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IEl Statement 
Synopsis of Research Report Number 65 Part XI 

The Consequences of Prolonged Inhalation of Ozone 
on Rats: An Integrative Summary of the Results of 
Eight Collaborative Studies 

BACKGROUND 

Ozone is a highly reactive gas that is formed when components of emissions from mobile and industrial sources react 
in the presence of sunlight. Ozone is a major component of urban smog and a public health concern. It has been well 
documented that short-term exposure to ozone can cause transient health effects in some people. Symptoms include 
cough, pulmonary function changes, and the appearance of inflammatory cells in the lungs. What is not known is 
whether repeated exposures to ozone over a period of many years cause damage to the respiratory tract and lead to 
the development or worsening of chronic lung diseases such as chronic obstructive pulmonary disease, asthma, or 
diffuse pulmonary fibrosis. This is of serious concern because chronic lung diseases are major contributors to 
morbidity and mortality in developed countries, where over half of the population is exposed to elevated levels of 
ozone, especially during the summer months. In order to protect public health, the U.S. Environmental Protection 
Agency sets National Ambient Air Quality Standards for ozone. The current ozone standard is 0.12 parts per million 
(ppm), a level that is not to be exceeded for more than one hour once per year. 
Recently, the National Toxicology Program (NTP) conducted an animal bioassay designed to evaluate whether 
prolonged exposure to ozone causes cancer in rodents. The NTP bioassay presented a unique opportunity to examine 
noncancer endpoints as well. Therefore, the NTP andHEI set up a collaboration that allowedHEI-funded investigators 
access to rats that were exposed to ozone using the same rigorous exposure protocol and quality assurance procedures 
as the NTP bioassay animals. The HEI studies addressed respiratory diseases other than cancer. The results of the 
individual studies have already been published. The Integrative Summary that is discussed in this Statement 
highlights the major findings, integrates the results, and discusses their implications for human health. 

APPROACH 

Healthy male and female F344/N rats were exposed to filtered air or to one of three concentrations of ozone for six 
hours per day, five days per week, for twenty months: 1.0 ppm ozone (the highest level the animals would tolerate), 
0.12 ppm ozone (the National Ambient Air Quality Standard), or 0.5 ppm ozone (an intermediate concentration). -(It 
should be noted that the cumulative annual ozone exposure, even for the low-dose group, was much higher than 
that received by individuals who live in polluted areas of the United States.) The HEI funded eight independent 
research studies, including investigations of lung biochemical constituents, structural and cellular changes, lung 
function, and nasal structure and function. In addition, a Biostatistical Advisory Group developed an animal 
allocation scheme that allowed several investigators to measure endpoints on the same set of animals, assisted the 
individual investigators with data analyses, and developed a statistical approach for analyzing multiple endpoints 
across the individual studies. 

RESULTS 

Twenty months of exposure to ozone, even at the highest concentration, had no effect on animal survival and only 
minimal effect on weight gain. Some of the most striking effects of prolonged ozone exposure were observed in the 
nose. They included structural alterations of the epithelium that lines the nasal cavity and impairment in the flow 
of mucus; the severity of both of these changes depended on ozone concentration. These effects were seen when rats 
exposed to 0.5 or 1.0 ppm ozone were compared with rats that had breathed clean air. Exposure to 0.12 ppm ozone 
had no effect on nasal structure or function. 
Prolonged exposure to ozone had mild to moderate effects on other regions of the respiratory tract. The most notable 
changes occurred in the centriacinar region of the lung, which is the anatomical site that is the junction of the 
conducting airways and gas exchange region. In rats exposed to 0.5 or 1.0 ppm ozone, the thin epithelial cells that 
normally line the alveolar ducts were replaced by thicker cells thatare more characteristic of the small bronchioles, 
and the volume of the underlying interstitium increased. These changes were specific to the centriacinar region and 
were not seen in randomly chosen alveolar ducts. Some alterations were reported in the epithelial cells of the 
centriacinar region of rats exposed to 0.12 ppm ozone; however, these are difficult to interpret because the changes 



were small, they were found in some lung regions but not in others, and some of them occurred only in male rats. 
Thus, whether prolonged exposure to 0.12 ppm ozone causes alterations in the respiratory tract requires further 
study. 
Biochemical studies indicated small ozone-induced changes in some components of connective tissue (collagen and 
glycosaminoglycans), substances that provide structural support to the lung. Analyses by light microscopy showed 
an increase in collagen fibrils in the centriacinar region of animals exposed to 0.5 or 1.0 ppm ozone compared with 
rats that breathed clean air. Other analyses indicated that the increase in collagen most likely occurred early in the 
exposure period. 
The results of extensive pulmonary function tests indicated that ozone exposure had little or no measurable impact 
on lung function. A small decrease in residual volume (the amount of air remaining in the lungs at the end of an 
expiration) was the only change that was found; however, when compared with control animals, the change was 
statistically significant only in the group exposed to 0.5 ppm ozone. Thus, one can conclude that the minor alterations 
in lung structure and biochemistry did not affect overall lung function. 
Because the 20-month exposure to ozone resulted in some biochemical and structural changes in the rat lungs that 
were protective in nature, and because the effects on overall pulmonary function were minimal or not measurable, 
the authors suggest that the animals had become tolerant to the injurious effects of ozone. Although this is areasonable 
hypothesis, the study design, in which the animals were examined at only one time point, did not permit a true test 
of whether tolerance had, indeed, developed. Examining the animals at multiple time points would be required to 
determine conclusively if the rats developed tolerance as a result ofrepeated exposures to ozone. 
The investigators used three analytical approaches to integrate the results of the multiple studies. One innovative 
technique involved combining data for a set ofrelated parameters that were measured in different animals. Using a 
statistical technique called median polish analysis, composite scores for the combined data were developed. This 
analytical technique, when applied to three disease surrogates (defined by the investigators as a collection of 
endpoints "potentially related to different pathogenic processes"), revealed new relationships among the structural, 
biochemical, and functional endpoints investigated in the individual studies. When ozone exposure was clearly 
related to a disease process, as it was with rhinitis, the composite scores showed highly significant differences 
between the control rats and those exposed to 0.5 or 1.0 ppm ozone, but no differences between rats exposed to 0 or 
0.12 ppm ozone. However, for the other disease surrogates, centriacinar fibrosis and airway disease, the analyses 
were heavily influenced by the structural changes in the centriaci;nar region, or were sensitive to the inclusion or 
exclusion of some endpoints. 

IMPLICATIONS FOR HUMAN HEALTH 

The results of this project provide insight into the question of whether prolonged exposure to ozone leads to 
permanent injury of the respiratory tract or to the development of chronic diseases. The nasal changes in rats exposed 
to 0.5 or 1.0 ppm ozone are very similar to the lesions that have been observed in humans living in areas with high 
levels of ozone in the ambient atmosphere, and suggest that rhinitis may be a consequence of exposure to high ambient 
concentrations of ozone. However, because of marked differences in the structures of the nasal cavities of rats and 
humans, it is difficult to draw conclusions about this aspect of the human response, and to extrapolate exposure-re
sponse data from rats to humans. Although rats exposed to 0.5 or 1.0 ppm ozone developed mild to moderate fibrotic 
lesions in the centriacinar region of the lungs, they did not develop diffuse pulmonary fibrosis analogous to the human 
condition. In humans, pulmonary fibrosis of either known or unknown origin has characteristic clinical, physiologic, 
and pathologic features, including a diffuse inflammatory response and a reduction in some pulmonary function 
measurements. The rats exposed to ozone for 20 months, even at the highest ozone concentrations, did not show any 
of the characteristic features of human diffuse pulmonary fibrosis, including the inflammatory changes that might 
lead to fibrotic lesions. The lesions observed in the centriacinar region of the rat lungs were very similar to respiratory 
bronchiolitis in humans, which is asymptomatic and is associated with either no measurable functional abnormalities 
or only minimal functional abnormalities. 
Some limitations must be considered when extrapolating the results of the NTP/HEI Collaborative Ozone Project to 
humans. First, the protocol for exposing the rats to ozone did not simulate the ambient exposure pattern of humans, 
which is intermittent and includes extended periods during which peak ozone levels are less than 0.12 ppm. Second, 
despite the fact that both the exposure and experimental components of the study were conducted rigorously and 
thoroughly, the results are directly applicable only to healthy animals exposed to a single pollutant. Prolonged ozone 
exposure may have a more severe effect in animals with lungs already compromised by previous injury or disease, 
or when the exposure includes other air pollutants. 

This Statement, prepared by the Health Effects Institute and approved by its Board of Directors, is a summary of research on the health effects 
of prolonged ozone exposure that was sponsored by HEI from 1991 to 1994. The inhalation component of the NTP /HEI Collaborative Ozone 
Project was supported by the National Toxicology Program as part of its studies on the toxicologic and carcinogenic effects of ozone. The 
Integrative Summary was developed and prepared jointly by the Collaborative Ozone Project Group. The following Research Report contains 
both the Integrative Summary and a Commentary on the Integrative Summary prepared by the Institute's Health Review Committee. 
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INTRODUCTION 

The National Toxicology Program/Health Effects Institute Collaborative Ozone Project 

INTRODUCTION 

In 1987, the Health Effects Institute entered into a part
nership with the National Toxicology Program (NTP) to 
evaluate the effects of chronic ozone exposure in rats. The 
NTP, consisting offour agencies of the U.S. Department of 
Health and Human Services, coordinates the nation's testing 
of potentially toxic and hazardous chemicals. The Health 
Effects Institute, an independent research organization sup
ported by both government and industry, provides unbiased 
information on the health effects of motor vehicle emis
sions. By developing a partnership, the REI and NTP were 
able to optimize use of their funds to develop a comprehen
sive research program that extended beyond the NTP bio
assay's focus on carcinogenicity to include other health 
effects in addition to cancer. 

The potential adverse health effects of ozone exposure 
have been extensively studied using a variety of research 
approaches. Most of our information concerning these ef
fects on humans is based on multihour, controlled, laboratory 
exposures, and on epidemiological studies of air pollution 
episodes of a few days' duration (reviewed by Lippmann 
1989; U.S. Environmental Protection Agency 1994). These 
studies provide evidence that short-term exposure of healthy 
young adults and children to low concentrations of ozone 
can, produce a transient decrease in lung function and an 
increase in markers of inflammation in the respiratory tract. 
Whether prolonged ozone exposure causes or exacerbates 
chronic lung diseases is not known. In addition, ozone's 
quality ofbeing highly reactive has stimulated much specu
lation about its role as a possible cause or promoter oflung 
cancer (reviewed by Witschi 1988). Understanding what 
role ozone and other pollutants have in the development of 
these diseases is an important public health issue because 
they affect millions of individuals in the United States and 
are prominent causes of morbidity and mortality. 

Because of the widespread exposure to ozone and con
cerns about its potential health effects, the REI and the Cali
fornia Department of Health and Human Services nominated 
ozone for carcinogenicity and toxicity testing by the NTP. 
The NTP, recognizing that cancer was only one of the 
diseases of concern, included additional animals for REI
supported studies of the pathologic and physiologic conse
quences of prolonged ozone exposure. The REI animals 
were housed in cages that would otherwise have been 
empty. The REI-sponsored research focused on the relation 
between prolonged ozone exposure and the pathogenesis of 
chronic lung diseases, such as asthma, emphysema, and 
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fibrosis. The REI would not have been able to undertake 
such an expensive project, which requires special facilities 
and trained personnel, without the NTP's support of the 
inhalation component and the cooperation of the NTP's 
contractor, Battelle Pacific Northwest Laboratories. 

The REI component of the Collaborative Project had three 
phases. During the initial phase, HEI supported six pilot 
studies to encourage innovative experimental approaches and 
to allow potential investigators to test the feasibility of their 
proposed methods before applying them to aged and poten
tially fragile animals.* 

During the second phase, eight investigator-initiated pro
jects were selected for funding from proposals submitted in 
response to the Request for Applications (RF A) 90-1, "Health 
Effects of Chronic Ozone Inhalation: Collaborative National 
Toxicology Program-Health Effects Institute Studies. Part A: 
Respiratory Function Studies," and "Part B: Structural, Bio
chemical, and Other Alterations." Proposals were first evalu
ated by an ad hoc review panel and then selected by the REI 
Research Committee on the basis of their scientific merit 
and their likely contribution to a coherent research program. 
Because of the complexity of a multi-investigator, multi
endpoint project, the Research Committee also funded a 
biostatistical team to provide assistance with experimental 
design, animal allocation, and data analyses. Figure 1 in the 
Integrative Summary presents the studies in the NTP/REI 
Collaborative Ozone Project. It includes those studies that 
were part of the NTP bioassay and the eight studies and the 
biostatistical component funded by REI. In addition, REI 
engaged Battelle Pacific Northwest Laboratories to provide 
support services for the REI-sponsored investigators. 

The overall design and protocols of the NTP/REI Col
laborative Ozone Project and the details regarding the stud
ies funded by REI can be found in Part VI of Research Report 
Number 65 (Boorman et al. 1995). Briefly, starting at six to 
seven weeks of age, male and female F344/N rats were 
exposed to 0, 0.12, 0.5, or 1.0 parts per million (ppm) ozone 
for six hours per day, five days per week. These concentrations 
were selected to include the maximum dose the animals 
would tolerate (1.0 ppm), the current National Ambient Air 
Quality Standard (NAAQS) for ozone (0.12 ppm), and an 
intermediate concentration. The REI animals were housed in 

* The pilot studies were chosen through a competitive process in response 
to REI's Request for Applications 89-2, "Health Effects of Chronic Ozone 
Inhalation: Collaborative NTP/HEI Studies. Phase I. Pilot Studies and 
Preproposals." The pilot study results, together with comments from the 
Institute's Health Review Committee, have been published in the HEI Com
munications Number 1, New Methods in Ozone Toxicology: Abstracts of Six 
Pilot Studies (1992). 
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cages located in the rat and mouse chambers used for the 
three NTP studies. The ozone exposures were initiated 
between October 1989 and January 1990 and, for the HEI 
animals, ended after 20 months to avoid confounding the 
results with effects from leukemia and other naturally oc
curring degenerative diseases in aged rats. 

Throughout the course of the NTP/HEI Collaborative 
Ozone Project, HEI conducted workshops and meetings 
with the project investigators, the staffs of the participating 
institutions, and other scientists to encourage investigators' 
interactions and to develop plans for individual and inte
grated data analyses. The Biostatistical Advisory Group 
developed a sample allocation scheme that allowed several 
researchers to obtain measurements or tissue samples from 
the same subset of study animals; this plan provided the 
maximum overlap of animals and tissues among the eight 
studies and ensured balance with respect to dose, gender, 
and time of death. When the ozone exposures for the HEI 
animals ended (summer and fall of 1991), several investi
gators traveled to Battelle Pacific Northwest Laboratories to 
conduct their assays or to obtain samples on site. Battelle 
personnel prepared the tissues for off-site investigators and 
shipped them directly to their laboratories. 

During the final phase of the Project (1992 to 1994), the 
HEI Review Committee began its evaluation of the Investi
gators' Reports. Upon completion of their study, each in
vestigator team submitted a draft final report on their work, 
which underwent a detailed peer review by three or four 
outside reviewers, including a biostatistician, and then by 
the Institute's Health Review Committee. The Review Com
mittee's objective was to help ensure that the reports were 
as complete, accurate, and understandable as possible. Af
ter the investigators had revised their reports, the Commit
tee, in accordance with standard HEI practices, prepared a 
Commentary on each study. Parts I through X of HEI Re
search Report Number 65 contain the Investigators' Reports, 
together with the Review Committee's Commentaries, for 
each of the studies funded by HEI in the NTP /HEI Collabo
rative Ozone Project; Part VI contains details on the NTP 
exposure protocol and Study design. 

Each study in the NTP/HEI Collaborative Ozone Project 
was conducted independently, and many conclusions can 
be drawn on the basis of the results from the individual 
studies. However, the overall project was designed to allow 
correlation and synthesis of the multiple outcomes. In this 
Integrative Summary, the investigators present the key find
ings of the individual studies and integrate the biochemical, 
functional, and structural data. During the review of the 
Integrative Summary, the HEI Review Committee and the 
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investigators had an opportunity to exchange comments 
and to clarify issues in the Integrative Summary and the 
Health Review Committee's Commentary. The Commen
tary is intended to serve as an aid to the Institute's sponsors 
and the public by highlighting the strengths and limitations 
of the results of this Project and by discussing their public 
health implications. 

The importance of the NTP/HEI Collaborative Ozone 
Project is the unparalleled opportunity it provided to exam
ine the effects of ozone exposure using a variety of scientific 
approaches. The interaction of a number of methods to 
analyze the pathologic and physiologic consequences of 
chronic ozone exposure is one of this Project's unique 
features. The results of these studies provide new informa
tion about the threshold effects of ozone exposure on nasal 
and lung injury in rats and the type and extent of damage 
in a well-established animal model. These results may be 
helpful for evaluating current standards of ozone exposure 
as they apply to human health and for designing future 
animal and human studies. 
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INVESTIGATORS' REPORT 

Consequences of Prolonged Inhalation of Ozone on F344/N Rats: 
Collaborative Studies 
Part XI: Integrative Summary 
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Jack R. Harkema, Debra A. Kaden, Jerold A. Last, Paul W. Mellick, William C. Parks, Kent E. Pinkerton, 
Bhandaru Radhakrishnamurthy, Louise M. Ryan, and John L. Szarek 

PREFACE 

Ozone, one of the six air pollutants that are regulated by the 
U.S. National Ambient Air Quality Standards (NAAQS)*, is a 
major constituent of photochemical smog. The currentNAAQS 
for ozone is 0.12 parts per million (ppm) averaged over one 
hour and not to be exceeded more than once per year. The U.S. 
Environmental Protection Agency (EPA) estimates that 67 
million people in the United States, or slightly more than one 
quarter of the population, live in areas that were out of 
compliance with this standard in 1989 (U.S. Environmental 
Protection Agency 1991). Due to the difficulties faced in 
meeting the ozone standard, and given the large cost of 
compliance, it is important to understand the relation be
tween ozone exposure levels and adverse health effects. 

Short -term exposure ( 1 to 90 days) to levels of ozone ranging 
from 0.1 to 1 ppm cause changes in several important bio
chemical (Last et al. 1979, 1984; Pickrell et al. 1987), struc
tural (Stephens et al. 1974; Evans et al. 1976; Schwartz et 
al. 1976; Plopper et al. 1978; Boorman et al. 1980; Castleman 
et al. 1980; Harkema et al. 1987a,b), and functional (Costa 
et al. 1983, 1995) parameters in animals. Ultrastructural 
changes induced by ozone are evident in rats (Boorman et 

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

This Investigators' Report is one section of Part XI of Health Effects Institute 
Research Report Number 65, which also includes an Introduction to the 
NTP/HEI Collaborative Ozone Project, a Commentary by the Health Review 
Committee on the Investigators' Report, and an HEI Statement about the 
Integrative Summary. Authors are listed alphabetically because many people 
had varied roles ill this mtegrative process. Correspondence concernmg the 
Investigators' Report may be addressed to Dr. Debra A. Kaden at the Health 
Effects Institute, 141 Portland Street, Suite 7300, Cambridge, MA 02139. 

The studies discussed in this report were supported by HEI funds from the 
U.S. Environmental Protection Agency and the motor vehicle industry. The 
inhalation component of this Project was sponsored by the National Toxicol
ogy Program as part of its studies on the toxicologic and carcinogenic effects 
of ozone. 

Although this document was produced with partial funding by the United Stales 
Environmental Protection Agency under Assistance Agreement B162B5 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 should be inferred. The contents of 
this document also have not been reviewed by private party institutions, 
mcluding those that support the Health Effects Institute; therefore, it may not 
reflect the views or policies of these parties, and no endorsement by them 
should be inferred. 

Health Effects Institute Research Report Number 65 Part XI © 1995 

al. 1980; Barry et al. 1985, 1988; Barr et al. 1988) and 
monkeys (Eustis et al. 1981; Hyde et al. 1992; Harkema et 
al. 1993), particularly in the nasal cavity, trachea, and the 
centriacinar region of the lung (Plop per et al. 1994b). 

Several studies using rodents have been conducted to 
address the questions regarding repeated exposure to ozone 
over long time periods. In one study (Gross and White 
1987), male F344/N rats were exposed by inhalation to 0.5 
ppm ozone for 20 hours per day, 7 days per week, for one 
year. Slight increases were observed in residual volume and 
functional residual capacity of the lungs, and decreased carb
on monoxide diffusing capacity was seen. These changes 
returned to normal after three months of breathing clean air. 
No changes related to ozone were observed in the total 
collagen content of the lung (Wright et al. 1988). In another 
set of studies (Grose et al. 1989), F344/N rats were exposed 
to a regimen designed to mimic the daily urban profile of 
ozone exposure for 12 or 18 months. This included a base
line ozone concentration of 0.06 ppm for 13 hours per day, 
7 days per week, upon which was superimposed a 0.25 ppm 
ozone exposure for 9 hours per day, 5 days per week (a 
9-hour time-weighted average of 0.19 ppm for 5 days per 
week). In these studies, reductions were seen in lung resid
ual volume and total lung capacity; these changes also 
returned to normal after a 1.6-month period of breathing 
clean air. No evidence of airflow obstruction was observed 
in these animals (Costa et al. 1995). Increased antioxidant 
enzyme activity (glutathione peroxidase, glutathione reduc
tase, and reduced nicotinamide adenine dinucleotide phos
phate-cytochrome C reductase) was observed after 12, but 
not 18, months of exposure. Glutathione peroxidase activity 
was increased, but superoxide dismutase activity was un
changed at 18 months (Grose et al. 1989). In another experi
ment, a similar group of animals showed decreased breathing 
frequency and increased expiratory resistance upon chal
lenge with carbon dioxide (Tepper et al. 1991); however, 
minimal changes were noted in the centriacinar region of 
companion animals exposed to ozone under the same ex
posure pattern (Chang et al. 1992). Although the exposure 
regimen differed among these studies, some of them show 
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trends toward obstructive changes and others show trends 
toward restrictive changes. Thus, it is not known whether 
repetitive daily or intermittent exposure to ozone over the 
course of an animal's lifetime produces cumulative damage 
or lasting deficits in lung function, or if it alters airway 
structure; furthermore, no data on a concentration-response 
relation are available. 

Studies of lung structure, biochemistry, function, and 
clearance suggest that the response to ozone may diminish 
as exposure is repeated or increases in duration; this proc
ess of diminished response is termed tolerance (Penha and 
Werthamer 1974; Nikula et al. 1988; Schlesinger et al. 
1992). Tolerance complicates extrapolating the results from 
studies of short-term exposure to estimate the results of 
prolonged ozone exposure. Studies of moderate ozone expo
sure have shown persistent inflammation, but of reduced 
severity, and other cellular responses (Boorman et al. 1980; 
Eustis et al. 1981; Moore and Schwartz 1981). The potential 
adverse health effects of prolonged exposure to ozone in
clude short-term respiratory effects, chronic nonneoplastic 
lung disease, and cancer. Although some of these changes 
do not threaten life, they may affect a large segment ofthe 
population. In addition, subpopulations (such as people 
with asthma) may exist that are more sensitive to the ad
verse effects of ozone. 

