in normal subjects. Frampton 
reported that the smoker group as a whole (both responders 
and nonresponders) actually experienced smaller decre
ments in lung function and fewer respiratory symptoms in 
response to ozone than the nonsmoker group. This finding 
must be viewed in light of the difficulty the investigators 
had in finding smokers who were responsive to ozone. This 
lack of ozone responsiveness may lie, as the authors pro
pose, in smokers being a self-selected group that is rela
tively tolerant to the effects of exposure to both cigarette 
smoke and ozone. Alternatively, tolerance to ozone could 
be conferred by the protective effect of increased mucous 
production by smokers (Fiore et al. 1994). The ozone-in
duced increases in PMNs from smokers were similar to 
those from nonsmokers. In contrast, the ozone-induced 
increases in certain markers of inflammation were higher 
in asthmatic subjects. Eighteen' hours after exposure to 
ozone, people with asthma had more neutrophils and pro
tein in their BAL fluids than normal subjects. Although the 
latter results are intriguing, they need to be placed in the 
context of the other data on airway inflammation. Differ
ences between normal and asthmatic subjects were not seen 
for IL-8, GM-CSF, and fibronectin in the BAL fluid, nor were 
the levels of any marker different in the BL or PAL fluids. 
Moreover, although the baseline inflammatory response 
was generally higher in the mucosal bronchial specimens 
from asthmatic subjects than normal subjects, ozone expo
sure affected samples from both groups to the same extent. 
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REMAINING UNCERTAINTIES AND 
IMPLICATIONS FOR FUTURE RESEARCH 

These and other studies discussed in the Scientific Back
ground section indicate that short-term (1- to 6-hour) expo
sures of healthy humans to ozone causes the appearance of 
markers of inflammation in lung fluids, and that this re
sponse is not related to the magnitude of changes in com
monly used spirometric tests of lung volume such as FEV 1 

and FVC. However, some researchers (Weinmann et al. 
1995a,b; Kiinzli et al. 1997) have focused on the relation
ship of ozone with middle or end expiratory flow measure
ments, FEFzs-75 and FEF75. These measures are thought to 
be more sensitive than FEV 1 to changes in the small air
ways, which are target sites for ozone deposition and darn
age (reviewed in U.S. Environmeiital Protection Agency 
1996a). 

In agreement with Frampton's results, Weinmann and 
coworkers (1995a,b) reported a reduction in isovolumetric 
FEFzs-75 suggestive of small airway dysfunction in normal 
subjects immediately following exposure to 0.35 ppm 
ozone for 130 minutes. Also, the reduction in FEFzs-75 
correlated closely with the appearance of fibrinogen (a 
marker of vascular permeability and tissue damage) in the 
BAL fluid. Additional research is warranted to determine 
if this test reflects ozone-induced airway inflammation 
better than FEV1 or FVC. 

The time course of the inflammatory response following 
ozone exposure also needs further evaluation. We need 
additional studies to determine if inflammation attenuates 
upon repeated exposure to ozone, as do some changes in 
pulmonary function, and whether inflammation and cell 
injury attenuate differently (Devlin et al. 1997). More informa
tion also is needed on whether structural or other changes 
occur in the upper and lower respiratory tracts of humans as 
a consequence of prolonged or repeated inflammatory 
events. The combined effects of ozone and other pollutants 
(such as particulate matter) on inflammation is another 
important unresolved issue because multiple pollutants 
usually coexist in ambient environments. 

Noninvasive methods are needed to evaluate markers of 
inflammation in the airways of ozone-exposed subjects. 
Many potential volunteers are unwilling to undergo bron
choscopy, and multiple bronchoscopic procedures in the 
same subjects are impractical over a short time period (e.g., 
18 hours). Other possible approaches include analyzing 
nasal lavage fluid or sputum. It is not clear whether the 
differences in the results for the nasal lavage fluid between 
Frampton's study and the study by Graham and Koren 
(1990) are due to the different exposure protocols of these 



Health Review Committee lE[ ---------- ~ 

two studies. Many investigators have identified markers of 
inflammation in sputum from asthmatic subjects (Frigas et 
al. 1981; Gibson et al. 1989; Pin et al. 1992a,b; Virchow Jr. 
et al. 1992; Kurashima et al. 1996; Twadell et al. 1996; 
Diamant et al. 1997; Keatings and Burnes 1997). However, 
the effects of air pollutants on markers of inflammation in 
sputum have not received much attention. Because sputum 
contains bronchial secretions produced by the epithelium 
and submucosal glands in the bronchi and bronchioles 
(sites of inflammation in asthma), it may be a better source 
of inflammatory markers than the BAL fluid, which in
cludes alveolar contents (Hansel and Walker 1992). Ana
lyzing naturally occurring sputum, or that induced by 
inhaling aerosolized hypertonic saline solutions, may be a 
promising noninvasive method of obtaining samples for 
measuring lower airway inflammation. Another potential 
noninvasive test for inflammation is measuring nitric oxide 
in exhaled air. Nitric oxide is elevated in the exhaled air of 
children and adults with asthma. It has been monitored to 
study the relation between inflammation and airway dis
ease (Lundberg et al. 1997) and may prove useful for study
ing the effects of air pollution on airway inflammation. 

Most studies of ozone's effect on people with asthma 
have been carried out on subjects with mild asthma. Ideally, 
one would want to determine the degree of airway inflam
mation after inhaling ozone in patients with severe asthma 
or obstructive lung disease. However, such studies would 
be difficult to conduct and may not be approved by institu
tional review boards on ethical grounds. 

Finally, the results of the Balmes and Frampton studies 
suggest that although standard spirometric tests of changes 
in lung volume will continue to be useful for characterizing 
the effects of ozone exposure, more attention needs to be 
paid to other measurements that are indicators of airway 
inflammation. Such measurements, including FEFz5-75, 
sRaw, and markers associated with the inflammatory re
sponse, should be conducted in normal subjects as well as 
in populations with underlying airway inflammation. 

CONCLUSIONS 

This report describes the results of two independent 
studies that were designed to evaluate the effects of short
term exposure to ozone on pulmonary function and the 
airway inflammatory response in populations with preex
isting airway inflammation (smokers and people with 
asthma). A second goal was to see if pulmonary function 
changes correlate with the degree of inflammation and to 
compare ozone-induced changes in pulmonary function 
and airway inflammation in individuals identified as re
sponsive or nonresponsive to ozone. 

The principal investigators of the two studies reported 
here (Drs. Balmes and Frampton) examined pulmonary 
function and inflammatory markers in healthy subjects 
following a four-hour exposure to ozone (0.20 or 0.22 ppm 
respectively) combined with intermittent exercise. Both in
vestigators classified their subjects as sensitive or insensitive 
to ozone based on the magnitude of their ozone-induced 
changes in FEV 1· In addition, Dr. Balmes investigated 
people with asthma and Dr. Frampton examined smokers. 

The results of the Balmes and Frampton studies generally 
agree with the results of earlier studies, and add to the body 
of literature by (1) providing more extensive analyses of 
temporal changes in markers of airway inflammation after 
ozone exposure, (2) analyzing a broad array of markers of 
inflammation, and (3) comparing the responses of two 
potentially sensitive populations with underlying airway 
inflammation undergoing similar ozone exposure regi
mens. 

The pulmonary function observations confirm and ex
tend the findings of earlier clinical and field studies. 
• A four-hour exposure to a level of ozone that occurs in 

ambient settings results in reversible decrements in 
FEVt and FVC and small increases in sRaw in some 
people. 

• Marked interindividual differences occur in ozone-in
duced pulmonary function changes ranging from no 
response to a 40% decrease in FEV1 or FVC. 

Inflammation is a complex process involving a cascade 
of time-dependent changes in cytokines, inflammatory 
cells, and permeability. Under the conditions of the Balmes 
and Frampton studies: 

• Ozone caused airway inflammation throughout the 
respiratory tract in all three subject groups (normal 
subjects, subjects with asthma, and smokers) tested. 

• A variety of markers of inflammation increased in lung 
fluids after ozone exposure; early increases in specific 
cytokines may be important for recruiting inflamma
tory cells to the lungs. 

• Inflammatory changes in nasal lavage fluid did not 
mirror changes in lung lavage fluid. 

• Analysis of lung lavage fluid from subjects undergoing 
multiple bronchoscopies suggested the effects of the 
procedure can last for more than three weeks. 

The degree of inflammation (whether caused by ozone or 
other factors) that may cause permanent changes in lung 
structure is not yet known; therefore, the significance of the 
ozone-induced inflammatory response in terms of sub
sequent airway disease remains to be determined. 

When Balmes and Frampton examined the relation be
tween airway inflammation and pulmonary function in 
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healthy subjects exposed to ozone as well as in subjects 
with underlying airway inflammation (smokers and people 
with asthma), they found: 

• No correlation among ozone-induced respiratory 
symptoms, certain spirometric tests of lung function 
(FEV1 and FVC), and markers of airway inflammation. 
However, some markers of inflammation found in lav
age fluid 18 hours after ozone exposure were correlated 
with ozone-induced increases in sRaw. 

• No marked differences between asthmatic and healthy 
subjects were found in respiratory symptoms and lung 
function responses to ozone. However, ozone may 
cause a more intense inflammatory response (as judged 
by the presence of inflammatory markers in lavage 
fluids) in the airways of people with asthma than in 
normal subjects. 

• Smokers showed smaller decrements in lung function 
after ozone exposure than nonsmokers; however, the 
potential for damage to lung tissue by reactive oxygen 
species after ozone exposure may be greater in smokers 
than nonsmokers. 

These results suggest that symptoms and spirometry may 
not be sufficient to evaluate the potential risks associated 
with ozone exposure. Despite the technical demands, more 
attention needs to be directed toward assessing small air
way function and to developing noninvasive measurements 
of airway inflammation. 
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ABBREVIATIONS 

AL alveolar lavage 

AM alveolar macrophage 

a2M az-macroglobulin 

BAL 
BL 

bronchoalveolar lavage 

bronchial fraction of lavage 

FEFzs-75 

FEV1 

FVC 

GM-CSF 

ICAM-1 

IgM 

IL-6, IL-8 

LDH 

NAAQS 

forced expiratory flow between 25% and 
75% of the vital capacity 

forced expiratory volume in one second 
forced vital capacity 

granulocyte-macrophage colony
stimulating factor 

intercellular adhesion molecule-1 

immunoglobulin M 

interleukins 6 and 8 

lactate dehydrogenase 

National Ambient Air Quality Standard 

NL nasallavage 

PAL 

PGEz 

PMN 

sGaw 

sRaw 

TOS 

VCAM 

proximal airway lavage 

prostaglandin Ez 

polymorphonuclear (leukocytes) 

specific airway conductance 

specific airway resistance 

toxic oxygen species 

vascular cell adhesion molecule 
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