Because of the need for more reliable information on the 
effects of prolonged ozone exposure, HEI and the California 

Biochemistry 
an~¥olecll}af 

·Biology; 

Integrative Summary 

Department of Health and Human Services recommended 
that ozone be evaluated by the National Toxicology Pro
gram (NTP). In 1987, the NTP planned an inhalation bioas
say to evaluate the carcinogenic potential of ozone. These 
studies were conducted at Battelle Pacific Northwest Labo
ratories in male and female F344/N rats and B6C3F 1 mice. 
For the NTP studies, animals were exposed for 24 or 30 
months to 0, 0.12, 0.5, or 1.0 ppm ozone for 6 hours per day, 
5 days per week. Because it is possible that ozone may 
promote but not initiate cancer, a study of rats also was done 

· with concomitant exposure to a known nasal and pulmo
nary carcinogen, 4-(N-methyl-N-nitrosamino)-1-(3-pyridyl)-1-
butanone (NNK). 

In conjunction with the studies planned by the National 
Toxicology Program, the Health Effects Institute organized 
the NTP/HEI Collaborative Ozone Project. As part of its 
carcinogenicity studies of inhaled ozone, the NTP included 
in its exposure chambers 164 rats for HEI-funded studies 
designed to evaluate noncancerous respiratory effects of 
ozone. These animals were exposed for 20 months to 0, 
0.12, 0.5, or 1.0 ppm ozone for 6 hours per day, 5 days per 
week. The results of· these studies are reported in HEI 
Research Report Number 65, Parts I through X. This Part 
(XI) summarizes and integrates the results of the set of 
HEI-funded studies. 

NfP 
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Part! 
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PartY 
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Complex carbohydrates 
of lung connective 
tissue 
Part III 

Pinkerton 

Harkema 
Nasal mucociliary apparatus structure and function 
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Figure 1. The NfPIHEI Collaborative Ozone Project: fudividual Studies. The Part of Research Report Number 65 that presents the findings of each study is 
given at the end of each description. 
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The Collaborative Ozone Project Group 

INTRODUCTION 

This group of studies was designed to address the ques
tion of whether repeated episodic exposure to ozone under 
ambient conditions would cause permanent deleterious 
effects in rats. Animal studies involving prolonged expo
sure to ozone are few. However, studies of effects of short
term human exposure suggest that chronic disease states are 
possible. Therefore, this Project was carefully designed to 
examine three levels of ozone exposure and several different 
endpoints. 

Eight investigators who conducted nine studies were selected 
as a result of a competitive, peer-reviewed process to participate 
in the collaborative effort (Figure 1). Two studies evaluated 
respiratory and airway function; two studies involved lung and 
airway morphometry; one study involved nasal structure and 
function; three studies evaluated connective tissue biochemistry; 
one study provided statistical support and statistical meth
ods for integration of the studies. In addition, Battelle 
Pacific Northwest Laboratories provided technical support 
when the animals were killed and the tissues were pre
pared. 

NASAL STRUCTURE & FUNCTION 
(Mucociliary Apparatus) 

Figure 2 is a diagram of the rat respiratory system. The 
endpoints examined in this set of studies (structure, func
tion, and biochemistry) are indicated in this drawing at the 
approximate location within the respiratory system. Muco
ciliary structure and function were explored in the nasal 
apparatus; basic pulmonary function was assessed in the 
live animals; stress and tension in the airways were meas
ured; structural features of the acinus were investigated 
morphometrically; and biochemical characteristics were 
examined both on the level of the whole lung and in focal 
sites within the airways. 

Two photographs compose Figure 3: one of a silicone 
corrosion cast, and one of a microscopic portion of a left 
lung lobe from an F344/N rat. The labeled regions include 
(A) a small-diameter short-path airway with a small number 
of generations of branches, but a large cumulative branch
ing angle (termed the cranial bronchus); (B) a large-diame
ter, short-path airway with the same number of generations 
of branches as the cranial bronchus, but with a very small 
cumulative branching angle (termed the central bronchus); 
and (C) a small-diameter, long-path airway with twice the 
number of generations of branches (termed the. caudal 
bronchus). 

PULMONARY BIOCHEMISTRY, 
STRUCTURE, & FUNCTION 

/ 
I / I 

Nasal Airway // I 
Nasopharynx I 

Larynx 

\ 
\ / 
v 

Trachea 

Heart 

Airway Epithelial Morphometry 
and Antioxidant Enzyme Activity 

I 

___ , Pulmonary Extracellular 
Matrix Expression; Lung Collagen 
and Complex Carbohydrates 

STRUCTURE OF ACINUS 
(Morphometry) 

.-Terminal Bronchiole 

Bronchus \Enlargement 

.-
Centriacinus I 

of Pulmonary 
Acinus 

Figure 2. Schematic drawing of the rat respiratory system showing locations where various structural, functional, and biochemical parameters were 
measured. 
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Finally, Figure 4 shows examples of sites within the 
acinus that were sampled in the morphometric studies. 
These sites included the terminal bronchiole and alveolar 
duct paths, and especially the proximal and distal alveolar 
duct regions. 

Broad categories and individual endpoints examined in 
the studies are listed in Table 1; individual endpoints are 
further described in Appendix A. The large number (more 
than 244) of individual endpoints that were examined by 
the entire group of investigators give rise to potential issues 
of multiplicity in performing and interpreting statistical 
comparisons. In particular, the prominent danger is focus
ing on those particular endpoints that happen to be the most 
significant statistically. To minimize this problem, this sum
mary concentrates on a set of specific questions about the 
relations among the results of different studies. Subsets of 
endpoints that are pertinent to answering these questions 
were selected for statistical analysis on the basis of their 
scientific relevance, and not on the basis of the effects found 
and their statistical significance. These parameters were 
then analyzed using a variety of statistical procedures de-

Figure 3. Location of tissue samples taken from rat lung. A: Silicone cast of 
the tracheobronchial airway tree from the left lobe of a rat. Lung casts served 
to standardize sampling. Samples of terminal bronchiole-alveolar duct junc
tions were taken from the three regions (cranial, central, and caudal) indi
cated. The letters and arrows within the figure indicate the precise locations 
from which samples ofintrapulmonary conducting airways were taken. (Bar 
= 4 mm.) B. Mediastinal half of a fixed, microdissected rat lung. Note how 
closely the pathways and sampling regions match the silicone cast shown 
above. (Bar = 4 mm.) 
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Integrative Summary 

signed to allow an overall assessment of effects revealed by 
the aggregation of individual endpoints. 

The results of individual studies are summarized in the 
following section, and then integrated to respond to four 
basic questions using three types of analysis (Integration 
Across Studies section). (Full details of individual studies 
can be found in HEI Research Report Number 65, Parts I 
through X.) 

RESULTS OF INDIVIDUAL STUDIES 

RESPIRATORY TRACT STRUCTURE 

The mammalian respiratory system is the primary target 
for a variety of inhaled oxidant gases. However, the re
sponse of various regions of the respiratory system to ozone 
is not uniform. Some sites are either sensitive or resistant 
to the effects of short-term exposure to ozone (Eustis et al. 
1981; Nikula et al. 1988). Therefore, three studies used 
morphometric techniques to examine a number of anatomi
cal sites along the nasal cavity, tracheobronchial tree, and 
pulmonary acini. The sensitive sites evaluated included the 

Figure 4. Photomicrograph of a single isolated ventilatory unit overlaid with 
concentric arcs at 100-J.Lm intervals. Morphometric analysis of the terminal 
bronchiole (TB) and complete alveolar duct paths forming the pulmonary 
acinus (arrows) were analyzed in longitudinal profile by light microscopy. 
The TB and proximal alveolar region (PAR; see inset) were also analyzed in 
cross-sectional profile using transmission electron microscopy. 



The Collaborative Ozone Project Group 

nose, trachea, lobar bronchus, and distal conducting air
ways (terminal bronchioles and proximal alveolar ducts) of 
the central pulmonary acinus. Areas examined that are con
sidered to be less susceptible to acute injury and inflanunation 
included the airways located between the trachea and the 
terminal bronchiole, and the lung parenchyma beyond the 
centriacinar region (see Figure 2). 

The different investigators who examined structural fea
tures of the respiratory system shared tissues from the same 

animals. Because these studies required that whole lungs 
be fixed by perfusion, these samples were unavailable for 
some other studies. 

Histopathology 

A complete necropsy and histologic analysis was per
formed on the remains of all animals at Battelle Pacific 
Northwest Laboratories after tissues had been distributed 
to HEI investigators. Results of these analyses are presented 

Table 1. Summary of Endpoints Examined by HEI Investigatorsa 

General Category and Site 

Structure 

Nasal epithelium 

Tracheobronchial epithelium 

Pulmonary acinus 

Mucus stored in the airways 

Alterations in terminal bronchioles, 
and proximal and distal alveolar 
regions of the lung 

Biochemistry 

Collagen and measures of collagen 
cross-links in lung tissue 

Individual and total glycosamino-
glycans in lung tissue 

Messenger RNA for extracellular 
matrix components 

Antioxidant enzyme activity as a 
function of airway location 

Prostaglandin and leukotriene 
release from airways 

Function 

Nasal mucous flow rates (in vitro) 

Pulmonary function (in vivo) 

Contractile responses in airways 
(in vitro) 

• Appendix A gives a detailed list of endpoints. 

Principal 
Investigator 

Harkema 

Pinkerton 

Pinkerton 

Pinkerton, Harkema 

Chang 

Last 

Radhakrishnamurthy 

Parks 

Pinkerton 

Szarek 

Harkema 

Harkema 

Szarek 

Individual Endpoints 

6 Measurements at 1 site 

3 Measurements at 10 sites 

5 Measurements at 2 sites at 8 
distances from the bronchiole
alveolar duct junction 

3 Nasal regions and 4 airway locations 

15 Primary measurements 

1 Measurement of total collagen and 5 
measurements of cross-linked 
collagen 

6 Measurements of individual glycos-
aminoglycans and 1 measurement of 
total glycosaminoglycans 

5 Measurements of individual matrix 
components 

4 Enzymes at 9 locations 

2 Eicosanoids at 2 locations under 2 
airway conditions 

Flow rates in 13 regions 

19 Primary measurements and 
multiple derived values 

4 Agonists at 2 locations under 2 
airway conditions 

Total 
Endpoints 

6 

30 

80 

7 

15 

6 

7 

5 

36 

4 

13 

19 

16 
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in Appendix B of this Integrative Summary, the Supplement 
in Last and associates (1994) and in Boorman and colleagues 
(1995). Histologic lesions attributable to ozone exposure con
sisted of subtle fibrotic changes in the centriacinar region of 
the lung, an extension of the bronchiolar epithelial lining 
into the alveolar duct region, and alveolar macrophage 
accumulation in alveolar ducts and proximal alveoli in rats 
exposed to 0.5 or 1.0 ppm ozone. The severity and extent of 
these changes were greater in animals exposed to 1.0 ppm 
ozone. Mononuclear cell leukemia was observed in 37 of 
the 164 rats, but was not related to ozone exposure. Five rats 
had primary lung tumors (alveolar or bronchiolar adenomas 
or carcinomas). Although all five primary lung tumors 
occurred in animals exposed to ozone, the incidence of 

A 

Figure 5A. Transmission electron photomicrographs of nasal transitional 
epithelium lining the lateral walls of rats exposed to 0.0 ppm ozone for 20 
months. BA = basal cell; NC = nonciliated cuboidal cell; arrowheads =basal 
lamina. 
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these lesions was within the range of historical data for 
F344/N control rats. The lung tumors had the typical his
tologic characteristics of those commonly seen in this strain 
of rat. Information on the carcinogenicity results for the NTP 
animals is presented elsewhere (Appendix B of this report; 
National Toxicology Program 1995). Both the necropsy results 
on HEI animals and the serum testing for antibodies to 
rodent pathogens in sentinel animals (rats housed in the 
exposure chambers but not used for experiments) indicated 
that the Project animals had no infections. 

Nasal Morphometry 

After nasal mucociliary function was assessed (see the Nasal 
Mucociliary Tract section under Respiratory Tract Function), 

8 

Figure 5B. Transmission electron photomicrographs of nasal transitional 
epithelium lining the lateral walls of rats exposed to 0.12 ppm ozone for 20 
months. BA =basal cell; NC = nonciliated cuboidal cell; arrowheads= basal 
lamina. 
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nasal tissues were processed for light and electron micros
copy and stained so the intraepithelial mucus could be 
detected (Harkerna et al. 1994). Image analysis was used to 
quantify the amount of mucus within the nasal transitional 
epithelium located in the proximal nasal airway. This study 
focused on changes in the cellular populations that corn
pose the surface epithelial lining of the nasal lateral wall 
and on the intracellular mucus within these cells. Struc
tural changes were correlated with functional alterations in 
the rnucociliary apparatus, as described later in this Inte
grative Summary (the Nasal Mucociliary Tract section un
der Respiratory Tract Function). 

The lateral wall and turbinates of the proximal third of 
the nasal airway in animals exposed to 1.0 ppm ozone 
contained marked mucous cell metaplasia (the appearance 

c 

Figure 5C. Transmission electron photomicrographs of nasal transitional 
epithelium lining the lateral walls of rats exposed to 0,5 ppm ozone for 20 
months, M =mucous cell; NC = nonciliated cuboidal cell; arrowheads= basal 
lamina. 

of mucous secretory cells in the transitional epithelium that 
is normally devoid of them; Figure 5 and Table 2) and 
greater amounts of mucus in nasal transitional epithelium 
(Table 3). Mucous cell metaplasia associated with an in
crease in intraepithelial mucus also was evident in the 
nasal transitional epithelium of rats exposed to 0.5 ppm 
ozone, but to a lesser degree than in rats exposed to 1.0 ppm 
ozone (Tables 2 and 3). 

In addition, male and female rats exposed to 0.5 or 1.0 

ppm ozone had moderate mucosal inflammation, atrophy 
of turbinates, and histologic alterations in the olfactory epithe
lium, and showed evidence of bony atrophy. No significant 
morphologic alterations were evident in the rats exposed to 
0.12 ppm ozone. 

D 

Fignre 5D. Transmission electron photomicrographs of nasal transitional 
epithelium lining the lateral walls of rats exposed to 1.0 ppm ozone for 20 
months, M = mucous cell; BA = basal cell; NC = nonciliated cuboidal cell; 
arrowheads =basal lamina. 
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Table 2. Abundance of Cells in the Nasal Transitional Epithelium Lining the Lateral Walls of the Proximal Nasal 
Airwaya 

Ozone Concentration (ppm) 

Epithelial 0.0 0.12 0.5 1.0 
Cell Type (n= 4) (n = 4) (n = 4) (n = 5) 

Nonciliated 175 ± 10 189 ± 12 124 ± 12 178 ± 19 
Secretory 0 0 71 ± 7b 94± lOb 
Ciliated 5±3 2±2 1±1 0 
Brush 1±1 3±1 5±2 3±3 
Basal 57± 3 56 ±2 68 ± 15 65±2 

Total epithelial cells 238 ± 14 249 ± 13 267 ± 15 341 ± 23b 

a Values are given as the mean± SEM number of cells per millimeter of basal lamina. 

b Significantly different (p < 0.05) from control group. 

Table 3. Amount ofMucosubstances Stored in the 
Transitional Surface Epithelial Lining of Various Regions 
in the Proximal Nasal Airways (Tissue Block 1) 

Ozone 
Concentration 
(ppm) 

n 
(males/ 

females) 

Lateral Aspect ofNasoturbinate 
0.0 (control) 14 (7/7) 
0.12 4 (3/1) 
0.5 12 (5/7) 
1.0 15 (6/9) 

Medial Aspect ofNasoturbinate 
O.O(control) 14 (7/7) 
0.12 3 (2/1) 
0.5 12 (5/7) 
1.0 15 (6/9) 

Lateral Wall 
0.0 (control) 
0.12 
0.5 
1.0 

Maxilloturbinate 
0.0 (control) 
0.12 
0.5 
1.0 

15 (7/8) 
4 (3/1) 

12 (5/7) 
15(6/9) 

15 (7/8) 
4 (3/1) 

12 (5/7) 
15 (6/9) 

• Values are given as means± SEM. 

Volume/Surface Area 
(nL/mm2 ofbasal 
lamina x 10-2)a 

1.1 ± 0.3 
1.0 ± 0.1 

108.1 ± 16.3b 
348.7±39.4b 

52.1 ± 10.3 
90.8 ± 72.5 
74.3 ± 21.6 

102.2 ± 21.9 

14.0± 2.8 
4.0 ± 1.2 

186.0 ± 17.1 b 
373.3 ± 30.6b 

1.9 ±0.6 
0.5 ±0.3 

148.0 ± 30.8b 
324.9 ± 30.2b 

b Significantly different (p < 0.05) from control group. 

Tracheobronchial and Centriacinar Morphometry 

Ozone is toxic to the epithelial cells of the respiratory 
system, and the responses are highly focal and specific to site. 
Furthermore, the majority of injury to the cell and accompany-

12 

ing inflammation occurs during the initial phases of expo
sure (Eustis et al. 1981; Dungworth 1989; Chang et al. 1992; 

Harkema et al. 1993). Repeated exposures to ozone, even at 
concentrations that initially produce epithelial necrosis 
and acute inflammation, have been shown to cause minimal 
inflammation and cell death, and the remodeling and emer
gence of the epithelial cell population (Boorman et ·al. 1 980; 

Barret al. 1988, 1990; Chang et al. 1992; Pinkerton et al. 
1 993). The two lung morphometry studies from this Project 
(Chang et al. 1995; Pinkerton et al. 1995) demonstrate the 
importance of looking for changes potentially induced by 
ozone at specific regions believed to be the most sensitive 
and at multiple time points after exposure. Although it is 
known that the changes that occur in the epithelium pro
gress over time, the NTP exposure protocol was designed 
in such a way that animals could be studied at only one time 
point. This precluded examining the temporal changes in 
epithelial cells during the exposure that might account for 
the regional sensitivity to ozone that apparently had been 
altered. 

The two pulmonary morphometry studies in this Project 
used different techniques to examine changes in tracheo
bronchial and centriacinar regions. In one study (Pinkerton 
et al. 1995), cellular and enzymatic changes in the respira
tory system were investigated at discrete locations through
out the airways. This study involved morphometric and 
three-dimensional analyses of longitudinal sections of the 
conducting airways and pulmonary acini to identify changes 
in cell numbers and types of cells, measurements of the 
amount of secretory product in airway epithelial cells, and 
evaluation of changes in the cellular composition and or
ganization (architectural remodeling) of the acinar region. 
The ventilatory unit was examined at a series of locations, 
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starting at the bronchiole-alveolar duct junction and ex
tending distally by 100-J.lm intervals to at least BOO Jlm 
further along the alveolar duct. In addition, biochemical 
changes in precisely defined lung regions were examined 
in a second set of animals, and correlated with any struc
tural alterations observed in the first set of animals. The 
other study (Chang et al. 1995) used electron microscopy to 
examine ultrastructural features in two specific cross-sec
tional regions within the centriacinar region: the terminal 
bronchiole, and the proximal and distal alveolar regions. 
The proximal alveolar region is located approximately 600 
Jlm from the bronchiole-alveolar duct junction at the first 
alveolar duct bifurcation after the terminal bronchiole (see 
Figure 4). In this study, changes in cell populations and 
characteristics of the interstitial matrix were examined. 
Volume-to-surface ratios were examined in alveolar regions 
selected at random. 

Mathematical dosimetry models (Overton et al. 1987; 
Mercer et al. 1991) predicted that the dose of ozone to lung 
tissues would be distributed heterogeneously throughout 
the airways; that is, some tissues would receive high and 
some low doses. On the basis of these models, airways for 
analysis in the Pinkerton morphometry studies included 
tissues that (1) would receive a range of low to high dose 
levels, and (2) could be identified reproducibly in all ani
mals. As predicted, the changes in the endpoints examined 
in this study varied with location (Plopper et al. 1994a), as 
is consistent with findings previously reported (Plopper et 

Table 4. Statistical Analysis of Tracheobronchial Airway Data 

Multivariate p Valuesa 

al. 1991). Both the amount of stored secretory product and 
the epithelial organization were examined. A decrease in 
stored secretory product that was dependent on ozone 
concentration was noted in the trachea. However, an in
crease in stored secretory product was noted in intrapul
monary conducting airways of differing size and branching 
history; this increase was consistent with the differences 
described in models of ozone exposure concentration in 
these regions (Overton et al. 1987; Mercer et al. 1991). The 
regions examined included the cranial bronchus (a small-dia
meter short -path airway with a small number of generations of 
branching but a large cumulative branching angle), the central 
bronchus (a large-diameter, short-path airway with the same 
number of generations of branching as the cranial bronchus but 
with a very small cumulative branching angle), and the caudal 
bronchus (a small-diameter, long-path airway with twice the 
number of generations of branching). Locations of the caudal, 
central, and cranial bronchi are shown in Figure 3. 

No statistically significant cellular reorganization was 
evident after ozone exposure in the epithelium of the tra
chea or distal conducting airways (cranial, caudal, or central 
bronchi) both in terms of total epithelial mass (determined as 
thickness), and nonciliated cell volume (Table 4, Figure 6). 

As would be expected from previous studies (Plopper et 
al. 1978, 1979; Boorman et al. 1980; Barret al. 1988, 1990), 
the Pinkerton study found that the centriacinar region was 
most responsive to ozone. In this region, the epithelial 
composition of ventilatory units arising from two bronchi-

Univariate p Valuesb 

Primary Ozone Concentration Ozone Concentration 
Variables Concentration Gender x Gender Concentration Gender xGender 

Stored secretory product < 0.01c 0.02c 0.47 
Trachea 0.03d 0.43 
Cranial bronchus < 0.01d 0.19 
Central bronchus 0.23 < 0.01 d 
Caudal bronchus 0.01d 0.24 

Nonciliated cell volume 0.11 0.26 0.04c 
Trachea 0.91 0.35 0.12 
Cranial bronchus 0.08 0.36 0.59 
Central bronchus 0.03d o.o2d 0.23 
Caudal bronchus 0.95 0.18 0.79 

Total epithelial thickness 0.15 0.47 0.40 

a Multivariate significance was tested by the Hotelling-Lawley trace. 
b Univariate significance was tested by ANOVA factor F tests. A blank column indicates that the multivariate tests did not permit subtests of that factor at 

the univariate level. 
c Statistically significant effect. 
d Statistically significant effect that was sub tested if needed. 
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Figure 6, Epithelial thickness [in micrometers) of the cranial pathway of the 
lower respiratory tract after 20 months of exposure to 0,0, 0.12, 0.5, or 1.0 
ppm ozone. The estimated distance [in millimeters) of each anatomical site 
from the larynx is given in parentheses. Values presented are the average for 
both male and females. 

ales was examined: one arising from the cranial region and 
one arising from the caudal region ofthe left lung. The most 
sensitive area in each of these two regions was found to be just 
beyond (100 to 200 11ffi) the bronchiole-alveolar duct junction 
of the terminal bronchiole (Figure 6). Within the centriacinar 
region, the organization of the epithelium changed most 
dramatically, evidenced primarily by changes in the com
position of the epithelial cell types (an increase in noncili
ated cells) and an increase in the total cell mass. These 
changes were dependent on the dose delivered to the site. 
The cranial region of male rats showed significant changes 
even at the lowest ozone exposure concentration of 0.12 
ppm. 

In the alveolar duct, examined up to 800 11m distal from 
the junction with the terminal bronchiole, a general reor
ganization of the epithelium was noted in the form of 
bronchial epithelial metaplasia; this could be due to migra
tion of bronchial epithelial cells into the alveolar duct 
regions, or reversion of epithelial cells to a more primitive 
form that subsequently redifferentiated into bronchial cells. 
Where such metaplasia occurred, the nature of the epithe
lium was similar to that found in terminal bronchioles in 
control animals. Bronchial epithelial metaplasia extended 
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a significant distance into the alveolar duct in animals 
exposed to ozone (as far as 600 11ffi in animals exposed to 
1.0 ppm ozone), with the extent ofbronchiolarization being 
dependent on the ozone concentration (Figures 7 and 8). In 
the caudal region, the extent of bronchial epithelial meta
plasia was greater in females than in males, whereas in the 
cranial region, it was greater in males. The epithelium was 
characterized by a greater proportion of nonciliated cells 
compared with the terminal bronchioles of control animals . 
This was true only in the cranial region for females exposed 
to 1.0 ppm ozone, and in all regions in males exposed to 0.5 
or 1.0 ppm ozone. The Pinkerton study demonstrates that 
ozone exposure primarily affects the structure of the cen
triacinar region, causing a greater proportion of nonciliated 
epithelial cells to form, and bronchial epithelial cells to 

Figure 7. A: Bronchiole-alveolar duct junction and centriacinar sliced 
longitudinally from the lung of a rat exposed to 1.0 ppm ozone for 20 months. 
The concentric arc pattern [at 1 00-)lm intervals) radiates from the first alveolar 
outpocketing [arrow indicates the proximal position). (Bar = 100 )lm.) B: A 
higher magnification of the area in panel A marked by the arrowhead. It shows 
the presence of ciliated cells (thick arrows) and nonciliated cells [thin arrows) 
on septal tips and walls of the alveolar duct. (Bar= 100 )lm.) 
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extend into normally nonepithelial regions of the alveolar 
ducts. The severity of the lesions differed by gender, with 
males showing more effects than females. Earlier research 
has shown that body weight, lung surface area, and venti
latory rates in rats differ by gender. Using the results of the 
Pinkerton study in a dosimetry model, the data suggest that, 
for animals with similar body weights (as were the animals 
in this Project), the delivered dose to both the cranial and 
caudal sites will be higherin male rats than in female rats. This 
would help to explain why effects were seen in male rats at 
lower ozone exposure concentrations than in female rats. 

In the second morphometry study, by Chang and associ
ates (1995), no significant differences were observed be
tween animals exposed to ozone and control animals when 
volume-to-surface ratios in randomly selected alveolar re
gions were compared. Both male and female animals ex
posed to 0.5 or 1.0 ppm ozone demonstrated 1.6- to 1.8-fold 
increases in the volume of interstitial matrix as indicated 

Figure 8. Scanning electron micrographs of the bronchiole-alveolar duct 
junction from the lungs of a control rat (top panel) and a rat exposed to 1.0 
ppm ozone (bottom panel) for 20 months. In the control animal, the transition 
from the terminal bronchiole to the alveolar duct is abrupt; in the animal 

in Figure 9 and in Table 5 by MANOV A, and for individual 
interstitial variables (acellular space, basement membrane, 
collagen, elastin, and interstitial cells) by ANOV A. As in 
the Pinkerton study, increases in the thickness of the epi
thelium in the proximal alveolar regions of these animals 
were noted. The thickening of the epithelium was caused 
by bronchial epithelial metaplasia, in which the normal 
squamous epithelium was modified to a cuboidal epithe
lium, similar, but not identical, to that found in terminal 
bronchioles. Bronchial epithelial metaplasia was composed 
of differentiated ciliated cells and nonciliated cells similar 
to those found in terminal. bronchioles, and undifferenti
ated cuboidal cells unique to the animals exposed to 0.5 or 
1.0 ppm ozone. The amount of metaplasia increased with an 
increase in ozone concentration. The bronchial epithelial 
metaplasia observed in the proximal alveolar ducts may indi
cate that a protective mechanism against the effects of 
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induced by prolonged exposure to ozone. (A) total volume of interstitial 
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prolonged exposure to ozone (tolerance) may form by more 
resistant cell types being placed in the areas most suscepti
ble to ozone injury. 

A mild fibrotic response was seen in the animals exposed 
to 1.0 ppm ozone, with increases in both noncellular and 
cellular components in the interstitium. The individual 
components of the matrix, including collagen, elastin, base
ment membrane, and acellular spaces, all increased after 
exposure to 1.0 ppm ozone (Figure 9). The increase in 
cellular interstitium was due to an increase in the volume 
of interstitial fibroblasts. A slight inflammatory response, 
including an increase in alveolar macrophages, was ob
served in animals exposed to 1.0 ppm ozone. The terminal 
bronchioles were less affected than the proximal alveolar 
regions by the ozone exposure, which may indicate a resis
tance of these cells to ozone damage. Changes in the termi
nal bronchioles consisted mainly of a shift in cell type from 
ciliated to nonciliated cells in the animals exposed to 1.0 
ppm ozone. 

In the Pinkerton and Chang studies, two indices of bron
chial epithelial metaplasia, or "bronchiolarization," were used: 
an assessment of the distance the metaplasia extended, and an 

Integrative Summary 

assessment of the percentage of cells that were affected. 
Because of the different techniques used, the two studies 
examined different locations within the alveolar duct (see 
Figure 4). The Pinkerton study examined 100-~-tm arcs radi
ating from the bronchiole-alveolar duct junction for at least 
800 11m down the alveolar duct. The Chang study examined 
cross-sections of the terminal bronchiole and proximal 
alveolar region from random alveolar regions, either at the 
bronchiole-alveolar duct junction or approximately 600 
!liD from it. Thus, the changes that Pinkerton observed in 
regions 100 to 400 !liD from the bronchiole--alveolar duct 
junction in animals exposed to 0.12 ppm ozone would not 
have been detected by the techniques used in the Chang study. 

LUNG BIOCHEMISTRY AND MOLECULAR BIOLOGY 

Four studies evaluated biochemical parameters in the 
lungs. On the basis of earlier short-term studies (for in
stance, Last 1988), three of these studies were designed to 
examine changes in the rate of synthesis and deposition of 
components in the lungs of animals exposed to ozone. The 
studies in biochemistry and molecular biology examined total 

Table 5. Summary of Statistical Analyses for Effects of Ozone Concentration in the Proximal Alveolar Region 

Class oflnjury 

Bronchiolarization 

Epithelial 

Interstitial 

Vascular 

Inflammation 

Significance of Ozone 
Concentration 
byMANOVA 

for Class oflnjurya Key Variable 

* Volume of Clara cells 

* 

* 

* 

Volume of ciliated cells 
Volume of other epithelial cells 

Volume of type I cells· 
Volume of type II cells 
Number of type I cells 
Number of type II cells 

Volume of acellular space 
Volume of basement membrane 
Volume of collagen 
Volume of elastin 
Volume of interstitial cells 

Volume of plasma 
Volume ofred blood cells 

Volume of alveolar macrophages 
Volume of interstitial macrophages 

a An asterisk(*) in this column indicates a statistically significant result (p < 0.05). 
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Significance of Ozone 
Concentration 

byANOVA 
for Key V ariablea 
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* 
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* 
* 
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* 
* 
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and cross-linked collagen content, complex carbohydrates 
of pulmonary connective tissue, and connective tissue pro
tein gene expression. In addition, one of the lung mor
phometry studies had a component that examined antioxidant 
enzyme activity and its distribution within specific airway 
generations of the tracheobronchial tree. 

Expression of Extracellular Matrix Genes 

In specific lung regions, levels of expression of genes 
coding for connective tissue proteins were evaluated using 
in situ hybridization techniques (Parks and Roby 1994). 
Due to the possible lability of messenger RNA (mRNA), this 
study required that tissues be sampled on the day immedi
ately after the ozone exposure ended; lung tissue samples 
then were stored. Sections of the accessory lung lobes were 

hybridized with 35S-labeled probes for various matrix 
proteins, including procollagen types I and III, elastin, and 
fibronectin, and for interstitial collagenase, a matrix metallo
proteinase. Fetal rat lung was used as a positive control 
tissue for in situ hybridization. 

No signal for any rnRNA related to matrix was detected 
in terminal airway stromal cells oflungs from control animals 
or animals exposed to ozone. Only very weak signals were 
seen in occasional cells within the interstitial spaces around 
the airways and blood vessels. In contrast, a strong signal for 

matrix mRNA was detected in fetal lung tissue. These 
findings indicate that active or enhanced matrix production 
is turned off in the adult animals, and suggest that any 
increase in matrix deposition results from a transient and 
early fibrotic response. Indeed, in a separate study, signal 
for type I pro collagen and tropoelastin mRNAs was seen in 
alveolar septal cells of lungs from a limited number of rats 

exposed to ozone for two months (Parks 1992). No signal 
was seen in alveolar cells of age-matched controls. These 
findings suggest that ozone mediates a transient fibrotic 
response that results in a sustained increase in lung ex
tracellular matrix (see the next section). 

Content and Cross-Linking of Lung Collagen 

Measurements of pulmonary collagen were made using 
high performance liquid chromatography and radiometric 
techniques (Last et al. 1994). Three different indices oflung 
collagen content were studied: total collagen was assessed 
as 4-hydroxyproline, an amino acid found predominantly 
in collagen; mature collagen was assessed as hydroxypyri
diniurn cross-link, a biomarker that occurs in relatively higher 
concentrations in fibrotic lung collagen than in normal lung 
collagen; and recently synthesized collagen was assessed 
as the ratio of dihydroxylysinonorleucine:hydroxylysino
norleucine (DHLNL:HLNL) cross-links. 

Data for 4-hydroxyproline and hydroxypyridiniurn cross
links were expressed per lung lobe, or were normalized to 
tissue weight or to protein content, and the DHLNL:HLNL 
cross-link results were expressed as a ratio. When data were 
expressed per lung lobe, significant changes related to expo
sure concentration were observed in female, but not male, 
animals for the 4-hydroxyproline and hydroxypyridiniurn 
content of the lungs after exposure to 0.5 or 1.0 ppm ozone. 
4-Hydroxyproline content of the lung after ozone exposure 
is presented in Figure 10. When data were normalized to 
lung weight, no statistically significant differences in the 
biochemical assays for lung collagen content were noted 
between any of the exposure groups. 

A statistically significant change (on the basis of the slope of 
the concentration-response line) in the ratio ofDHLNL:HLNL 
cross-links was recorded for the rats exposed to ozone. The 
small change in the ratio ofDHLNL:HLNL cross-links may 
be viewed as inconsistent with the negative findings using 
in situ hybridization for detecting alpha1(I) and alpha1(III) 
procollagen rnRNAs (see the Expression of Extracellular 
Matrix Genes section). Both methods provided information 
regarding newly synthesized and deposited collagen in the 
lung. However, the relative sensitivity of the two methods is 
not known, and the two determinations measure very different 
parameters. Furthermore, it is only an assumption that the 

collagen contributing to the increased ratio of DHLNL:HLNL 
cross-links is fibrotic collagen. 

One possible interpretation of these observations is that 
the alterations in whole lung collagen content and cross
linking observed in the female rats reflected growth and 
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Figure 10. Collagen content of cranial lung lobes, expressed as the content 
of 4-hydroxyproline in the whole lobe. Data are presented as mean values, 
with error bars representing one SD. Filled bars = males; hatched bars = 
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repair processes, such as the extension of bronchial epithe
lium into alveolar regions (as described in the Tracheobron
chial and Centriacinar Morphometry section), rather than 
increased deposition of fibrotic lung collagen. If this inter
pretation is true, then female animals may have been less 
susceptible to fibrotic changes induced by ozone than male 
animals. An alternative interpretation might be that differ
ences are related to the large differences in body size be
tween the male and female rats in this Project. We could 
speculate that these gender or size differences altered the 
actual ozone dose to the lungs (see Tracheobronchial and 
Centriacinar Morphometry section), intrinsic resistance of 
the lungs to ozone, adaptation ofthe lungs to ozone, or other 
factors that affect the ability of the lungs to respond to ozone 
throughout the duration of the exposure period. 

Complex Carbohydrates of Lung Connective Tissue 

Most glycosaminoglycans are constituents of proteogly
cans, which are integral components oflung connective tissue. 
Glycosarninoglycans not only provide structural support to 
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the organ system, but also have several biologic properties 
including influencing extracellular matrix assembly, cell 
adhesion, and cell proliferation. 

Analyses of pulmonary complex carbohydrates focused 
on the relation between ozone exposure concentration and 
the composition of glycosaminoglycans (Radhakrishnamur
thy 1 994). A statistically significant decrease (p < 0.05 or p < 
0.01, two-tailed) in totalglycosaminoglycanconcentration was 
observed in animals exposed to 0.5 ppm ozone (a decrease 
to 81% of the control value; p < 0.05, two-tailed) or 1.0 ppm 
ozone (a decrease to 78% of the control value; p < 0.01, 

two-tailed) when compared with control animals. Analyzing 
individual glycosarninoglycans showed statistically signifi
cant decreases in the concentrations ofhyaluronan (p < 0.001, 

two-tailed), chondroitin 4-sulfate (p < 0.05, two-tailed), and 
chondroitin 6-sulfate (p < 0.01, two-tailed) when compared 
with control animals (Figure 11). Heparan sulfate concen
tration exhibited a statistically significant trend (p < 0.05, 

two-tailed) toward increasing concentrations with increasing 
concentrations of ozone. Gel filtration studies of hyaluronan 
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Figure 11. Concentration of individual GAGs from lung tissues of rats exposed to ozone. Fractionation of GAGs was done by HPLC as described in the Methods 
section. The results are expressed as micrograms of hexosamine per milligram of dry-defatted tissue. Concentrations of individual G~Gs were cal;oylated from 
the amount of hexosamine in pooled fractions under each peak and from the amount ofuronate that was fractionated, The p values ( = p < 0.05; = p < 0.01; 
••• = p < 0.0001; all two tailed) shown on ozone groups correspond to pairwise t tests that compare each ozone contration group to the control group. Control 
group, n = 10; exposure to 0.12 ppm ozone; n = 4; exposure to 0.5 ppm ozone, n = 7; exposure to 1.0 ppm ozone, n = 10. 
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samples indicated that the molecular size of hyaluronan 
was smaller in animals exposed to ozone (Kav= 0.24, where 
Kav is the fraction of gel volume available for diffusion of 
solute, and is proportional to log molecular weight) when 
compared with control animals (Kav = 0.18). When the 
chemical properties of heparan sulfate were examined, 
differences between animals exposed to ozone and control 
animals also were noted. These differences includedN-sul
fate content, iduronic acid content, and antithrombin III 
binding affinity. The concentrations of derrnatan sulfate and 
heparin showed no significant differences between exposure 
groups. Overall, the observed decrease in total glycosami
noglycans at 0.5 and 1.0 ppm ozone can be accounted for 
by the decreases observed in individual glycosarninoglycans. 
In addition, structural changes were noted for hyaluronan, and 
changes in the biochemical properties were noted for heparan 
sulfate. 

Antioxidant Enzyme Activity 

A second component of the Pinkerton morphometric 
study (described in the Tracheobronchial and Centriacinar 
Morphometry section) evaluated three antioxidant, or phase 
II, enzymes: superoxide dismutase, glutathione peroxidase, 
and glutathione S-transferase in comparable locations within 
the respiratory tract (Pinkerton et al. 1995). The levels of 
activity of these enzymes was highly heterogeneous when 
comparing various locations in the respiratory system. Su
peroxide dismutase activity was elevated in the trachea, 
distal bronchiole, and centriacinar regions (Figure 12). Glu
tathione peroxidase activity was reduced in the major daugh
ter pathway located along the axial airway path of the left 
lung lobe, but was increased in the portion of the airway 
tree that included the minor daughter bronchi. Glutathione 
S-transferase activity was unaffected by ozone exposure in 
this Project. As expected from previous studies, the airways 
of the centriacinar region were the most responsive to changes 
that resulted from continual oxidant stress, showing ozone
related elevations in the activities of superoxide dismutase 
and glutathione peroxidase. 

RESPIRATORY TRACT FUNCTION 

Short-term ozone exposure at concentrations of 0.08 to 
0.6 ppm causes changes in pulmonary function and forced 
expiratory volume in one second in people (McDonnell et al. 
1985; Seltzer et al. 1986; Drechsler-Parks et al. 1987; Hazucha 
1987; Linnet al. 1988; Hazucha et al. 1989; Aris et al. 1993; 
Fox et al. 1993). Whether prolonged ozone exposure elicits 
similar effects in people is unknown. These findings from 
studies of short-term exposures provided the impetus for 
the functional studies conducted as part of the NTP/HEI 
Collaborative Ozone Project. In vivo and in vitro evalu-
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Figure 12, Antioxidant enzyme activity levels of the respiratory tract follow
ing ZO months of exposure to 0.0, 0.5, or 1.0 ppm ozone. Antioxidant enzyme 
activity is expressed in units per milligrams of DNA for SOD, GST, and GPx. 
Activity levels are shown for the proximal and distal trachea, lobar bronchus, 
minor daughter (cranial) bronchus, distal bronchiole, and lung parenchyma. 
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ations of lung and airway function were conducted in two 
parallel studies. The indices were chosen to determine the 
functional implications, if any, of the structural changes caused 
by ozone. In addition, the effects of prolonged ozone exposure 
on the nasal rnucociliary apparatus were examined. 

Nasal Mucociliary Apparatus 

The functional component ofthis study involved identi
fying alterations in nasal mucous flow rates and patterns 
using video motion analysis and examining the luminal 
surface ofthe nasal airway using in vitro video microscopy 
(Harkerna et al. 1994). All animals were killed one week 
after the last exposure; within 20 minutes of death, mucous 
flow rates throughout the nasal passages were determined 
on one half of the nasal apparatus. Immediately after video 
motion analysis, tissues were prepared for microscopy. 

Rats exposed to 0.5 or 1.0 ppm ozone had markedly 
slower mucous flow rates over the lateral wall and turbi
nates of the proximal third of the nasal airway when corn
pared with rats exposed to 0 or 0.12 ppm ozone (Figure 13). 

These areas were selected a priori as sites believed to be 
sensitive to ozone. No significant decreases in mucous flow 
rates were measured in rats exposed to 0.12 ppm ozone 
when compared with controls. However, mild increases in 
mucous flow rates were noted in some areas of the nasal 
airways in rats exposed to 0.12 ppm ozone when compared 
with controls. Together with structural findings, these re
sults indicate that the structure and function of the nasal 
mucociliary apparatus is significantly altered in rats ex
posed for a prolonged time to 0.5 or 1.0 ppm ozone. 

Lung 

Pulmonary function parameters were evaluated in vivo 
one to six days after the end of exposure, using plethys
mographic techniques (Harkerna and Mauderly 1994). Meas
urements were made on live, anesthetized animals fitted 
with oral endotracheal and esophageal catheters. These 
measurements were made during the one-week period be
tween the end of ozone exposure and when the animals 
were killed. More than 30 parameters were measured and 
calculated, including breathing pattern, dynamic lung me
chanics, lung pressure and volume characteristics, intrapul
monary gas distribution, expiratory flow limitation, and 
alveolar-capillary gas transfer. Tissues from the same ani
mals also were examined by other investigators for func
tional, structural, and biochemical endpoints. 

The mean values and inter subject variability of measured 
endpoints were similar to those reported previously for 
similarly aged rats (Mauderly and Gillett 1992). The only 
consistent effect related to ozone was a small reduction of 
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residual volume measured during slow lung deflation. This 
trend was observed in most exposed groups, but was only 
statistically significant (p = 0.03, two-tailed) in females 
exposed to 0.5 ppm ozone, where a 38% decrease was 
observed. Overall, ozone had little impact on pulmonary 
function in vivo. 

Ciliastasis & Mucostasis 
IIIII Mucostasis 

Figure 13. Diagram of rat nasal passages opened near the midline with the 
septum removed to reveal the turbinates. Areas of ciliastasis and mucostasis 
and areas ofmucostasis only in the nasal mucosa after exposure to 0.5 or 1.0 
ppm ozone are indicated. Numbers represent the areas that were analyzed 
by video motion. A: The turbinates have been removed to reveal the lateral 
wall. B: The lateral aspect of the nasoturbinate shows the lateral scroll (LS) 
and lateral ridge (arrow). C: The septum. D: The turbinates. In all panels, V 
= vestibule; b = brain; HP = hard palate; n = naris; N = nasoturbinate; M = 
maxilloturbinate; ET = ethmoid turbinates; NP =nasopharynx. 
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Mechanical Properties of Airways and 
Contractile Responses 

The pulmonary function studies described above did not 
include an assessment of the responsiveness of the airways 
to bronchoactive stimuli because of the possibility that 
exposure to bronchoconstrictive drugs would compromise 
the data in studies by other investigators. Instead, contrac
tile properties oflarge (fourth generation) and small (eighth 
generation) bronchi were examined in vitro with several 
bronchoconstrictor stimuli (Szarek 1994). For comparative 
purposes, these airway generations correspond, respectively, 
to the central bronchus and the cranial and caudal bronchi 
described in the morphometric studies. Because ozone ex
posure may be involved in the remodeling of airways, 
smooth muscle areas were measured in each segment and 
tension responses normalized to these measurements. 

Responsiveness of the airways to the contractile stimuli 
was described by the maximal response and the effective 
concentration or frequency that elicited a half-maximal con
traction (EC5o). The effects of prolonged ozone exposure on 
structure or function of isolated large bronchi were unremark
able. Before the tension data were normalized to smooth 
muscle area, neither the EC5o nor the maximal response to 
the contractile stimuli obtained in the small bronchi was 
altered after prolonged ozone exposure. Smooth muscle areas 
were significantly larger in airways isolated from animals 
that had been exposed to 0.5 ppm ozone (p = 0.004, two
tailed), but not in those exposed to 0.12 or 1.0 ppm ozone 
(Figure 14). After accounting for smooth muscle area, the 
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maximal stress (force/smooth muscle area) measured in the 
small bronchi isolated from male rats was reduced by up to 
50% after exposure to 0.5 ppm ozone (p :o; 0.001, two-tailed). 
A comparable decrease in maximal stress was observed in 
airway segments after exposure to 0.12 ppm ozone as well. 
However, statistical significance (p = 0.012, two-tailed) was 
attained for only the contractile stimulus bethanecol. A 
similar trend was observed in airways isolated from female 
rats in these exposure groups, but none of the stimuli 
produced statistically significant results. Although some 
interesting trends were observed in these stress and tension 
measurements, no consistent concentration-response pat
tern was noted. Further research is needed to understand 
the changes observed in the animals exposed to 0.5 ppm 
ozone and whether, after near-lifetime exposure to ozone, 
smooth muscle cell contractile function is compromised. 

Eicosanoids are a class of metabolites derived from arachi
donic acid, formed through the cyclooxygenase pathway, that 
are important mediators of inflammation. Eicosanoids also 
seem to be important in affecting airway contractile re
sponses to bronchoactive stimuli, and are likely candidates 
for causing both the airway alterations and the inflamma
tory response that can occur after inhaling oxidants such as 
ozone (Barnes 1986; Drazen and Austen 1987; Shore et al. 
1989; Holtzman 1991). Therefore, one component of this 
study examined the release of two specific eicosanoids, 
prostaglandin Ez and leukotriene (4, from the caudal airway 
segments isolated from rats exposed to ozone. 
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Figure 14. Smooth muscle area determined in large and small bronchi isolated from male (8) and female (0) rats after 20 months of exposure to ozone. 
Ozone had no effect in the large bronchi, but smooth muscle area was significantly increased after exposure to 0.5 ppm ozone (p = 0.004, two-tailed, comparing 
pooled data from male and female animals). 
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Basal and stimulated release of eicosanoids was measured 
in media surrounding airway segments using enzymoimmu
noassays. Basal release of prostaglandin E2 was unaffected by 
ozone exposure (Table f?). Incubation of the segments with 
the calcium ionophore A23187 increased the release of the 
prostaglandin; the percentage of increase in the release of 
prostaglandin E2 over basal levels induced by A23187 was 
approximately two times greater in airway segments iso
lated from rats exposed to 1.0 ppm ozone than in those from 
control animals (p = 0.005, two~tailed); this was not true in 
the animals exposed to 0.12 or 0.5 ppm ozone. Basal release 
of leukotriene C4 was below the limits of detection. Meas
urable amounts of the leukotriene were released during 
incubation with A23187; however, ozone was without ef
fect on these levels. The results suggest that the cyclooxyc 
genase pathway of the arachidonic acid cascade may be 
affected by prolonged ozone exposure. Which of the proc
esses of prostaglandin production and release are affected 
remains to be determined. 

INTEGRATION ACROSS STUDIES 

This Project was designed to investigate the structural, 
functional, and biochemical effects of prolonged ozone 
exposure. Groups of investigators met throughout this Pro
ject to discuss how results from individual studies that 
measured diverse endpoints could be integrated to provide 
information about the overall effects of ozone on the respi
ratory system. As discussions progressed, it was agreed that 
the proposed analyses could be organized around a frame
work of four basic questions: 

Table 6. Release of Prostaglandin E2 from Airway Segmentsa 
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" What changes in nasal function, if any, are correlated 
with the structural changes in the nose? 

" How are the structural, functional, and biochemical 
changes in the lung interrelated? 

" How are biochemical changes correlated with struc
tural and functional indices of lung stiffness? 

• What is the relation between changes in the nose and 
changes in the rest of the respiratory tract? 

These questions were addressed through three analytical 
approaches, as described in the next section. 

ANALYTICAL APPROACHES 

Because studies in this Project were conducted in the 
same set of animals after a common exposure protocol, this 
Project provided the opportunity for statistical integration 
of results beyond that which is ordinarily available when 
attempting to draw conclusions from a collection of inter
disciplinary studies. For instance, it is possible in this 
Project to assess whether changes in a particular functional 
parameter occurred in the same animals that showed struc
tural alterations. This is not possible in comparing most 
data sets because the relationships between exposure con
centration and response are usually observed in different 
sets of animals treated with different protocols by different 
laboratories, which makes direct comparison of data impos
sible. In some of the analyses, we have exploited the unique 
features of this Project's design to gather and interpret the 
most information possible about a wide range of parame
ters. The sections that follow describe the results of analy
ses undertaken to address the four scientific questions 
outlined above. In the rest of this section, we provide details 
regarding the three statistical methods used to perform 
these integrative analyses. 

Ozone Concentration (ppm) 

Bas alb 
A23187c 

Percentage 
of Increase 

Male 

3.5 ± 2.5 
6.7 ± 4.3 

112.5 ± 27.5 

0.0 

Female 

2.6± 0.9 
6.4± 2.3 

114.0 ± 27.6 

Male 

3.9 ± 1.0 
8.4± 2.4 

0.12 

114.3 ± 29,5 

Female 

3,6 ± 0.5 
8.8± 1.4 

142.5 ± 3.5 

Male 

2.7 ± 1.0 
5.8 ± 2.4 

88.0 ± 36.9 

0.5 

Female 

1.9 ± 0.5 
5.5 ± 1.8 

166.0 ± 42.7 

1.0 

Male Female 

2.7 ± 0.3 2.5 ± 1.2 
9.7±2.0 7.3±2.9 

244.2 ± 52.2d 222.0 ± 23.8d 

• Values are given as means± SEM in either nanograms of prostaglandin Ez per milligram of protein or in percentages; n = 2 to 6 airway segments. 
b The absolute amount ofPGE2 accumulated in 10 minutes in the medium surrounding the airway segments. 
c The absolute amount ofPGEz accumulated after 15 minutes of incubation with 5 flM A23187. 
d Significantly different from 0.0 ppm ozone as determined by contrasts in the ANOVA. 
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Consistency Among Concentration-Response Relations 

Although many endpoints were examined in each ani
mal in this Project (Boorman et al. 1995), some endpoints 
that one would want to correlate could not be measured or 
compared in the same animals. This was because individ
ual studies required measurement procedures that con
flicted with procedures in other studies. For these sets of 
endpoints, concentration-response curves were compared 
qualitatively to determine consistency across the studies. 
Thus, the results from one study were used to help explain 
or corroborate findings in another study. This aspect of data 
analysis was strengthened by the fact that the animals used 
in these studies were exposed together and treated accord
ing to the same protocols. 

Comparing dose-response curves is an effective way to 
evaluate any number of endpoints, but it has several limi
tations. Because it does not require an overlap in samples, 
it does not quantitatively measure the association between 
the endpoints being compared. Detailed knowledge of the 
biological relations and several mechanistic assumptions 
are required in order to draw conclusions from these compari
sons. Furthermore, because no statistical power is gained 
from such a qualitative comparison, its sensitivity is limited 
by the sample sizes ofthe individual endpoints compared. 
Finally, it is difficult to interpret such comparisons when 
many endpoints are involved. Nevertheless, examining con
sistencies among sets of concentration-response relations is a 
common and useful method for comparing the major end
points from different studies, and is, thus, a familiar tech
nique for toxicologists. 

Correlations Between Endpoints 

In the studies in which endpoints of interest were measured 
on the same animals, direct pairwise correlation between the 
data measured in both studies for the same animal was used 
to evaluate the degree to which concurrent changes oc
curred in the animal. Pairwise correlation quantitatively 
assesses the interrelations between any two of the bio
chemical, structural, and functional measurements in the 
same animal, whereas inferences drawn solely from exam
ining the concentration-response curves for a group of 
animals may not reflect changes occurring in the same 
animals. For the pairwise correlations, standard correlation 
coefficients were computed (Snedecor and Cochran 1989) 
on rankits of the data (Mosteller and Tukey 1977). One
tailed or two-tailed significance tests were performed depend
ing upon whether the direction of change for an endpoint in 
response to ozone exposure had been established a priori. 
One-tailed tests were used for comparisons in which the 
direction of change for both endpoints had been assumed; 

two-tailed tests were used for comparisons in which the 
direction of change for one of the endpoints was unknown. 
Significance levels of p = 0.025 for one-tailed tests and p = 

0.05 for two-tailed tests were used to assess all correlations. 
Although these are somewhat conservative guidelines, some 
caution still must be used when interpreting individual cor
relation coefficients. 

Although it may not be as intuitive as examining the con
sistencies among concentration-response relations, pairwise 
correlation between endpoints is a standard statistical tech
nique that directly compares the behavior of endpoints 
measured in the same animals. Because of the large number 
of measurements involved in this Project, the process re
quires that endpoints to be analyzed be selected carefully. 
Furthermore, this method provides insight beyond that of 
the usual concentration-response analysis because, for any 
pair of endpoints, information is obtained on whether changes 
in one endpoint are observed concurrently with changes in 
another endpoint. This level of analysis is usually unob
tainable when comparing the effects observed in a series of 
studies because the measurements are not taken on the 
same animals. Thus, statistical strength is gained by exam
ining responses using the pairwise correlation approach. 
On the other hand, this technique requires that both corre
lated endpoints be evaluated in the same animals, and is, 
therefore, not possible for all sets of endpoints. 

Combined Analyses 

A third approach was taken to integrate many endpoints 
related to a question and to evaluate the overall effects of 
ozone exposure. This form of analysis involved construct
ing composite scores, which allowed data to be combined 
across studies in which not all relevant endpoints had been 
measured on the same animals. An important feature of this 
Project was the opportunity to synthesize information across 
related outcomes to assess the concentration-response relation 
for ozone. Extensive discussions among investigators led to 
the plan for evaluating sets of endpoints that are potentially 
related to different pathogenic processes, and the measure
ments of the endpoints in response to different ozone expo
sure concentrations. The effects of ozone on the endpoints 
related to the various processes does not document that a 
change is clinically detectable, but instead may indicate 
that stages of the process are occurring. As mentioned 
previously, to avoid selection bias, the relation between 
changes in individual parameters and ozone exposure con
centrations was not a factor in deciding which parameters 
to include in these analyses. 

Composite scores, a statistical tool for analyzing informa
tion for multiple endpoints, were constructed for three 
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groups of endpoints clustered by their potential association 
with three pathogenic processes (chronic rhinitis, chronic 
airway disease, and centriacinar fibrosis). The scores were 
computed using a technique based on median polish analy
sis (Hoaglin et al. 1983) and further developed to address 
some of the specific features of the Collaborative Ozone 
Project data (e.g., missing data patterns and variability 
across endpoints). A separate report (Catalano et al. 1995) 

describes the analyses of the composite scores and com
pares the analysis method with othertechniques used to 
analyze multiple outcomes. 

Of the three methods of analysis that were used, the 
combined analysis approach offers the greatest statistical 
strength. Animal allocation in this Project purposely pro
vided a high degree of overlap between each study endpoint 
and as many other study endpoints as possible (Boorman et 
al. 1995), allowing a more powerful analysis of combined 
endpoints. Although significant overlap across many end
points was achieved, a large number of data were missing 
because not all animals could be evaluated for all end-

points. Thus, an integrative concentration-response analy
sis must be able to accommodate the pattern of missing data. 
In our approach to the combined analysis, any given pair of 
endpoints need not have been measured in the same ani
mals, and any number of endpoints could be evaluated. 
Simulations performed by adding or removing specific 
endpoints show that the method is, indeed, a composite, or 
summary, of the different endpoints evaluated, and is not 
driven by inclusion or exclusion of any single variable 
(Catalano et al. 1995). Although applying this technique is 
a novel approach, it is robust, and can deal with the limited 
sample sizes for individual endpoints in this Project. Choice 
of endpoints for analysis was not straightforward; however, 
several careful and thoughtful discussions of endpoints 
among investigators and several outside experts led to a 
consensus on the parameters to be included. 

Conclusions 

Table 7 summarizes the features ofthese three analytical 
approaches, each of which provides different types and 

Table 7. Comparison of Integrative Methods 

Method 

Consistency between 
concentration-response 
relations 

Correlation between endpoints 

Composite scores for combined 
analysis 
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Strengths 

Can be used to compare any two 
sets of animals 

Conventional.method for comparing 
different endpoints from individual 
studies 

Quantitative rather than qualitative 
Simple interpretation 
Allows direct comparison of data 

within each animal 
Conventional method for examining 

correlations between pairs of 
endpoints 

Allows data to be integrated across 
many studies 

Quantifies overall assessment of effects 
Allows for missing data 
Does not require animal overlap 
Can accomodate an arbitrary number of 

endpoints 
Provides simple summaries for each 

animal 
Robust to individual endpoint variability 

Limitations 

Trends not necessarily in the same 
endpoints 

Qualitative rather than quantitative 
Sensitive to sample size for individual 

endpoints; less accurate with a small 
sample 

No measure of degree of association 
Inferences difficult to substantiate 

(require many scientific assumptions) 
Difficult to interpret across many end

points 

Requires that measurements to be 
compared are obtained from the same 
animal 

Compares pairs of endpoints, but not 
larger groupings 

Sensitive to the association between 
individual endpoints 

Choice of endpoints can be difficult 
Obscures specific endpoint detail 
Scores difficult to interpret 
Unconventional method 
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degrees of information, and allows different interpretations 
of the composite set of data. For instance, the correlation 
analyses and the assessment of concentration-response pat
terns compare particular endpoints and, therefore, specifi
cally address individual measurements. The composite scores 
analysis, on the other hand, addresses the larger picture and 
evaluates the generalized effects, but obscures the details. 
In the following sections, these three analytical approaches 
are used to address the four scientific questions of interest. 

WHAT CHANGES IN NASAL FUNCTION, IF ANY, ARE 
CORRELATED WITH THE STRUCTURAL CHANGES 
IN THE NOSE? 

The nasal cavity is the first part of the respiratory system 
exposed to inhaled irritants and other pollutants. It has 
been described as an efficient "scrubbing tower" that re
moves inhaled chemicals that may harm the lower respira
tory airways and gas-exchange regions of the lungs (Brain 
1970). Although the nose is an efficient protector of the 
lower airways, its proximal location in the respiratory tract 
makes its mucous membranes vulnerable to injury from 
inhaled toxicants. Ozone has been shown to be irritating to 
the mucous membranes that line the noses of laboratory 
animals and humans. Inflammation (rhinitis) and other 
alterations to epithelial cells lining the nasal airways have 
been documented in rats (Harkema et al. 1989) and mon
keys (Harkema et al. 1987a,b) after exposure to ozone. It has 
been reported that people who move into the southwest 
metropolitan region ofMexico City, where ambient concen
trations of ozone often exceed the U.S. NAAQS, develop 
marked alterations of their nasal mucosa compared with 
residents of the nonpolluted port cities in Mexico (Cal
deron-Garciduefias et al. 1992). 

Consistency Among Concentration-Response Relations 

Mucous flow rate is one index of mucociliary function, 
and the amount of mucosubstances within the nasal epithe-

lium is a morphometric indicator of structural alteration. In 
this Project, these measurements were performed in three 
specific regions in the proximal nasal airway: the lateral 
wall, the septum, and the nasoturbinate. These sites were 
chosen on the basis of the results of previous studies of 
short-term ozone exposure with rats (Harkema et al. 1989; 
Hotchkiss et al. .1991). 

In this Project, rats exposed to 0.5 or 1.0 ppm ozone 
showed significantly greater volume densities of intraepi
thelial mucosubstances and concomitantly slower mucous 
flow rates when compared with rats exposed to 0 or 0.12 
ppm ozone. Thus, the effects of ozone on structure and 
function were related, and are consistent with the findings 
of an earlier study (Harkema et al. 1989). The transitional 
epithelium lining the proximal lateral wall is normally a 
nonciliated, simple, cuboidal epithelium with few or no 
mucous cells. After exposure to 0.5 or 1.0 ppm ozone, the 
transitional epithelium contained a marked mucous cell 
metaplasia characterized by numerous mucous cells with 
copious amounts ofmucosubstances. Interestingly, the proxi
mal septum and nasoturbinate had no structural or functional 
alterations induced by any of the ozone exposures. These 
regions are normally lined by a respiratory epithelium that 
contains numerous mucous cells. The reason for the insen
sitivity of these epithelial regions to ozone is unknown. 
Because airway mucus is known to be an effective antioxi
dant (Cross et al. 1984), the presence ofmucosubstances in 
these regions may partially explain the absence of ozone
induced injury. 

Correlations Between Endpoints 

Table 8 presents the results of the analysis of correlations 
among structural and functional endpoints in the nose on 
the basis of what was measured in individual animals. As 
with the concentration-response results discussed above, 
these analyses indicate a relation between structure and 
function in the nose. As predicted, a statistically significant 

Table 8. Correlation of Structural and Functional Parameters in the Nasal Apparatus 

Functional Parameter Structural Parameter 

Mucous flow rate in lateral wall Amount of mucosubstances 
in lateral wall 

Mucous flow rate in septum Amount of mucosubstances 
in septum 

Mucous flow rate in medial Amount of mucosubstances 
aspect of nasoturbinate in medial aspect of nasoturbinate 

a Based on a one-tailed test of significance assuming a negative correlation between two parameters. 

b Statistically significant correlation (p ~ 0.025). 

Correlation 
n Coefficient pa 

40 -0.68 < 0.0001b 

15 0.49 0.97 

38 0.23 0.92 
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(p < 0.0001, one-tailed) negative correlation between the 
structural and functional parameters was observed in the 
lateral walls of the nose (which can be seen in Figure 13). No 
statistically significant correlation between mucous flow rate 
and the amount of mucosubstances in the septum or medial 
aspect of the nasoturbinate was revealed. Comparisons 
between mucous flow rate and cell types within the same 
animals were not possible because these parameters were 
measured on different sets of animals. 

Combined Analysis: Endpoints Related 
to Chronic Rhinitis 

Chronic rhinitis refers to a set of pathologic alterations in 
the nose including mucosal inflammation and proliferation 
of mucous cells, which results in an increase in intraepi
thelial and luminal mucus. Table 9lists the endpoints used in 
this analysis, along with the reasons for their selection. 

The observed changes that could be related to both ozone 
concentration and chronic rhinitis included mucosal in
flammation accompanied by marked alterations of the sur
face epithelium that lines the nasal and paranasal cavities 
(for example, epithelial hyperplasia, and mucous cell meta
plasia). In addition to these structural alterations in the 
nose, functional alterations in the nasal mucociliary appa
ratus (for example, decreased flow rate of the mucus over
lying the mucosal surfaces) also were observed. 

Integrative Summary 

Figure 15 shows that the trends in analysis for endpoints 
related to chronic rhinitis are quite strong (p < 0.0001, 
two-tailed). The patterns are solidly maintained in both the 
male and female subsets (p < 0.0001, two-tailed, for each 
subset); the evidence is clear that the groups exposed to 0.5 

ppm or 1.0 ppm ozone are significantly different (p < 
0.0001, two-tailed) from control animals, but no significant 
difference was found between the control group and the 
group exposed to 0.12 ppm ozone. 
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Figure 15. Combined analysis of chronic rhinitis in all animals. Significant 
concentration-response trend (p < 0.0001, two-tailed]. p values given in the 
figure are for pairwise comparisons between the mean for each ozone 
concentration and the control value. 

Table 9. Selected Endpoints Used in the Composite Score for Chronic Rhinitis 

Endpoint (Investigator) 

Structmal 

Stored mucus (Harkema
Nasal Morphometry) 

Nasal secretory cell density 
(Harkema-Nasal 
Morphometry) 

Fnnctional 

Region 

Lateral wall; proposed a 
priori as an important 
region 

Lateral wall; proposed a 
priori as an important 
region 

Mucous flow rate (Harkema- Lateral wall; proposed a 
Nasal Video Microscopy) priori as an important 

region 
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Rationale and Comments 

Key histologic feature of 
chronic rhinitis; correlated 
with mucous flow 

Cell types change from 
nonsecretory to secretory in 
chronic disease; measured 
as secretory:nonsecretory 
ratio 

Endpoints to assess chronic 
rhinitis show impaired 
mucociliary clearance and 
increased mucous production; 
this may decrease clearance rates; 
mucostasis assigned the value 
of 0 for analysis 

Predicted Change 
After Exposure 

Increase 

Increase 

Decrease 
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The mucous cell metaplasia, along with the increase in 
intraepithelial mucosubstances and their antioxidant prop
erties (Cross et al. 1984), is probably an adaptive mecha
nism of the rat designed to protect the underlying tissue 
from further oxidant injury. Therefore, more mucous cells 
that contribute increased amounts of mucus to the luminal 
surface could significantly reduce the direct or indirect 
toxic effects of ozone on airway tissue. However, rats ex
posed to 0.5 or 1.0 ppm ozone had decreased mucous flow 
rates, in spite of extensive mucous cell metaplasia in proxi
mal nasal airways. Thus, the concomitant mucous cell 
metaplasia could not protect the rat from the functional 
alterations, and may have even contributed to this specific 
nasal dysfunction. 

Marked decrease in mucous flow, as demonstrated in this 
Project, could lead to significant alterations in nasal muco
ciliary clearance, an important upper respiratory mechanism 
that defends the lung from excessive burdens of harmful 
agents. The nasal damage induced by prolonged ozone expo
sure also could be a factor in increasing the susceptibility of 
the upper respiratory tract to acute infections. 

Conclusions 

Based on these integrative analyses, rats exposed to 0.5 
or 1.0 ppm ozone had the structural and functional hall
marks of chronic rhinitis, including chronic inflammation, 
mucous cell proliferation, increases in intraepithelial mu
cosubstances, and decreased levels of mucous flow. These 
alterations were focal, occurring largely in regions pro
posed a priori as the most sensitive areas. The occurrence 
of bony atrophy may indicate that some changes induced 
by ozone may be irreversible. No alterations were evident 
in rats exposed to 0.12 ppm ozone. 

HOW ARE THE STRUCTURAL, FUNCTIONAL, 
AND BIOCHEMICAL CHANGES IN THE 
LUNG INTERRELATED? 

Consistency Among Concentration-Response Relations 

No significant structural changes were noted in the cen
tral airways of animals exposed to 0.12, 0.5, or 1.0 ppm 
ozone. Similarly, the functioning of large bronchi (corre
sponding to the central airway}, assessed by contractile 
responses in vitro, was unaffected by exposure to ozone. 
Some statistically significant changes related to ozone ex
posure were noted in the smaller bronchi in the tracheobron
chial airway. These changes included increased amounts of 
stored secretory product in the cranial and caudal bronchi of 
animals exposed to 1.0 ppm ozone, as well as trends in the 
amounts of stored secretory product in the trachea and 

caudal bronchus that were related to ozone concentration. 
Antioxidant enzyme activities for superoxide dismutase 
and glutathione peroxidase were elevated in the trachea 
(airways} after exposure to ozone. These activities of en
zymes also were elevated in the centriacinar region. In 
addition, smooth muscle area was increased in small bron
chi isolated from rats after exposure to 0.5 ppm ozone, but 
not from those exposed to 0.12 or 1.0 ppm ozone. Func
tional effects in isolated small bronchi (corresponding to 
the caudal and cranial airways) also were noted in the 
reduction in maximal stress by up to 50% after exposure to 
0.5 ppm ozone, but not after exposure to 0.12 or 1.0 ppm 
ozone. 

Hypertrophy and hyperplasia have been described in 
respiratory bronchioles of Bonnet monkeys after a 90-day 
exposure to 0.4 or 0.64 ppm ozone (Moffatt et al. 1987). 
Increased amounts of smooth muscle are a feature charac
teristic of asthmatic airways as well, yet information is 
insufficient concerning the regulation of airway smooth 
muscle growth under normal and pathophysiological con
ditions. Whether the increase in smooth muscle area dem
onstrated in the present Project represents hypertrophy or 
hyperplasia remains to be determined. It is probable, how
ever, that growth factors released from epithelial cells or 
from resident lung cells mediated the increase in smooth 
muscle area after prolonged exposure to ozone. Although 
in the small bronchi the increase in the smooth muscle area 
could have resulted in greater tension in the muscle in 
response to a contractile stimulus, this was not observed. 

In the proximal alveolar region, increases were seen in 
the volumes of the interstitium and epithelium in animals 
exposed to 0.5 or 1.0 ppm ozone. Epithelial thickening was 
characterized by a shift in the cell population from the 
normal squamous epithelium to a cuboidal epithelium that 
was similar, but not identical, to that found in terminal 
bronchioles. The epithelial cells were differentiated cili
ated and nonciliated cells, and undifferentiated cuboidal 
cells found only in the animals exposed to 0.5 or 1.0 ppm 
ozone. A mild fibrotic response, with increases in both 
noncellular and cellular components in the interstitium, 
was seen in the animals exposed to 1.0 ppm ozone. Individ
ual components of the interstitial matrix, including colla
gen, elastin, basement membrane, and acellular spaces, all 
were increased after exposure to 1.0 ppm ozone (see the 
Tracheobronchial and Centriacinar Morphometry section 
under Respiratory Tract Structure). The increase in cellular 
interstitium was due to an increase in the volume of inter
stitial fibroblasts. A slight inflammatory response, includ
ing an increase in alveolar macrophages, was observed in 
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the animals exposed to 1.0 ppm ozone. The terminal bron
chioles were less affected than the proximal alveolar re
gions by the ozone exposure, which may indicate that this 
tissue either is resistant to ozone damage or absorbed a 
lower dose of ozone. Changes in the terminal bronchioles 
consisted mainly of a shift in the type of cell from ciliated 
to nonciliated cells in the animals exposed to 1.0 ppm 
ozone. The bronchial epithelial metaplasia observed in the 
proximal alveolar ducts may indicate that a protective mecha
nism (tolerance) developed in response to the prolonged ex
posure to 1.0 ppm ozone. 

The pulmonary function parameters showed little or no 
change in response to ozone exposure (see the Lung section 
under Respiratory Tract Function). The only exception to 
this was a small reduction observed in residual lung volume 
measured during slow lung deflation in animals exposed to 
0.5 ppm ozone. Thus, it appears that the structural and 
biochemical changes in the small bronchi and the proximal 
alveolar region were not extensive enough to affect basic 
pulmonary function. 

Correlations Between Endpoints 

Intraepithelial mucosubstances present within the epi
thelial cells of the tracheobronchial tree are one source of 
the mucous layer that lines the conducting airways. Altera
tions in the amount of stored product, or shifts in the 
distribution or numbers of cells making these materials 
could reflect significant or marked biological changes oc
curring in the respiratory tract in response to prolonged 
exposure to ozone. To determine if such changes did occur, 
studies were done to examine the amounts of stored in
traepithelial secretory product and the distribution of cell 
populations in bronchi of different sizes, locations, and 
generation number within the left lung lobe. Table 10 

Integrative Summary 

examines the relation between the percentage of noncili
ated cells and stored mucus in the trachea, and the central, 
caudal, and cranial bronchi. Statistically significant asso
ciations were observed in the caudal and cranial regions 
where a positive relation was observed (p = 0.020, one
tailed, and p = 0.023, one tailed, respectively). No relation 
was found, however, between the percentage ofnonciliated 
cells and the stored mucus in the trachea or central bronchi. 
Note that the cranial and caudal regions were the two 
regions that also showed significant changes in the amount 
of stored secretory product in response to exposure to 1.0 
ppm ozone. These findings indicate that the distal airways 
are the site of impact from ozone exposure. Other changes 
seen include an increase in the nonciliated cell population 
and an increase in stored mucus; these changes were very 
specific to small, distal airways. 

Parameters assessing the airway caliber in the lungs also 
were examined. In general, the level of resistance to airflow 
is inversely proportional to the fourth or fifth power of the 
radius of the airway lumen; a decrease in the radius of the 
lumen by one-half results in a minimum of a 16-fold in
crease in resistance. A decrease in radius of the lumen could 
occur through several mechanisms including mucous plug
ging, increased wall thickness, which could result from 
edema or an increase in deposition of connective tissue 
components (such as collagen and elastin), or contraction 
of airway smooth muscle. Pulmonary function parameters 
useful in assessing the resistance to airflow include total 
pulmonary resistance and indices extrapolated from the 
maximal expiratory flow-volume curve. Although neither 
of these in vivo parameters was significantly affected by 
ozone exposure, animal-by-animal correlations between 
parameters of airway caliber and airway wall structure were 
calculated to see if the sensitivity of this analysis could be 

Table 10. Correlation of Functional and Structural Parameters in the Lower Respiratory Tract: Cell Type and Stored Mucus 

Structural Parameter 

Percentage of nonciliated 
cells in the trachea 

Percentage of nonciliated 
cells in the central bronchus 

Percentage of nonciliated 
cells in the caudal bronchus 

Percentage of nonciliated 
cells in the cranial bronchus 

Functional Parameter 

Mucus stored in the trachea 

Mucus stored in the central bronchus 

Mucus stored in the caudal bronchus 

Mucus stored in the cranial bronchus 

• Based on a one-tailed test of significance assuming a positive correlation. 

b Statistically significant correlation (p ~ 0.025). 
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n 

31 

31 

31 

32 

Correlation 
Coefficient p Valuea 

-0.03 0.56 

-0.10 0.70 

0.37 0.020b 

0.35 0.023b 
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increased. Wall area measurements were obtained in air
way segments representative of the conducting airways. 
Thus, correlation between total pulmonary resistance and 
wall area was evaluated. 

Table 11 shows the results of the correlation analyses 
between total pulmonary resistance with airway wall area 
and airway radius. None of these correlations was statisti
cally significant. 

Combined Analysis: Endpoints Related to Chronic 
Airway Disease 

Airway disease refers broadly to a set of conditions that 
could impede airflow to and from the lungs by one or several 
mechanisms, alone or in combination. These conditions in
clude smooth muscle cell contraction, narrowing of the 
lumen caused by thickening of the airway wall, obstruction 
of the airways caused by secretions or fibrous obliteration, 
mechanistic uncoupling of airways from parenchyma due 
to peribronchial inflammation, altered capacity of the air
way to collapse, and an increased surface tension of the 
liquid lining the airways. Several structural and functional 
parameters were included in this analysis that relate to 
these various pathogenic mechanisms. Some of these pa
rameters were measured in the centriacinar region, and 
others in the conducting airways. The endpoints used to 
construct the composite score for chronic airway disease 
are presented in Table 12 (see Catalano et al. 1995 for 
further details). 

Figures 16 and 17 show the analysis for the airway 
disease composite score. A moderate overall trend is appar
ent (p = 0.014, two-tailed), which remains in the analysis 
of the male (p = 0.033, two-tailed), but not the female (p = 
0.16, two-tailed), subset. Further subset analyses are pre
sented by Catalano and associates (1995). 

Conclusions 

On the basis of these integrative analyses, the rats in
volved in this Project exhibited some of the structural 
hallmarks of chronic airway disease. However, other fea
tures of chronic airway disease, such as chronic inflamma-

tion and changes in the in vivo functional measurements, 
were not observed. Most alterations were limited to the 
small airways and gas-exchange region. In the small air
ways, increased amounts of stored secretory product and 
secretory cells were evident in rats exposed to 0.5 or 1.0 

ppm ozone, but not in rats exposed to 0.12 ppm ozone. 
These increases in secretory product and cells were corre
lated to each other when examined within each animal. 
Also in the small airways, maximal stress was reduced and 
wall area was increased in male rats, but only at the expo
sure level of 0.5 ppm ozone. Activities of the antioxidant 
enzymes superoxide dismutase and glutathione peroxidase 
were elevated in the bronchus and trachea. In the gas 
exchange region, epithelial thickening was seen in rats 
exposed to 0.5 or 1.0 ppm ozone. The amount of interstitial 
matrix also was increased at these ozone exposure concen
trations, with changes evident in collagen, elastin, basement 
membrane, and acellular space. A slight inflammatory re
sponse was noted in rats exposed to 1.0 ppm ozone. Bron
chiolarization occurred in the centriacinar region, and the 
extent ofbronchiolarization correlated with the concentration 
of ozone exposure. Antioxidant enzyme activities also were 
elevated in the centriacinar region. When all parameters 
that could be associated with chronic airway disease were 
examined through a combined statistical analysis, a mild 
trend (p = 0.014, two-tailed) toward increasing chronic 
airway disease was found with increasing ozone exposure 
concentration. 

Thus, it appears that prolonged exposure to increasing 
concentrations of ozone may stimulate some possible mani
festations of chronic airway disease; this conclusion is 
probably driven by the changes that occurred in male rats. 
Some structural changes could have resulted in encroach
ment upon the lumina, especially those of the small bronchi 
and the centriacinar region of the lung. Although observed 
trends are suggestive of chronic airway disease, no changes 
were seen in the in vivo parameters of airway patency after 
prolonged ozone exposure. Thus, the structural changes 
that were observed in the small airways and centriacinar 

Table 11. Correlation of Functional and Structural Parameters in the Lung: Airway Caliber 

Functional Parameter 

Total pulmonary resistance 

Structural Parameter 

Wall area of small airway 
Wall area of large airway 
Small airway (radius)-4 
Large airway (radius)-4 

• Based on a one-tailed test of significance (p $ 0.025) assuming a positive correlation. 

n 

20 
20 
19 
20 

Correlation 
Coefficient 

0.31 
0.13 
0.09 
0.08 

p Value a 

0.09 
0.29 
0.65 
0.64 
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Table 12. Selected Endpoints Used in the Composite Score for Chronic Airway Disease 

Rationale and Predicted Change 
Endpoint (Investigator) Region Comments After Exposure 

Structure 
Airway cell populations Centriacinar Ciliated cells changing to nonciliated Increase 

(Chang) (Clara) cells is characteristic of 
airway disease; expressed as ratio of 
Clara cell density to ciliated cell 
density 

Airway epithelial cells in the Three bronchi: cranial Airway epithelial cell populations Increase 
bronchi (Pinkerton) (small diameter, short reflect chronic disease process; 

path), central (large ciliated cells change to nonciliated 
diameter, short path), cells 
cranial (small diameter, 
long path) 

Percentage of Proximal alveolar Histologic indicator of chronic airway Increase 
bronchiolarization (Chang) disease; bronchiolarization is 

expected to alter airflow rate 

Distance of Centriacinar Histologic indicator of chronic airway Increase 
bronchiolarization disease; bronchiolarization is 
(Pinkerton) expected to alter airflow rate 

Epithelial volume Data for both cranial Potential alteration due to airflow Increase 
(Pinkerton) and caudal regions changes; expressed as estimated 

in each animal were initial epithelial volume, or 
averaged estimated distance down 

bronchiolar path at which the 
epithelial volume tended to become 
asymptotic 

Airway smooth muscle Distal (both cranial and Thickening of the airway wall Increase 
(Szarek) caudal), and proximal encroaches on the lumen and 

(large) conducting obstructs airflow; can increase with 
airways asthma, have no change with 

emphysema, and either increase or 
have no change with chronic 
bronchitis 

Mucus stored in the lung Caudal and cranial Important constituent of epithelial Increase 
(Pinkerton) conducting airways; cells; key histologic feature of 

two fifth-generation chronic airway disease; mucus in 
bronchi; one eleventh- the lung is thought to contribute to 
generation bronchus decreased airway function 

Biochemistry 
Basal release of prostaglandin Distal conducting airways Implicated in a number of airway Increase 

Ez (Szarek) diseases (asthma, chronic 
bronchitis); reflects inflammation in 
airways; inhibits smooth muscle cell 
proliferation and contraction 

(Table continues next page.} 
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Table 12. Selected Endpoints Used in the Composite Score for Chronic Airway Disease (continued) 

Endpoint (Investigator) 

Function 
Mean mid expiratory air flow 

(Harkema-Pulmonary 
Function) 

Airway responsiveness 
(Szarek) 

Region 

Centriacinar region, or 
conducting airways 

Large (intrapulmonary 
bronchus) and small 
(branch) conducting 
airways 

region are most likely responsible for the observed trend 
towards chronic airway disease found in the combined 
analysis. The finding that no changes were apparent in the 
basic pulmonary function parameters, as assessed in anethe
sized rats, does not preclude the possibility that functional 
changes might have been observed had other techniques 
been used that do not require anesthesia. Furthermore, 
although basic pulmonary function was unaffected under 
the conditions of this Project, effects might have been 
observed if the animals had been physically stressed; this 
could have occurred during infection or with exercising 
conditions, which also would have increased the dose of 
ozone. 

HOW ARE BIOCHE:MICAL CHANGES CORRELATED 
WITH STRUCTURAL AND FUNCTIONAL INDICES 
OF LUNG STIFFNESS? 

Consistency Among Concentration-Response Relations 

The centriacinar region was particularly sensitive to the 
effects of ozone, demonstrated by a statistically significant 
change observed in the percentage ofbronchiolarization of 
the centriacinar region of animals exposed to 0.12, 0.5, or 
1.0 ppm ozone. Bronchiolarization was most evident in 
regions closest to the bronchiole-alveolar duct junction, 
and the ability to observe subtle changes at the exposure 
level of 0.12 ppm ozone depended on the location from 
which samples were taken (see Chang et al. 1995; Pinkerton 
et al. 1995). Evidence of mild centriacinar fibrosis was 

Rationale and 
Comments 

In vivo functional measurement of 
small airways; reflects how well 
animal can expel air from the lungs; 
obstruction of the airways would 
result in a decrease in the mean 
midexpiratory flow; can increase, 
decrease, or have no change with 
increasing airway disease, 
depending on the specific disease 

Changes in airway responsiveness are 
associated with some airway 
diseases (in asthma, "twitchy 
airways"); averaged values across 
four agonists; evaluated change in 
maximal tension values and ECso 

Predicted Change 
After Exposure 

Decrease 

Increase in maximal 
tension; decrease 

inECso 

observed in the terminal bronchiole-alveolar duct region. 
These fibrotic changes presumably resulted from a net 
increase in total collagen, and perhaps from a shift in the 
balance of collagen types. Residual lung volume was re
duced after ozone exposure, reaching statistical signifi
cance only in the group exposed to 0.5 ppm ozone. 

The residual lung volume is the volume of air that is 
retained within the lung after maximal expiration. In anes
thetized rats, residual volume is thought to be affected 
primarily by airways collapsing; thus, the gas remaining in 
the lung at that point would be gas trapped distally to the 
location of the airway closure (Leith 1976; Gillespie 1983). 
Because cartilage and wall thickness can prevent airway 
collapse in the large conducting airways, collapse is as
sumed to occur in regions where cartilage is absent and the 
airway wall is very thin, such as the terminal bronchiole
alveolar duct region. These regions have smaller diameters 
and, thus, can be more easily occluded. It could be hypothe
sized that structural changes occurring in these regions 
would stiffen the terminal airway walls and delay collapse 
during deflation. Centriacinar fibrosis was observed in the 
terminal bronchiole-alveolar duct region, which would act 
to stiffen the wall. The fact that a suggestion of decrease in 
residual volume was observed after ozone exposure sup
ports the hypothesis that an exposure-related stiffening of 
the terminal bronchiole-alveolar duct region allowed the 
lungs to deflate to the slightly greater degree of deflation 
observed in this study. The correlation between these end
points in the same animals was not possible because very few 
animals (n = 7 for all exposure groups combined) were exam-
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Figure 16. Combined analysis of airway disease in all animals. Significant concentration-response trend (p = 0.014, two-tailed). p values given in the figure 
are for pairwise comparisons between the mean for each ozone concentration and the control value. 
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Figure 17. Combined analysis of airway disease by gender. A: Male data, significant concentration-response trend (p = 0.033, two-tailed). B: Female data, 
concentration-response trend (p = 0.16, two-tailed). p values given in the figures are for pairwise comparisons between the mean for each ozone concentration 
and the control value. 
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ined for both pulmonary function and morphometric fea
tures. 

Correlations Between Endpoints 

To explore the relation between reduced functional pa
rameters and fibrosis in the centriacinar region, correlations 
were examined between functional measurements (resid
ual volume, dynamic compliance, and quasistatic chord 
compliance) and the level of 4-hydro:xyproline (lung colla
gen content) (Table 13). Dynamic compliance and quasis
tatic chord compliance were examined as indices of lung 
elasticity, because fibrotic changes in the lung decrease the 
lung elasticity andresultin a decrease in compliance. Further
more, because dermatan sulfate is associated with collagen, 
and chondroitin 6-sulfate and heparan sulfate are found in 
extracellular matrix, these measurements were correlated 
with collagen data as well. A significant association was 
found between quasi static chord compliance and 4-hydrox
yproline (p = 0.006, one-tailed). No significant correlations 
were found among the other parameters mentioned above, 
including the glycosaminoglycans and collagen data. How
ever, because sample sizes are small for these comparisons, 
statistical power was somewhat limited for assessing these 
direct animal-to-animal correlations. 

Structural and biochemical results show that a number 
of differences occurred in the response of the respiratory 

epithelium to prolonged oxidant stress. The amount of 
stored secretory product and the antioxidant enzymes that 
might provide protection appeared to be altered. Epithelial 
reorganization in favor of less sensitive cell types (noncili
ated cells) was the predominant response ofthe epithelium 
throughout the conducting airways. This response was 
specific to the site within the airway, and included reor
ganization in conducting airways as well as in the bronchio
larized epithelium of alveolar ducts. The primary target 
site, the central acinus, where modeling studies have indi
cated that some of the highest local concentrations of ozone 
would be expected (Overton et al. 1987; Mercer et al. 1991), 
had the greatest degree of epithelial change and exhibited 
the most elevated response in terms of increased antioxi
dant enzymes. 

Correlations of mucosubstances, epithelial thickening, and 
indices of cell restructuring in the lung were examined in the 
same animal, whereas biochemical and morphometric end
points could not be correlated because they were measured 
in different animals. Table 13 also presents the results of 
correlation analyses in which the percentage of bronchio
larization and the extent of bronchiolarization are com
pared with epithelial volume in the cranial and caudal 
regions. Although the correlation of the percentage ofbron
chiolarization with epithelial volume was not statistically 
significant, the correlation of the extent of bronchiolariza-

Table 13. Correlation of Biochemical, Functional, and Structural Parameters in the Lung 

Parameter 1 Parameter 2 n 

4-Hydroxyproline Residual volume 29 
(per lung lobe) Dynamic lung compliance 29 

Quasistatic chord compliance 29 
Dermatan sulfate 12 
Chondroitin 6-sulfate 12 
Heparan sulfate 12 

Percentage of Epithelial volume in the cranial 25 
bronchiolarization bronchi 

Epithelial volume in the caudal 24 
bronchi 

Extent of Epithelial volume in the cranial 27 
bronchiolarization bronchi 

Epithelial volume in the caudal 27 
bronchi 

' Based on a one-tailed test of significance assuming a positive correlation, unless otherwise indicated. 

b Statistically significant correlation (p s; 0.025 for one-tailed test, p s; 0.05 for two-tailed test). 

c Based on a two-tailed test of significance. 

Correlation 
Coefficient p Valuea 

0.02 0.47 
0.17 0.19 
0.46 0.006b 

-0.26 0.41c 

-0.38 0.23c 
0.06 0.86c 

0.29 0.08 

0.35 0.05 

0.45 o.o22b 

0.61 0.0014b 
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tion and epithelial volume in the cranial and caudal regions 
was (p = 0.022, one-tailed, and p = 0.0014, one tailed, 
respectively). 

Combined Analysis: Endpoints Related to 
Centriacinar Fibrosis 

Fibrosis is a general condition in which connective tissue 
becomes thickened and stiffer by excessive accumulation 
of fibrous material. Because this Project included measure
ments of a variety of outcomes related to fibrotic develop
ment in the centriacinar region of the lung, a composite 
score representing "centriacinar fibrosis" was constructed. 

Centriacinar fibrosis is defined as an increase in some of 
the interstitial components of the alveoli of the most proxi
mal portions of the pulmonary acinus. Changes typically 
include a diffuse thickening of the alveolar walls and re
modeling of the bronchiole-alveolar duct junction. Because 
the bronchiole-alveolar duct junction is critical as the 
opening from the conducting airways to the lung parenchy
mal region, any changes here tend to be more meaningful. 
All air must pass through this orifice before gas exchange 
can occur. Therefore, alterations in this region may impact 
both air flow and gas exchange in the lungs. 

The parameters used in this analysis and the rationale for 
their selection are presented in Table 14. Although other 
endpoints such as glycosaminoglycans also were consid
ered to be potentially related to centriacinar fibrosis, they 
were ultimately excluded because sufficient justification 
for their inclusion in the analysis could not be found. A 
potential association of glycosaminoglycans with collagen 
was considered to be insufficient rationale when no significant 
correlation between glycosarninoglycans and hydroxyproline 
could be found in the within-animal correlation analysis (see 
the Correlations Between Endpoints section). An alternative 
analysis, including glycosarninoglycans, and an analysis of a 
subset that excluded leukemic animals can be found in Catalano 
and colleagues (1995). 

Figure 18 is a plot of the results of the combined analysis 
of endpoints potentially related to centriacinar fibrosis. 
Using a standard t test, pairwise comparisons of exposure 
to 0.5 and 1.0 ppm ozone suggest that control and exposed 
animals were significantly different. Using linear regression 
analysis, the concentration-responseresults for the composite 
score for centriacinar fibrosis show a significant trend with 
increasing ozone exposure (p = 0.006, two-tailed). This 
analysis is quite sensitive to the inclusion or exclusion of 
the glycosaminoglycan endpoints; if two such endpoints 
are included, the trend is no longer statistically significant 
(p = 0.091, two-tailed). The main reason for this sensitivity 
is that several individual glycosaminoglycans decreased in 
concentration with increasing ozone exposure. This re-
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spouse is contrary to the predicted increase in the concen
tration of glycosaminoglycans. A subset analysis by gender 
(Figure 19) shows that the overall trend of the concentration 
response for female animals is statistically significant (p = 
0.006, two-tailed). The female pairwise comparisons for 0.5 
and 1.0 ppm ozone also show statistically significant in
creases (p = 0.034 and p = 0.025,both two-tailed, respec
tively), whereas the male data exhibit no significant trend 
or pairwise differences. This gender pattern also was ob
served in some individual Project data as well, most notably 
in whole lung collagen content and collagen cross-links, in 
which a significant increase in collagen content was noted 
only in female animals. This combined analysis of centriac
inar fibrosis also is fairly sensitive to the way collagen 
content is defined. For instance, an earlier analysis sug
gested a much stronger trend than the current analysis 
presents, mostly because collagen in the first analysis had 
been standardized by body weight rather than lung lobe 
weight; hence, it was confounded by ozone's effects on total 
body weight. That preliminary analysis also used different 
individual glycosaminoglycans to represent centriacinar 
fibrosis (Louise M. Ryan, personal communication). 

Conclusions 

Taken together, these analyses suggest that animals ex
posed to ozone showed structural, functional, and biochemi
cal indicators of centriacinar fibrosis. These correlations are 
driven by the results from the exposures to 0.5 and 1.0 ppm 
ozone. Results for animals exposed to 0.12 ppm ozone are, 
in general, not significant. The process of bronchiolariza
tion may be responsible for some or all of the biochemical 
and functional changes observed. 

WHAT IS THE RELATION BETWEEN CHANGES IN 
THE NOSE AND CHANGES IN THE REST OF THE 
RESPIRATORY TRACT? 

Mucosubstances within the epithelial cells of the nasal 
cavity and tracheobronchial tree are a primary source of the 
mucus that forms the lining layer for the conducting air
ways. As discussed earlier, repeated exposure to ambient 
levels of ozone have caused mucous cell metaplasia with 
increased amounts ofintraepithelial mucosubstances in the 
nasal airways oflaboratory animals (Harkema et al. 1987a,b, 
1989; see the Nasal Morphometry section under Respiratory 
Tract Structure). Alterations in the amount of stored prod
uct or shifts in the distribution or numbers of cells making 
the mucosubstances could indicate significant biological 
changes occurring in the respiratory tract related to pro
longed exposure to ozone. Because most of the rat airway 
epithelium normally contains only scant amounts of stored 
mucosubstances, significant increases in the volume densi-
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Table 14. Selected Endpoints Used in the Composite Score for Centriacinar Fibrosis 

Endpoint (Investigator) 

Structure 
Interstitial volume 

(Pinkerton) 

Collagen volume (Chang) 

Fibroblast volume (Chang) 

Interstitial macrophage volume 
(Chang) 

Biochemistry 
Hydroxyproline content of the 

lung (per lobe) (Last) 

Function 
Residual volume 

(Harkema-Pulmonary 
Function) 

Region 

Centriacinar; entire 
ventilatory unit 
(pulmonary acinus); 
data for both cranial and 
caudal regions in each 
animal were averaged 

Centriacinar 

Centriacinar 

Centriacinar 

Measured in whole lobe 
as global measure; not 
specific for a site within 
the lung 

Whole lung, but affected 
by changes in the 
centriacinus 

Rationale and Comments 

Reflects centriacinar fibrosis because 
endothelial damage may precede 
the fibrosis 

Increase in fibrillar collagen is a 
classic aspect of fibrosis; provides 
a measure of collagen specific to 
location; with localized 
accumulation, this endpoint 
(measured at the point of localized 
damage) is a more sensitive 
measure of fibrotic response 
because it measures a focal change 

Predominant cell making the 
precursor of collagen; volumes of 
collagen and fibroblasts in the 
interstitium are important 
indicators of fibrosis 

In progressive fibrotic lesions, these 
cells are expected to be found in 
the interstitium because they 
control fibroblast function; may 
suggest an active ongoing process 
that stimulates fibroblasts to 
continue synthesizing and 
depositing collagen precursors 

Measure of total lung collagen, 
possibly reflecting excessive 
fibrous accumulation in the lungs; 
an increase in lung collagen is a 
primary feature of fibrosis 

Set by the collapse of small airways 
during maximal exhalation; can 
decrease or increase by changes 
that make the small, 
noncartilaginous airways more or 
less stiff (resistant to collapse) 

(Table continues next page.) 

Predicted Change 
After Exposure 

Increase 

Increase 

Increase 

Increase 

Increase 

Decrease 
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Table 14. Selected Endpoints Used in the Composite Score for Centriacinar Fibrosis {continued) 

Endpoint (Investigator) Region 

Quasistatic chord compliance Whole lung 
(Harkema-Pulmonary 
Function) 

Carbon monoxide diffusing Whole lung 
capacity (Harkema-Pulmonary 
Function) 

ties of stored mucosubstances have been used as a quanti
tative index of the magnitude of mucous cell metaplasia 
induced by ozone exposure. 

Consistency Among Concentration-Response Relations 

To determine if exposure to ozone had changed the amounts 
of stored intraepithelial secretory product, its volume was 
measured in the nasal cavity, trachea, and three different 
bronchi of different size, location, and generation number 
within the left lung lobe: the central, cranial, and caudal 
bronchi. Figure 20 shows levels of secretory product as a 
function of distance down the respiratory tract. After expo
sure to 1.0 ppm ozone, statistically significant increases in 
the levels of secretory product were noted in the nasal 
cavity, caudal bronchi, and cranial bronchi, and a statisti
cally significant decrease in the level of secretory product 
was noted in the trachea. 

The nose was particularly sensitive to structural and 
functional changes after exposure to ozone. In addition to 
increased levels of mucosubstances, rats exposed to 0.5 or 
1.0 ppm ozone had significantly slower mucous flow rates 
compared with rats exposed to 0 or 0.12 ppm ozone. A 
marked mucous cell metaplasia in the transitional epithe
lium was noted in animals exposed to 0.5 or 1.0 ppm ozone. 
Bony atrophy also was observed in rats exposed to 0.5 or 
1.0 ppm ozone. In contrast, structural changes in the lung 
were restricted to focal locations, and appeared to have only 
minor functional consequences. 

Correlations Between Endpoints 

Pairwise analyses were conducted to determine the cor
relation between mucous volume in each of the four nasal 
locations (proximal lateral meatus, distal lateral meatus, 
maxillary sinus, and nasopharyngeal meatus) and lung mu
cosubstances in each bronchus. Although significant corre
lations were not observed between the amounts of nasal 
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Indicates lung elasticity in the range 
of volume for tidal breathing; 
reflects general elasticity or 
stiffness of parenchyma 

Indicates ease of gas diffusion across 
the alveolar-capillary membrane; 
reflects changes in the membrane 
thickness or surface area 

Predicted Change 
After Exposure 

Decrease 

Decrease 

mucosubstances and central bronchus mucus (mostly due 
to large variability in the values for central bronchus mucus), 
substantial correlation (and clear dependency on ozone con
centration) was observed between the levels of nasal mucus 
and both caudal and cranial lung mucosubstances (Table 15). 

Conclusions 

Animals exposed to 0.5 or 1.0 ppm ozone showed altera
tions in the amount of mucosubstances in the nose and 
lung. Mucosubstances increased in nasal regions and in the 
caudal and cranial bronchi ofthe lung, and decreased in the 
trachea. The amount ofmucosubstances in the caudal and 
cranial bronchi correlated with the amount of mucosub
stances in the epithelium of the proximal and distal lateral 
meatus of the nose within each animal. 

SUMMARY AND DISCUSSION 

INTERPRETATION OF THE RESULTS FOR 
F344/NRATS 

The results of these studies indicate that statistically 
significant changes were associated with ozone exposure in 
rats exposed to ozone for 20 months. Most of these changes 
occurred at ozone concentrations of 0.5 and 1.0 ppm. The 
changes related to ozone were restricted to the following 
regions: the nose, small airways, and the bronchiole-alveo
lar duct junction. One significant effect of 0.12 ppm ozone 
was found only at the specific respiratory region believed 
to be the most sensitive, the centriacinar region extending 
approximately 300 J.lm beyond the bronchiolar-alveolar 
duct junction (see Pinkerton et al. 1995). Areas further from 
this junction showed alterations only at higher concentra
tions of ozone (see Chang et al. 1995; Pinkerton et al. 1995). 
In general, very few changes of a functional or biochemical 
nature were seen in whole-lung or whole-lobe measurements. 
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Figure 18. Combined analysis of cenlriacinar fibrosis in all animals. Significant concentration-response trend (p = 0.0060, two-tailed). p values given in the figure 
are for pairwise comparisons between the mean for each ozone concentration and the control value. 
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Figure 19. Combined analysis of centriacinar fibrosis by gender: A: Male data, concentration-response trend (p = 0.30, two-tailed). B: Female data, significant 
concentration response trend (p = 0.0064, two-tailed). p values given in the figure are for pairwise comparisons between the mean for each ozone concentration 
and the control value. 
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Pulmonary function and biochemical indices showed no sig
nificant changes at the lowest exposure level (0.12 ppm), and 
showed either no evidence or a slight trend at higher expo
sure levels (0.5 and 1.0 ppm). 

On the basis of the results of the integrative analyses 
presented in this summary, the four framework questions 
can be answered as follows. 
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Figure 20. Volume of mucosubstances as a function of respiratory tract 
location. NLW =nasal lateral wall; TRA =trachea; EPB = extrapulmonary 
bronchus (generation 2); LD5 = large-diameter central bronchus (generation 
5); SD5 =small-diameter cranial bronchus (generation 5); SD11 =small-diameter 
caudal bronchus (generation 11). An asterisk(*) indicates a value significantly 
different (p < 0.05) from the control value. 

Table 15. Correlation ofMucosubstances in Bronchi and Nose 

Mucosubstancesin Mucosubstancesin 
Bronchus Epithelium 

Central Proximal lateral meatus 
Distal lateral meatus 
Maxillary sinus 
Nasopharyngeal meatus 

Caudal Proximal lateral meatus 
Distal lateral meatus 
Maxillary sinus 
Nasopharyngeal meatus 

Cranial Proximal lateral meatus 
Distal lateral meatus 
Maxillary sinus 
Nasopharyngeal meatus 

"Based on a one-tailed test of significance assuming a positive correlation. 

hstatistically significant correlation (p,;; 0.025). 
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What changes in nasal function, if any, are correlated 
with the structural changes in the nose? Rats exposed to 0,5 
or 1.0 (but not 0.12) ppm ozone had the structural and 
functional hallmarks of chronic rhinitis, including inflam
mation, mucous cell proliferation, increased intraepithelial 
mucosubstances, and dysfunction in mucous flow. 

How are the structural, functional, and biochemical 
changes in the lung interrelated? Rats exposed to 0.5 or 1.0 
(but not0.12) ppm ozone had some structural hallmarks of 
chronic airway disease, including increases in stored mu
cus and secretory cells, in distal conducting airways. Focal 
structural changes also were noted in animals exposed to 
all exposure concentrations of ozone, including some at 
0.12 ppm. Other symptoms of chronic airway disease, such 
as chronic inflammation and changes in in vivo functional 
measurements, were not present. 

How are biochemical changes correlated with structural 
and functional indices oflung stiffness? Rats exposed to 0.5 
or 1.0 (but not 0.12) ppm ozone showed structural, func
tional, and biochemical indicators of centriacinar fibrosis, 
although no in vivo functional changes were noted. Focal 
structural changes also were noted in animals exposed to 
0.12 ppm ozone. The process ofbronchiolarization may be 
responsible for some or all of the biochemical and func
tional changes observed. 

What is the relation between changes in the nose and the 
rest of the respiratory tract? Nasal lesions induced by 
ozone in rats exposed to 0.5 or 1.0 (but not D. 12) ppm ozone 
correlated with alterations in the distal pulmonary airways. 
Therefore, examining nasal mucosa for alterations induced 

Correlation 
n Coefficient p Valuea 

16 -0.06 0.83 
16 -0.12 0.66 
16 -0.19 0.48 
16 -0.03 0.92 

17 0.60 0.011 b 
17 0.56 o.o2ob 
17 0.28 0.28 
17 0.42 0.097 

17 0.63 0.0068b 
17 0.68 . 0.0026b 
17 0.47 0.057 
17 0.36 0.15 
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by ozone may be a good predictor of damage in the lower 
airways. 

Overall, animals showed structural alterations in the 
nose, tracheobronchial airways, and centriacinar region of 
the lung. With the tests used, functional impairment of the 
lung could not be demonstrated; however, functional changes 
were observed in the nose. Furthermore, the data strongly 
indicate that the animals developed tolerance in the lung, 
but not in the nose, to the injurious effects of ozone. This is 
supported by evidence of changes that could protect the 
airways, including increased mucosubstances and antioxi
dant enzymes in the airways, and replacement of sensitive 
cells with resistant cells in the centriacinar region. Signifi
cant remodeling of the nasal, tracheobronchial, and cen
triacinar regions took place in the animals in this Project. 
The long-term consequences of these changes and the mecha
nisms that produced them are still unknown. 

FACTORS AFFECTING THE EXTRAPOLATION OF 
EFFECTS TO HUMANS 

Patterns of Exposure 

A long-term, regular pattern (6 hours per day, 5 days per 
week) of exposure was used in this Project. It does not 
reflect the seasonal or day-to-day variations that generally 
characterize human exposure in areas like Los Angeles, 
where ozone concentrations are elevated during part ofthe 
year (Lippmann 1989). Several findings from this Project 
suggest that caution should be used in extrapolating these 
results to human populations exposed sporadically or sea
sonally to the high ozone concentrations found in many 
cities. Some of the adaptive effects that have been reported 
in both animal and human studies could protect against 
damage from further exposures (tolerance); these protective 
effects would dissipate if exposure were stopped for a 
period of time. Thus, intermittent exposure might cause 
greater effects than a more constant exposure. The results 

Table 16. Integrated Ozone Exposuresa 

of studies in this Project suggest that a pattern of consistent 
regular exposure to ozone leads to an increase in some indi
cators of tolerance: increased mucosubstances, increased lev
els of antioxidant enzyme activity, and reorganization of the 
most sensitive areas of the lung such that sensitive cell 
types are replaced with less sensitive cell types. These 
changes may prevent injury, and may be reflected in a lack 
of measurable changes in pulmonary function and in a lack 
of evidence for de novo expression of collagen. In fact, 
evidence from previous animal and human studies sup
ports this suggestion that prolonged ozone exposure may 
lead to some degree of tolerance, and that this protection 
may not develop when exposures are periodic. In a study 
reported by Tyler and associates (1988}, monkeys were 
exposed intermittently or daily to 0.25 ppm ozone for a 
period of 18 months. Monkeys exposed intermittently un
derwent approximately half the total exposure time as those 
exposed daily; however, when compared with the daily 
exposure group, these monkeys had significantly increased 
lung collagen content, chest wall compliance, and inspira
tory capacity (Tyler et al. 1988). With continuous exposure, 
respiratory function changes may be attenuated. Tepper and 
coworkers (1989) reported initial changes, followed by at
tenuated responses, in respiratory function in F344/N rats 
exposed for a period of 2.25 hours per day over a five-day 
period to 0, 0.35, 0.5, or 1.0 ppm ozone. Progressive structural 
changes, including epithelial damage, inflammation in the 
bronchiolar region, and increases in lavageable protein, 
ascorbate, and glutathione, were observed during the five
day period. 

Another way to compare the exposure conditions in this 
Project with those experienced by people is to ignore the 
patterns of exposure and compare the total ozone exposure 
(integrated over time) in this Project to the ambient situ
ation. Table 16 shows annual and total exposure of rats in 
this Project and compares them to the typical exposure of 
people in Los Angeles in 1991. 

Rats in This Project People in Los Angelesb 

Integrating Period 0.12 ppm 0.5 ppm 

Annual 187 468 
Lifetimec 312 780 

a Values reflect total cumulative ozone exposure calculated as ppm x hours of exposure. 

b Based on 1991 ozone levels (EPA 1992). 

1.0 ppm 

936 
1560 

c Length of lifetime is considered to be 20 months (the duration of exposure) for rats in this Project. 

Ambient Levels (ppm) 

50 

39 



When examined as an integrative exposure over a year, 
the rats in this Project were clearly exposed to greater 
amounts of ozone than people are. However, when exam
ined as an integrative exposure over a "lifetime," the Project 
rats may have been exposed to less ozone than people 
residing in heavily polluted cities. In addition, these com
parison values do not take ventilation into account. The rats 
in this Project were exposed during the day when, being 
nocturnal animals, they are relatively inactive. In contrast, 
a large number of human exposure studies have involved 
subjects who are exercising at levels ranging from very light 
to heavy. Results of human studies of short-term exposure 
indicate that, although the air concentration of ozone is the 
parameter that most strongly correlates with pulmonary 
function decrements, ventilation also plays a major role in 
the degree to which pulmonary function responds to ozone 
exposure (Hazucha 1987). Furthermore, recent studies that 
used 180-labeled ozone to compare the amount of ozone in 
exercising humans and laboratory rats suggest that higher 
concentrations of ozone reach the distal regions of the lungs 
of humans who are exercising than the lungs of sedentary 
rats. Therefore, ozone toxicity in inactive rats may under
estimate the effects of ozone in exercising humans because 
rats have a lower-than-expected dose of ozone to the distal 
lung (Hatchet al. 1994). 

Species and Gender Differences 

Unlike humans, the rat is an obligate nose-breather. A 
large number of effects observed in this Project were ob
served in the various regions of the nose; however, at concen
trations and exercise levels shown to induce changes in 
humans, breathing happens both orally and nasally. These 
factors need to be kept in mind when extrapolating effects 
from this Project to humans. 

To the extent that responsiveness to ozone is genetically 
determined, any inbred animal strain will respond in a more 
uniform manner than a group of human subjects. This is 
another complicating factor in extrapolating from animals 
to humans. It is also important to consider the sensitivity of 
the F344/N rat in relation to other strains and species. A 
series of studies by Plopper and associates (1991) show that 
the monkey is more sensitive and more like humans than 
the rat in response to ozone exposure. Furthermore, the 
F344/N rat is not the strain of rat most sensitive to ozone; 
the Wistar and Sprague-Dawley rats show more sensitivity 
to ozone than F344/N rats (Pino et al. 1993). 

Human studies indicate that responsiveness to short
term ozone exposure varies among individuals, but is repro
ducible (McDonnell et al. 1985; Linn et al. 1988). Although 
preliminary data for humans present a complex picture, it 
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appears that genetic factors play a role in pulmonary func
tion responsiveness (Slavik et al. 1994). This is supported 
by studies using genetically inbred mice by Kleeberger and 
coworkers (1993a,b), who report that one inbred strain is 
susceptible to and another one resistant to inflammation 
induced by ozone. Inflammation was determined by exami
nation of bronchoalveolar lavage fluid. Separate genetic 
loci were found to control each strain's susceptibility to 
acute and subacute inflammation. Results of another study 
that examined the changes in ventilatory pattern that occur 
when animals are exposed to ozone suggest that the differ
ences in inflammation found in susceptible and resistant 
strains may be due, in part, to changes in breathing patterns 
(Tankersley et al. 1993). 

Although individual studies in this Project showed mi
nor differences between male and female rats in the meas
urement of various parameters, an examination of all such 
differences showed no coherent trend. It therefore appears 
that the relation between gender and sensitivity to ozone 
exposure is not consistent throughout this Project. 

STRENGTHS AND LIMITATIONS OF THE NTPIHEI 
COLLABORATIVE OZONE PROJECT 

A number of strengths and limitations of this Project are 
evident. Strengths include the carefully executed procedures 
on a single set of animals, the multidisciplinary protocol (end
points measured using morphology, biochemistry, physiol
ogy, and molecular biology in a single study), and the 
rigorous data analysis and review of individual studies and 
the combined results. The limitations reflected in the Pro
ject design include limited numbers of only one strain of 
rat that may be unusually resistant to ozone exposure, a 
single duration and pattern of exposure that does not rep
resent ambient human conditions, and a recovery period 
that was too short to allow the reversibility of observed 
effects to be assessed. Nevertheless, because of this Project's 
strengths, when the results are evaluated in the context of 
the many ozone studies reported in the literature, important 
implications of ozone exposure may be evident. 

A unique feature of the NTP/HEI Collaborative Ozone 
Project was the opportunity to study not only a broad 
spectrum of endpoints that would reveal the effects of 
prolonged ozone exposure, but also to study the relations 
among these endpoints. A critical component of the Project 
design was the integrative analysis that explored correla
tions between outcomes in order to derive an overall assess
ment of the adverse health effects of ozone. Furthermore, a 
combined analysis across all the studies examined the 
association between exposure to ozone and various disease 
surrogates. The goal behind performing correlative and 
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combined analyses of multiple and diverse endpoints was 
to increase the sensitivity of the analyses and reveal the 
possible mechanisms through which effects are induced. 
Although the results found through the combined analysis 
for chronic rhinitis could have been seen from the one study 
examining the nasal apparatus, the results of the analysis 
of chronic airway disease and centriacinar fibrosis would 
not have been evident from a single study. 

Several important cautions must be expressed when ex
amining the data from this Project. First, the multiplicity of 
endpoints could be problematic. Approximately 244 vari
ables were examined in the total Project (see Table 1); 

therefore, results for some endpoints could appear to be 
statistically significant purely by chance. This is particu
larly likely for endpoints that are statistically significant at 
one ozone concentration, but that do not display a concen
tration-response relation. Similarly, interpreting the explora
tory analysis of correlations must be approached cautiously. 
A total of 33 correlations were examined and ten were found 
to be statistically significant. However, it is possible that 
one or more of these correlations may have seemed to be 
statistically significant simply by chance. 

SUMMARY AND CONCLUSIONS 

Major structural changes were evident in the proximal 
region of the nose for animals exposed to 0.5 or 1.0 ppm 
ozone, including alterations to the surface epithelium, in
creases in intraepithelial mucus, and moderate mucosal 
inflammation. These structural alterations were associated 
with a dysfunction in mucous flow over the surface epithe
lium. Small, but statistically significant, biochemical changes 
were observed in whole lung tissue (when data were ex
pressed on a per lung lobe basis) that might reflect structural 
changes in the centriacinar region. In addition, changes in 
antioxidant enzyme activity were noted within specific 
anatomical sites of the lung. They were most obvious in the 
centriacinar region, where the most marked cellular changes 
occurred. Subtle changes in lung structure were observed by 
morphometric evaluations of the centriacinar region at all 
concentrations of ozone tested, but mainly at 0.5 and 1.0 

ppm ozone. These observations were consistent with rou
tine histological findings of interstitial fibrosis in rats ex
posed to 0.5 or 1.0 ppm ozone. An effect of exposure to 0.12 

ppm ozone was observed at only one focal region. This 

region, which extends approximately 300 11m beyond the 
bronchiole-alveolar duct junction, is believed to be particu
larly sensitive to ozone. Minimal or no functional changes in 
the Project animals could be detected by pulmonary function 
testing in anesthetized rats. 

The integrative analyses reinforced these findings and, 
in fact, strengthened the correlation between the data for 
different endpoints. These results suggest that structural 
and biochemical findings, along with minimal functional 
alterations, demonstrate that the lungs of these animals 
became tolerant to the injurious effects of ozone as a result 
of continuous exposure. The appearance of inflammation 
in the nose of these animals is in striking contrast to the lack 
of inflammation in the rest of the respiratory system, and 
suggest that the nose did not develop tolerance to acute 
injury as did the lungs. 
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APPENDIX A. List of All Endpoints Examined 
by HEI Investigators 

Table A.l. Individual Endpoints by Structural, 
Biochemical, and Functional Parameters 

Principal 
Endpoint Investigator 

Structure 
Wall area (in large and small 

airways; per segment length) Szarek 
Smooth muscle area (in large 

and small bronchi; per 
segment length; also as a 
percentage of wall area) Szarek 

Interstitial volume Chang 
Collagen volumea Chang 
Fibroblast volumea Chang 
Basement membrane volumea Chang 
Acellular space volumea Chang 
Macrophage volumea Chang 
Percentage of bronchiolarization b Chang 
Elastin volumeb Chang 
Interstitial macrophage volumeb Chang 
Ciliated cellsc Chang 
Clara cellsc Chang 
Brush cellsc Chang 
Preciliated cellsc Chang 
Unknown cellsc Chang 
Terminal bronchiole diameter Chang 
Epithelial volumed Pinkerton 
Interstitial volumed Pinkerton 
Capillary volumed Pinkerton 
Air space volumed Pinkerton 
Macrophage volumed Pinkerton 
Airway epithelial cell thickness8 Pinkerton 
Volume fraction and volume 

per unit of surface area of non-
ciliated bronchiolar epithelial Pinkerton 
cells£ 

Stored intraepithelial cell 
secretory productg Pinkerton, 

Abundance of cell types in the 
nasal transitional epithelium Harkema 

(Table continued next page.) 

Harkema 
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Table A.1. Individual Endpoints by Structural, 
Biochemical, and Functional Parameters (continued) 

Endpoint 

Biochemistry 
4-Hydroxyproline (per lobe) 
Trifunctional cross-links 

hydroxypyridiniurn (per lobe) 
Difunctional cross-links 

dihydroxylysinonorleucine 
(per lobe) 

Hydroxylysinonorleucine (per 
lobe) 

Dihydroxylysinonorleucine:hy
droxylysinonorleucine ratio 
(based on above) 

Hydroxypyridiniurn:4-hydroxy-
proline ratio (based on above) 

Total glycosaminoglycans (per 
milligram of dry-defatted 
tissue) 

Hyaluronanh 
Heparan sulfateh 
Chondroitin 4-sulfateh 
Chondroitin 6-sulfateh 
Derrnatan sulfateh 
Heparine,h 
Collagen type I gene expression 
Collagen type III gene expression 
Elastin gene expression 
Fibronectin gene expression 
Interstitial collagenase gene 

expression 
Catalasei 
Glutathione perioxidasei . 
Glutathione S-transferase1 

Superoxide dismutasei 
Prostaglandin Ez and leukotriene 

C4 release from caudal airways 

Function 
Mucous flow rates (in 13 specific 

Principal 
Investigator 

Last 

Last 

Last 

Last 

Last 

Last 

Radhakrishnamurthy 
Radhakrishnamurthy 
Radhakrishnamurthy 
Radhakrishnamurthy 
Radhakrishnamurthy 
Radhakrishnamurthy 
Radhakrishnamurthy 
Parks 
Parks 
Parks 
Parks 

Parks 
Pinkerton 
Pinkerton 
Pinkerton 
Pinkerton 

Szarek 

regions of the nasal cavity) Harkema 
Mucous volume (in 3 of the 13 

regions) Harkema 
Breathing frequency Harkema 
Tidal volume Harkema 
Minute volume Harkema 
Dynamic lung compliance Harkema 
Total pulmonary resistance Harkema 
Quasistatic chord compliance Harkema 
Maximal compliance Harkema 

(Table continued next column.] 
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Table A.1. Individual Endpoints by Structural, 
Biochemical, and Functional Parameters (continued] 

Endpoint 
Principal 
Investigator 

Total lung capacity Harkema 
Vital capacity Harkema 
Functional residual capacity Harkema 
Expiratory reserve volume Harkema 
Residual volume Harkema 
Carbon monoxide diffusing Harkema 

capacity 
Forced vital capacity Harkema 
Percentage of forced vital Harkema 

capacity expired in 0.1 second 
Peak expiratory flow rate Harkema 
Mean midexpiratory flow rate Harkema 
Flow rate at 50%, 25%, and 10% 

of forced vital capacity Harkema 
Slope of phase III of single-

breath nitrogen washout Harkema 
Additional quantities and ratios 

derived from the preceding 
endpoints Harkema 

Mechanics and contractile 
responses of small and large 
bronchi Szarek 

a Measured in proximal and random alveolar regions. 

b Measured in proximal alveolar region only. 

c Measured in terminal bronchioles. 

d Measured at 100 to BOO f!ID of alveolar duct path from septal tips along 
both short- and long-path airway segments. 

e Measured in trachea, and cranial, central, and caudal bronchi. 

f Measured in trachea; cranial, central, and caudal bronchi; and proximal 
and terminal bronchioles. 

g Measured in nasal cavity; trachea; and cranial, central, and caudal bronchi. 

h Measured per milligram of dry-defatted tissue and as the percentage of 
total glycosaminoglycans. 

APPENDIX B. Summary of the Results of the NTP 
Portion of the NTP/HEI Collaborative Ozone Project 

For the NTP studies, survival at the end of the 24-month 
and 30-month exposure periods was similar among the ex
posed groups and the control group. A slight decrease was 
evident in the mean body weight in the groups exposed to 
1.0 ppm ozone, but no decrease in the groups exposed to 
0.12 or 0.5 ppm ozone. All groups of animals exposed to 
ozone were hypoactive. 

Increased incidence of metaplasia was observed in the 
nose and lungs of rats exposed to 0.5 or 1.0 ppm ozone for 
24 months. In the nose, these lesions were 
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. . . characterized by an increase in the number of 
goblet cells in the respiratory epithelium with mild 
squamous metaplasia of the cuboidal epithelium on 
the lateral wall. The increase in the number of goblet 
cells was found primarily in levels I and II epithelium 
occurring along the lateral wall and on the maxilloturbi
nates and nasoturbinates. The metaplasia in the lung was 
a patchy multifocal lesion consisting of extension of 
the bronchial epithelium into the alveoli of the cen
triacinar region. This may represent more an extension 
of the bronchial epithelium into the pulmonary paren
chyma than an actual transition of one epithelial cell 
type into another. There were increased incidences of 
squamous metaplasia at the base of the epiglottis char
acterized by one or more layers of flattened epithelial 
cells where low cuboidal cells are normally found 
(National Toxicology Program 1995). 

In addition, increased incidence of metaplasia was ob
served in the nose, larynx, and lungs of rats exposed to 0.5 
or 1.0 ppm ozone for 30 months. The lung lesions were 

. . . multifocal, centriacinar and were characterized 
by the presence of cuboidal epithelium (ciliated and 
nonciliated) along the alveolar ducts where type I 
epithelium is normally present (National Toxicology 
Program 1995). 

Inflammation and interstitial fibrosis also were observed 
in the lungs of ozone-exposed animals from this Project. No 
increase in alveolar/bronchial adenoma or carcinoma were 
seen in any of the exposure groups. These results are con
sistent with the observations in animals studied by HEI 
investigators. 

In the cocarcinogenesis study, rats were exposed to 0.5 
ppm ozone during or after an exposure to a known carcino
gen, NNK. Exposure to ozone did not affect the occurrence 
of neoplastic or nonneoplastic lesions. 

In the study withB6C3Ft mice, survival at the end of the 
24-month and 30-month exposure periods was generally 
similar among the exposed groups and the control group, 
although the 24-month survival rate was higher in female 
mice than male mice exposed to 1.0 ppm ozone. A slight 
decrease in the mean body weight and hypoactivity were 

noted in several groups of mice exposed to ozone. Increased 
incidence of metaplasia and hyperplasia were observed in 
the nose and lungs of mice exposed to 0.5 or 1.0 ppm ozone 
for 24 months. In the nose, metaplasia was characterized by 
" ... increased thickening and extension of the squamous 
epithelium into the anterior portion of the nasal passage." 
Nasal hyperplasia was characterized by " ... thickening of 
the noncuboidal (transitional) epithelium." In the lungs, 
metaplasia was characterized by an " ... extension of the 
bronchial epithelium into the alveoli of the centriacinar 
region." An increased incidence of hyperplasia also was 
noted in the epiglottis of female mice, a change that was 
characterized by a " ... minimal increase in the thickness 
of the epithelium." Increased levels of metaplasia and hy
perplasia also were observed in the larynx. 

In both the 24-month and 30-month studies with mice, 
evidence of possible malignancy was supported by mar
ginal increases in the incidence of alveolar/bronchiolar 
adenoma or carcinoma (combined) in both genders exposed 
to 0.5 or 1.0 ppm ozone. 

On the basis of these studies, the NTP concluded that no 
evidence of carcinogenic activity from exposure to ozone 
was found in male or female F344/N rats. However, the 
increased incidence of alveolar/bronchiolar adenoma or 
carcinoma provided some evidence of carcinogenic activity 
in female B6C3Ft mice exposed to ozone. Evidence of 
carcinogenic activity also was found in male mice, but it 
was equivocal. The basis for these judgments regarding 
mice are presented in Table B.l. 

Exposure to ozone was associated with nasal goblet cell 
hyperplasia, nasal squamous cell metaplasia, squamous meta
plasia in the larynx, and both interstitial fibrosis and exten
sion of the bronchial epithelium into the centriacinar alveolar 
ducts in the lungs of rats. Exposure to ozone was associated 
with nasal hyperplasia, inflammation, nasal squamous cell 
metaplasia, and extension of the bronchial epithelium 
into the centriacinar alveolar ducts in the lungs of mice. 

The NTP also concluded that no evidence supported the 
hypothesis that exposure to 0.5 ppm ozone would enhance 
the incidence of pulmonary neoplasms induced by NNK in 
male rats. 
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Table B.1. Incidence of Combined Alveolar/Bronchiolar Adenomas and Carcinomas in Micea 

24-Month Exposure 30-Month Exposure 

Ozone (ppm) Males Females Males Females 

0 14/50 6/50 16/49 6/50 
0.12 14/50 7/50 
0.5 18/50 9/50 22/49 8/49 
1.0 19/50 16/50 21/50 12/50 

• Values are the number of mice with neoplasms/number of mice examined. 

APPENDIX C. Correlative Analyses 

In the following five figures, pairwise plots ofrankits (the 
ranking of raw data that assumes an underlying normal 
distribution) are shown. The pairs of correlated parameters 
are given above each box plot. Open circles (O) indicate 
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Figure C.l. Correlative analysis of structural function in the nasal apparatus. 
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data for control animals and animals exposed to 0.12 ppm 
ozone; filled circles (e) indicate data for animals exposed 
to 0.5 or 1.0 ppm ozone. In each plot, smooth curves 
(constructed using a robust scatterplot smoother) are over
laid to give an indication of general trend. 
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A. Stored mucus vs. percentage of 
nonciliated cells in the trachea 
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C. Stored mucus vs. percentage of 
nonciliated cells in the caudal bronchus 
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Figure C.2. Correlative analysis of structure versus function in the lung. 

~ 
~ 

2l 
C\J 

c 

1il ·;;; 
~ 
~ 0 :g 
0 
E ..-
""; ' "-

" ~ 

~ 
c 
~ C\J g 
"' 1;j 
·;;; 
~ 
~ 0 

"' c 
0 
E ..-

""; ' "-
"iii 
13 
f-

• 
-2 

• 

A. Total pulmonary resistance 
vs. small airway wall area 

• 0 
0 • 0 

•• 0 

• 
0- • 

0 
0 0 • 

-1 0 

Small airway wall area rankit 

0 -

2 

C. Total pulmonary resistance vs. 
inverse airway radius in small airway 

• • • 0 0 

• • 0 • u 

-
o• 

0 
• 

0 0 • • 
-1 0 

Small ailway [radius'4] rankit 

Figure C.3. Correlative analysis of function versus function in the lung. 
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Figure C.4. Correlative analysis of biochemistry and functional measures (Figure continues next page.) 

50 

Integrative Summary 



The Collaborative Ozone Project Group 

~ 
~ 0 
Q) 

~ 0 

U) 

c 

"' "@ 

§ 
'";-

(]} 

0 
C)l 

-1.0 

~ 
c 
~ 
Q) 

]i 

" U) 0 
c 
~ 

"' a_ 
(]} ,...-
:r: ' 

-1.0 

H. Dermatan sulfate vs. 
hydroxyproline content 
0 

0 0 

• Ill 

• 
-0.5 0.0 0.5 

Hydroxyproline per lobe rankit 

J. Heparan sulfate vs. 
hydroxyproline content 

• 

• 

0 

-0.5 0.0 0.5 

Hydroxyproline per lobe rankit 

I. Chondroitin 6-sulfate vs. 
hydroxyproline content 

~ 
~ 0 
(]} 

.]! 
0 "3 

'i' 

0 

• 
11110 

0 
to 
c 0 Ill 
:g ~ 
-o ' • c 
0 
-" 

C)l (.) 
• • 

1.0 -1.0 -0.5 0.0 0.5 1.0 

Hydroxyproline per lobe rankit 

1.0 

Figure C.4. Correlative analysis of biochemistry and functional methods (continued). 
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Figure C.5. Correlative analysis of volume of mucosubstances in the airways. (Figure continues on next page.) 
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Figure C.5. Correlative analysis of volume ofmucosubstances in the airways (continued). 

52 



The Collaborative Ozone Project Group 

ABOUT THE AUTHORS 

Paul J. Catalano, Ph.D., is an Assistant Professor of Biosta
tistics at the Harvard School of Public Health and the 
Dana-Farber Cancer Institute. He received a doctoral degree 
in biostatistics from the Harvard School of Public Health in 
1991. His research interests focus on developing and applying 
statistical methodology to environmental problems, including 
multivariate modeling, analysis of animal bioassay data, and 
methods for risk assessment. Dr. Catalano is also involved 
in the statistical design and analysis of cancer clinical trials 
through the Eastern Cooperative Oncology Group. 

Ling-Yi Chang received a Ph.D. in physiology in 1982 from 
North Carolina State University. She then joined the Pul
monary and Critical Care Medicine Division at Duke Uni
versity as a Research Associate. She is currently Associate 
Research Professor of Medicine and Cell Biology. Her main 
research interests are pulmonary cell interactions with oxi
dants and their responses to oxidant stress, the effects on 
lung cell function and structure of air pollutants that gen
erate free radicals, and the regulation oflung inflammation 
by molecules that adhere to the surface of alveolar epi
thelial cells. 

JackR. Harkema, D.V.M., Ph.D., is a Professor of Pathology 
at Michigan State University, College of Veterinary Medi
cine. Dr. Harkema was an experimental pathologist and 
manager of the Pathogenesis Program at the Inhalation 
Toxicology Research Institute in Albuquerque, NM from 
1985 to 1994, when he conducted the resarech reported 
here. He received his Ph.D. in comparative pathology at the 
University of California at Davis. He is a diplomate of the 
American College ofVeterinary Pathologists. Dr. Harkema's 
primary research interest is the pathogenesis of airway 
epithelial cell injury, adaption, and repair after exposure to 
inhaled toxicants. He is currently investigating the cellular 
and molecular mechanisms involved in mucous cell hyper
plasia and metaplasia in experimental models of chronic 
bronchitis. 

Debra A. Kaden, Ph.D., is a Staff Scientist with the Health 
Effects Institute, Cambridge, MA. She was awarded B.S. 
and M.S. degrees in 1978, and her Ph.D. degree in toxicol
ogy in 1983 from the Massachusetts Institute of Technology. 
She had postdoctoral training at New York University Medical 
School, New York, NY, and at the Dana-Farber Cancer Insti
tute, Boston, MA. 

Jerold A. Last, Ph.D., is Professor of Pulmonary Medicine 
at the University of California at Davis School of Medicine. 
He serves as Vice-Chair ofthe Department oflnternal Medi
cine and as Director of the University of California System
wide Toxic Substances Research and Teaching Program. He 

received his Ph.D. in biochemistry from the Ohio State 
University and postdoctoral training at the New York Uni
versity School of Medicine, the National Institutes of Health, 
and Rockfeller University. 

Paul W, Mellick, D.V.M., M.S., Ph.D., is a staff pathologist 
at Battelle Pacific Northwest Laboratories in Richland, W A. 
He received the D.V.M. degree from The Ohio State Univer
sity in 1962, the M.S. in veterinary pathology from Cornell 
in 1964, and the Ph.D. in comparative pathology from the 
University of California at Davis in 1975. He is a Diplomate 
of the American College of Veterinary Pathologists. Dr. 
Mellick's primary research interests are in toxicologic pa
thology and responses of the respiratory system to inhaled 
toxicants. 

Dr. William C. Parks received his Ph.D. in anatomy and cell 
biology in 1982 from the Medical College of Wisconsin. He 
had postdoctoral training in carcinogenesis at Michigan State 
University with Drs. Veronica Maher and Justin McCormick, 
and in connective tissue biology at Washington University 
with Dr. Robert Mecham. Currently, Dr. Parks is an Assis
tant Professor in the Dermatology Division, Department of 
Medicine, and in the Department of Cell Biology and Physi
ology at Washington University. Research in his laboratory 
involves defining functional and regulatory domains of 
tropoelastin protein and mRNA, delineating the molecular 
and cellular mechanisms controlling tropoelastin and met
alloproteinase expression, and characterizing the role of 
metalloproteinases and connective tissue proteins in pul
monary diseases and wound healing. Dr. Parks is a Career 
Investigator of the American Lung Association. 

Kent E. Pinkerton, Ph.D., is an Associate Professor in Resi
dence in the Department of Anatomy, Physiology and Cell 
Biology in the School of Veterinary Medicine, University of 
California at Davis. He completed his undergraduate edu
cation at Brigham Young University in 1974 and received 
the M.S. and Ph.D. degrees in pathology from Duke Univer
sity in 1978 and 1982, respectively. His primary research 
interests are in respiratory cell biology and environmental 
air pollutants. 

Bhandaru Radhakrishnamurthy received his Ph.D. degree 
in chemistry from Osmania University in India in 1958. 
From 1953 to 1961 he worked at Osmania University as an 
Assistant Professor in Chemistry. From 1961 to 1992 he was 
at Louisiana State University School of Medicine in the 
Departments of Medicine and Biochemistry, where he was 
Research Associate, Instructor, Assistant Professor, Associ
ate Professor, and Professor. From 1992 to the present he 
has been at Tulane University School of Public Health and 
Tropical Medicine as a Research Professor in the Depart
ment of Applied Health Sciences, and at Tulane University 
School of Medicine as an Adjunct Professor in the Depart-

53 



ment of Biochemistry. His research interests include the 
chemistry and metabolism of connective tissues, and their in
volvement in disease (atherosclerosis, diabetes, chronic obstruc
tive lung disease, and emphysema). 

Louise M. Ryan is an Associate Professor of Biostatistics at 
the Harvard School of Public Health and the Dana-Farber 
Cancer Institute. She received her Ph.D. in statistics from 
Harvard University in 1983. Her primary research interests 
include statistical methods for the design and analysis of 
carcinogenicity, developmental toxicity, and other toxico
logical experiments. She is particularly interested in statistical 
methods for analyzing multiple outcomes, especially in the 
context of dose-response modeling. Dr. Ryan also works on 
the statistical analysis for cancer clinical trials, and for 
epidemiologic studies in fertility and human reproduction. 

John L. Szarek received his B.S. in biological sciences from 
the University of Illinois in Urbana, and a B.S. in pharmacy 
from the University of Illinois College of Pharmacy in 
Chicago. He received his Ph.D. in pharmaceutical sciences 
from the University of Kentucky College of Pharmacy in 
Lexington. He conducted postdoctoral research in the De
partment of Physiology and Biophysics in the College of 
Medicine at the University of Vermont in Burlington. Dr. 
Szarek is currently an Associate Professor at Marshall Uni-

54 

Integrative Summary 

versity School of Medicine in the Department of Pharma
cology. His primary research interest is in the effects of 
oxidant stress on airway responsiveness. 

ABBREVIATIONS 

DHLNL 

DLco 

EC5o 

EPA 

FEV1 

HLNL 

mRNA 

NAAQS 

NNK 

NTP 
180 

ppm 
358 

dihydroxylysinonorleucine 

carbon monoxide diffusing capacity 

effective concentration or frequency of 
stimulus that elicits a half-maximal 
response 

U.S. Environmental Protection Agency 

forced expiratory volume in one second 

hydroxylysinonorleucine 

messenger RNA 

National Ambient Air Quality Standards 

4-(N-methyl-N-nitrosamino )-1-(3-pyridyl)-
1-butanone 

National Toxicology Program 

oxygen-18 

parts per million 

sulfur-35 



COMMENTARY '1..:1::;[ 
~H=e~a~tt~h~R~e~v~ie~vv~C~o_rn __ rn_I~.tt-e-e------------------------------------·~ 

INTRODUCTION TO THE NTP /HEI 
COLLABORATIVE OZONE PROJECT 

The NTP/HEI Collaborative Ozone Project was a multi-in
stitutional effort that drew on the expertise of many individu
als to address the question of whether there is a linkage 
between prolonged ozone exposure and either the develop
ment of chronic respiratory diseases or damage to the respira
tory tract that could contribute to such diseases. Collectively, 
chronic lung diseases are among the major contributors to 
morbidity and mortality in developed countries; they are 
the fourth leading cause of death in the United States. 
Chronic lung diseases include restrictive disorders such as 
interstitial fibrosis, and obstructive disorders such as emphy
sema, chronic bronchitis, and asthma. Cigarette smoking is 
the major contributor to emphysema and chronic bronchitis. 
Exposure to ozone or other air pollutants may contribute to or 
exacerbate these disorders. 

The NTP/HEI Collaborative Ozone Project had its origins 
inHEI's efforts in 1986 to initiate a small research program 
to address the potential carcinogenicity of prolonged ozone 
exposure. Although HEI did not fund any animal carcino
genesis bioassays, the Institute's Health Research Commit
tee thought that the issue was of sufficient importance to 
submit a nomination to the National Toxicology Program 
(NTP)* for chronic toxicity and carcinogenicity testing of 
ozone. The NTP coordinates the nation's testing of poten
tially toxic and hazardous chemicals. Over the years it has 
developed rigorous procedures for conducting and evaluat
ing animal bioassays, especially the two-year carcinogenic
ity bioassays that form the basis of most risk assessments. 
Because ozone is potentially genotoxic and exposures to 
this pollutant are widespread, the NTP approved it for 
testing. The focus of the NTP studies was evaluating the 
carcinogenicity of ozone. However, both the NTP and HEI 
recognized that cancer was only one lung disorder of con
cern and that nonneoplastic endpoints should be studied 
as well. The NTP included 164 additional animals in its 
exposure chambers for HEI toxicity studies. The HEI imple
mented procedures to assure rigorous oversight and scientific 
review of the studies of nonneoplastic endpoints. Members of 
both organizations worked together and with academic and 
industrial scientists to develop research priorities and de
sign studies. 

* A list of abbreviations appears at the end of the Integrative Summary for 
your reference. 
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THE NATIONAL TOXICOLOGY 
PROGRAM BIOASSAY 

The NTP conducted five long-term studies: a 24-month 
study exposing rats to ozone, a 24-month study exposing mice 
to ozone, a 30-month study exposing rats to ozone, a 3D
month study exposing male mice to ozone, and a 24-month 
cocarcinogenesis study exposing rats to ozone and the lung 
carcinogen 4-(N-methyl-N-nitrosamino )-1-(3-pyridy l)-1-buta
none (NNK). Details about the NTP ozone studies can be found 
in the Technical Report on the Toxicology and Carcinogenesis 
Studies of Ozone and Ozone!NNKinF344/NRats and B6CJF1 
Mice (National Toxicology Program 1995; Boorman et al. 
1995b) and in Part VI of this Research Report (Boorman et 
al. 1995a). 

STUDIES FUNDED BY THE HEALTH 
EFFECTS INSTITUTE 

Six groups of scientists participated in the HEI compo
nent of the NTP/HEI Collaborative Ozone Project: 

• 

• 

• 

• 

• 

• 

The Steering Committee consisted of members of the 
HEI Health Research Committee, HEI staff, the project 
manager for the NTP studies, and outside consultants. 
The main goal ofthis Committee was to develop re
search priorities. 

The HEI Health Research Committee issued Requests 
for Applications, made funding decisions, and pro
vided guidance during the research stage of the Project. 

Scientists with expertise in pulmonary physiology, 
toxicology, cell biology, and biostatistics reviewed and 
ranked the research applications. 

The staff of Battelle Pacific Northwest Laboratories 
were the NTP contractors for the ozone exposures. 
They also facilitated the preparation and distribution 
of tissue samples and animals to the HEI investigators 
and conducted histopathologic investigations of all 
HEI animals. 

Eight investigator teams conducted the experimental 
studies; a ninth investigator team developed an animal 
allocation scheme, assisted some individual investiga
tors in data analysis, and worked with all of the inves
tigators to perform an integrative analysis of the data 
from all of the studies. 

Members of the HEI Health Review Committee, staff, 
and outside consultants reviewed the individual Inves
tigators' Reports and the Integrative Summary. In this 
Commentary, the Health Review Committee provides 
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an evaluation of the investigators' integrative analysis 
and discusses the implications of these results for 
human health. 

The Steering Committee was faced with the challenge of 
obtaining the maximum amount of information from a limited 
number of animals. To accomplish this, it set two major 
priorities to address the most important issues: 

• Focus on studies that would provide information on 
whether ozone causes permanent changes in the respi
ratory tract of animals exposed to ozone; and 

• Adopt an integrated approach that would subsequently 
allow correlation of the results of the biochemical, 
structural, and functional studies. 

The HEI Health Research Committee incorporated these 
broad recommendations into a Request for Applications 
that was issued in 1990, entitled,"Health Effects of Chronic 
Ozone Inhalation: Collaborative National Toxicology Pro
gram-Health Effects Institute Studies, Part A: Respiratory 
Function Studies," and "Part B: Structural, Biochemical, 
and Other Alterations." Twenty-six proposals were submit
ted in response to this Request for Applications and were 
evaluated by two ad hoc review panels. The HEI Health 
Research Committee selected eight investigator teams on 
the basis of the scientific merit of their applications, dem
onstrated expertise, and the likely contribution of the work 
to a coherent research program. Figure 1 of the Integrative 
Summary illustrates the objectives of the HEI studies and 
the relation of the NTP and HEI investigations. Throughout 
the course of the project, HEI conducted workshops and 
meetings to encourage investigators to interact and develop 
plans for individual and integrated analyses. Thus, the final 
project was a hybrid ofHEI-managed and investigator-initi
ated research. 

The following Commentary, prepared by the HEI Health 
Review Committee and staff, provides a background on the 
National Ambient Air Quality Standard (NAAQS) for ozone 
and summarizes the results of earlier studies of prolonged 
exposure of laboratory animals to ozone. The Commentary 
evaluates the strengths and limitations of the NTP/HEI 
Collaborative Ozone Project and the Integrative Summary. 
It concludes with a discussion of what the Health Review 
Committee thinks the results tell us about the potential for 
ozone to contribute to or exq_cerbate chronic lung diseases. 

REGULATORY BACKGROUND 

Ozone is an oxidant gas and a major component of 
photochemical smog. The U.S. Environmental Protection 
Agency (EPA) sets standards for oxidants (and other pollut
ants) under Section 202 of the Clean Air Act, as amended 
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in 1990. Section 202(a)(1) directs the Administrator to 
"prescribe (and from time to time revise) ... standards 
applicable to the emission of any air pollutant from any 
class or classes of new motor vehicles or new motor vehicle 
engines, which in his judgment cause, or contribute to, air 
pollution which may reasonably be anticipated to endanger 
public health or welfare," In addition, Section 109 of the 
Clean Air Act provides for the establishment of air quality 
standards to protect the public health. 

In 1971, the EPA promulgated an NAAQS of 0.08 parts 
per million (ppm) for photochemical oxidants (ozone and 
other oxidants such as nitrogen dioxide and hydrogen per
oxide) that should not be exceeded for more than one hour, 
once per year. Because ozone is the principal oxidant in 
photochemical smog, and improved instrumentation for 
measuring ambient ozone had become available, the form 
ofthe NAAQS was changed in 1979 from "photochemical 
oxidants" to "ozone." The new standard was set at 0.12 ppm 
and retained the hourly average, which was also not to be 
exceeded more than once per year (reviewed by McKee 
1993a). The EPA classifies nonattainment areas according 
to the degree to which they exceed the NAAQS and assigns 
a primary standard attainment date for each classification. 

The Clean Air Act also requires the EPA to evaluate the 
air quality criteria to ensure that they reflect the latest 
scientific information relevant for each criteria pollutant 
every five years. For ozone, this was last done during the 
period from 1986 to 1992 (U.S. Environmental Protection 
Agency 1986, 1992). This review formed the basis for the 
EPA Administrator's decision in August of 1992 to not 
revise the existing one-hour primary and secondary stand
ards. However, as part of a court mandate, the EPA is 
currently reevaluating the ozone standard. In April1994, 
the Agency released a draft criteria document that reviewed 
the scientific data on ozone toxicity that had become avail
able since 1986. 

BASIS FOR THE CURRENT ONE-HOUR STANDARD 

When the EPA selected the level for the current one-hour 
primary ozone standard in 1979, it considered the lowest 
levels of ozone that had been shown to cause adverse 
effects, potentially sensitive populations, the nature and 
severity of demonstrated health effects, and a reasonable 
margin of safety. Several controlled human exposure stud
ies formed the basis of the Agency's decision. One key study 
was that of DeLucia and Adams (1977), who reported cough, 
dyspnea, and wheezing, together with small, statistically 
insignificant, decrements in lung function in adults with 
asthma exposed to 0.15 ppm ozone for one hour while 
exercising. Although quantitative information on human 
health effects of ozone inhalation was limited, qualitative 
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information suggested the possibility of adverse health effects 
occurring at ozone exposure concentrations below 0.15 ppm. 
Therefore, the EPA Administrator concluded that a standard 
of 0.12 ppm ozone was necessary and prudent to protect 
public health (reviewed by McKee 1993b). 

PROPOSALS FOR A MULTIHOUR OR 
ANNUAL STANDARD 

One rationale for the original one-hour ozone standard 
was to relate it to acute exposures of the type experienced 
by people in Los Angeles in the 1970s when ozone concen
trations peaked rapidly during rush hour and then dropped. 
We now know that the typical ozone exposure pattern is 
not a one-hour peak. Ambient measurements have shown 
that during air pollution episodes, humans may be exposed 
to elevated ozone levels for several hours or even days, 
rather than to peaks lasting for one to two hours (Rombout 
et al. 1986, 1989; Lioy and Dyba 1989; van Bree et al. 1990). 

The current ozone standard is largely based on data from 
laboratory and epidemiologic studies that demonstrate tran
sient symptoms and pulmonary function changes in people 
exposed to ozone for relatively short periods oftime (a few 
hours). In controlled exposure studies, short-term ozone 
exposures have been shown to produce a variety of transient 
pulmonary responses, including decreased inspiratory capac
ity, increased breathing frequency, nose and throat irritation, 
mild bronchoconstriction, airway hyperresponsiveness, 
cough, and the subjective symptoms of pain on deep inspi
ration and shortness of breath (reviewed by the U.S. Environ
mental Protection Agency 1986; Lippmann 1992, 1993). 
Individuals exposed to ozone show a reduction in some 
pulmonary function measurements including forced vital ca
pacity and forced expiratory volume in one second (FEVt). 
Changes in FEV 1 have been observed at ozone levels as low 
as 0.08 ppm in moderately exercising subjects who were 
exposed for 6.6 hours (Horstman et al. 1990). When subjects 
were exposed to ozone on several consecutive days, these 
symptoms abated (Hackney et al. 1977; U.S. Environmental 
Protection Agency 1986). The mechanisms by which the 
lungs appear to adapt to ozone exposure are unknown. 

Epidemiologic studies also show that decrements in hu
man pulmonary function occur during short -term exposure 
to ozone. For example, pulmonary function declined in 
children engaged in moderate activity in ambient air con
taining concentrations of ozone less than 0.12 ppm (Lioy et 
al. 1985; Spector et al. 1988, 1991). Despite the fact that the 
pulmonary function changes reversed as the levels of am
bient ozone decreased, these observations raise concern 
that the current standard may not adequately protect hu
man health. 

Another concern is whether exposure to ozone damages 
cells that line the airways and precipitates an inflammatory 
response. These responses have, for the most part, been 
studied in animals. However, Seltzer and coworkers (1986) 
exposed healthy human subjects to 0.4 or 0.6 ppm ozone 
for two hours. They reported that the percentage of neutro
phils increased nine-fold in samples of bronchoalveolar 
lavage fluid recovered from the subjects three hours after 
the end of the exposure period. Increased levels of neutro
phils and other markers of inflammation were found in 
bronchoalveolar lavage samples of exercising human sub
jects after they had been exposed either for two hours to 0.4 
ppm ozone (Koren et al. 1989) or for 6.6 hours to concen
trations as low as 0.10 or 0.08 ppm ozone (Devlin et al. 
1991). These observations have led to speculation that 
exposure to ozone may be a risk factor for pulmonary 
fibrosis, because repeated inflammatory episodes in the lung 
parenchyma are thought to be factors in the development of 
diffuse pulmonary fibrosis in humans (Crystal et al. 1991). 

Humans are often exposed for several hours or days to 
ozone concentrations equal to or above those that have been 
shown to produce changes in lung function or the appear
ance of inflammatory markers. Because of this, it has been 
suggested that the NAAQS for ozone should be changed to 
incorporate a multihour (for example, eight-hour) or annual 
averaging time. Van Bree and associates (1990) proposed 
that lowering the NAAQS below 0.12 ppm for a multihour 
ozone standard might be more representative of ambient 
exposure conditions and therefore a better prediCtor of the 
harmful effects of daily exposures to ozone (Rombout et al. 
1986; Van Bree et al. 1990; Lippmann 1993). Lippmann 
( 1993) suggested that an annual or seasonal averaging time, 
in addition to a multihour standard for ozone, should be 
considered. 

SCIENTIFIC BACKGROUND 

EXPERIMENTAL APPROACHES TO UNDERSTANDING 
THE EFFECTS OF PROLONGED OZONE EXPOSURE 

Despite the fact that ozone exposure has the potential to 
contribute to the development of chronic lung diseases, it 
is difficult to document that this occurs. Of most relevance 
would be human studies of ozone exposure. However, the 
field studies and controlled chamber studies, which have 
contributed important information on acute respiratory ef
fects, do not provide information about the consequences 
of prolonged exposure, nor do they address whether ozone 
exposure causes or exacerbates pulmonary fibrosis, emphy
sema, asthma, or chronic bronchitis. The epidemiologic 
studies that have attempted to address these issues have 
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important limitations. For example, the Adventist Health 
Smog Study provided new and useful data (Hodgkin et al. 
1984; Euler et al. 1987, 1988; Abbey et al. 1991a,b). The 
original conclusion of these studies was that residence in 
the South Coast Air Basin in California was estimated to 
cause a 15% increase in the prevalence of chronic obstruc
tive pulmonary disease. However, no estimates of ozone 
exposure were available; therefore, the data were consid
ered to be of limited value. When the data were analyzed 
taking into account time spent indoors, a small effect was 
seen for the cumulative prevalence of asthma and cillonic 
bronchitis. A cumulative total suspended particle effect 
also was noticed, however, and it is very difficult to parti
tion the effects between ozone and particles. 

Currently, studies in laboratory animals provide the best 
source of information on the effects of prolonged exposure 
to ozone on the respiratory system. Because such studies 
are expensive and labor-intensive, only a limited number 
ofbioassays have been conducted with laboratory animals 
that were exposed to ozone for longer than 6 months. 
Studies conducted in dogs (Freeman et al. 1 973) used ozone 
concentrations (2 ppm) that were not relevant to ambient 
conditions for humans. Three more recent studies that have 
focused on long-term ozone exposure in animals are dis
cussed in this Commentary: 

• Investigators at the University of California at Davis 
conducted studies with rats and primates exposed to 
ozone for 90 days (Boorman etal. 1980; Barretal. 1988) 
or one year (Last et al. 1 984; Reiser et al. 198 7) (referred 
to as the UC Davis studies). 

• 

.. 
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Researchers at the General Motors Research Laborato
ries exposed male F344/N rats to 0.125, 0.25, or 0.5 
ppm ozone or clean air for 20 hours per day, seven days 
per week, for 52 weeks (Filipowicz and McCauley 
1986; Gross and White 1987), after which time some 
animals were allowed to recover in clean, filtered air 
for 12 weeks (referred to as the General Motors studies). 

The EPA's Health Effects Research Laboratory con
ducted an 18-month ozone exposure study in male 
F344/N rats (Grose et al. 1 989) (referred to as the EPA 
studies). The exposure regimen was designed to mimic 
urban ozone exposures. Rats were exposed to a con
tinuous ozone background level of 0.06 ppm for 22 
hours per day, seven days per week. For five days a 
week, a nine-hour ozone "ramped spike" (to a maxi
mum concentration of0.25 ppm, producing an integrated 
concentration 0.19 ppm) was superimposed on this back
ground exposure. The study included morphometric (Chang 
et al. 1992) and functional (Tepper et al. 1991; Costa et al. 
1995) studies designed to evaluate the progression of 
ozone-induced effects. 

NASAL CAVITY AND CONDUCTING AIRWAYS 

Data on the effects of prolonged ozone exposure on the 
nose and conducting airways indicate that the nose is 
very sensitive to ozone. The nose absorbs a large fraction 
of the ozone dose in obligate nose-breathers such as the rat. 
Harkema and colleagues (1 987a,b) reported that the nasal 
transitional and respiratory epithelia and the cilia were 
damaged in monkeys exposed to 0.15 or 0.3 ppm ozone for 
90 days. The number of mucous cells in both types of 
epithelia increased markedly, and the amount of intraepi
thelial mucous components increased in the transitional 
epithelium. Interestingly, the increased number of mucous 
cells depended on the duration of exposure rather than the 
ozone level. Thus, ozone exposure alters two components 
(mucus and cilia) that are essential for the proper function of 
the mucociliary clearance system, which removes particles 
and microorganisms deposited in the nose and bronchi. 

Other studies examined the effects of chronic ozone 
exposure on the conducting airways oflaboratory animals. 
Tracheal epithelial ciliated cells and cilia were damaged in 
rats exposed to 0.96 ppm ozone for 60 days (Nikula et al. 
1988) and in bonnet monkeys exposed to 0.15 or 0.3 ppm 
ozone for 90 days (Dimitriadis 1993). Tracheobronchial 
mucociliary clearance became progressively slower in rab
bits exposed to a mixture of 0.1 ppm ozone and 125 11g/m3 

sulfuric acid for up to 12 months (Schlesinget.et al. 1992). 

STRUCTURAL INDICES OF LUNG DAMAGE IN THE 
CENTRIACINAR REGION OF THE LUNGS 

It has long been recognized that the centriacinar region 
of the lungs, which is located at the junction of the conduct
ing airways and the gas exchange region, is particularly 
sensitive to ozone exposure (Boorman et al. 1980; Barry et 
al. 1985; Plopper et al. 1991). This region consists of a 
terminal bronchiole, respiratory bronchioles (present in 
primates but not in rodents), alveolar ducts, and adjacent 
alveoli (Weibel1963). In the centriacinar region, the cross
sectional area of the lung expands, leading to a greater 
surface area for gas transport. The conducting airways ab
sorb a large fraction of ozone fairly evenly over their length, 
and the relatively thick mucous layer provides protection 
to the underlying airway epithelium. However, the tissue 
dose of ozone increases appreciably in the terminal por
tions of the conducting airways where the mucous layer 
becomes thin and the area of the exposed lung surface 
increases. The highest tissue dose of ozone predicted by 
mathematical models (Miller et al. 1985; Overton and Gra
ham 1989; Grotberg et al. 1990) is atthe acinar entrance, the 
same region found to be the primary site of tissue damage 
in animals exposed to ozone (Stephens et al. 1974; Mellick 
et al. 1977). 
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In the UC Davis studies, Boorman and coworkers (1980) 

conducted a detailed morphometric evaluation of the ef
fects of prolonged ozone exposure on the centriacinar re
gion of rats exposed to clean air or ozone for periods of up 
to 90 days. Their major observations were that ozone expo
sure (0.5 or 0.8 ppm) caused accumulation ofmacrophages 
in the centriacinar region, and airway segments between 
the terminal bronchiole and the alveolar duct took on the 
appearance of respiratory bronchioles. The terminal bronchi
ole usually ends abruptly and the alveolar epithelium begins 
by lining an alveolar duct. In contrast to control animals, rats 
exposed to 0. 8 ppm ozone showed a gradual transition between 
the terminal bronchiole and alveolar duct. The changes after 
90 days of exposure were less severe than those seen after 7 

days of exposure, suggesting that adaptation to ozone expo
sure may have occurred. Transmission electron microscopy 
showed that the air-blood barrier thickened in rats exposed 
to 0.8 ppm ozone for 20 or 90 days compared with control 
animals. An increase in the relative volume of the lung 
interstitium, which was characterized by increased num
bers of fibroblast cells and prominent bundles of collagen, 
also was noted. The lesions induced by ozone in the cen
triacinar region diminished as exposure progressed; how
ever, significant morphologic alterations persisted after 
exposure for 90 days to 0.5 or 0.8 ppm ozone. These 
findings agree with the results of other studies that re
ported epithelial thickening and inflammation in the cen
triacinar region of rats exposed to a subchronic ozone 
regimen (Crapo et al. 1984; Barry et al. 1985). 

Chang and colleagues (1992) used rats from the EPA 
studies to evaluate the development oflung injury at several 
time points during and after 18 months of ozone exposure. 
They found progressive epithelial and interstitial tissue 
responses in the proximal alveolar region after prolonged 
ozone exposure. These included epithelial hyperplasia, fi
broblast proliferation, and the accumulation of interstitial 
matrix. The content of basement membrane and collagen 
fibers increased. Interstitial matrix accumulation during 
ozone exposure was largely reversible but the thickened 
basement membranes did not change. Acute tissue reac
tions were evident after one week of exposure. These sub
sided after three weeks of exposure and then increased 
progressively with prolonged ozone exposure. Most pa
rameters returned to normal values during a recovery pe
riod in clean air. 

Animal studies also provide evidence that inflammation 
is associated with prolonged exposure to ozone. In the General 
Motors studies, an inflammatory response was found in rats 
exposed to 0.5 ppm ozone for 6 or 12 months (Gross and 
White 1987). These lesions were described as an accumu
lation of mononuclear cells and fibroblasts and a slight 

increase in the number of rnacrophages. The inflammatory 
response disappeared after a six-month recovery period in 
clean air. 

Ozone-induced damage to the centriacinar region has been 
studied in primates also. Fujinaka and coworkers (1985) re
ported that the volume of respiratory bronchioles increased 
(a condition called respiratory bronchiolitis), and the diameter 
of the respiratory bronchiolar lumen decreased in bonnet 
monkeys exposed to 0.64 ppm ozone eight hours per day for 
one year. Tyler and colleagues (1 988) also reported respira
tory bronchiolitis in male monkeys exposed to either a daily 
or "seasonal" regimen of 0.25 ppm ozone for eight hours per 
day. (The seasonal regimen consisted of ozone exposure dur
ing alternate months for 18 months.) 

BIOCHEMICAL INDICES OF LUNG DAMAGE 

It has been speculated that diffuse interstitial pulmonary 
fibrosis may result from repeated exposure to air pollutants 
(Costa et al. 1991). In humans, pulmonary fibrosis is char
acterized by an increase in the deposition of extracellular 
matrix components (collagen, elastin, and glycosaminogly
cans) (Bjermer et al. 1989; Phan 1989). Therefore, consider
able interest has arisen in examining changes in connective 
tissue in animals exposed to ozone. Various biochemical 
studies of ozone's effects on lung collagen content, type, 
biosynthetic rate, and degree of cross-linking were dis
cussed in the HEI Health Review Committee's Commentary 
on Part I of this Research Report (Last et al. 1994). The 
results of several investigations seem contradictory, be
cause some investigators found an increase in collagen 
content or biosynthetic rate (see the UC Davis studies: Last 
et al. 1979, 1984; Reiser and Last 1981; Tyler et al. 1988) and 
others did not (see the General Motors studies: Filipowicz and 
McCauley 1986; Wright et al. 1988). The reason for the 
conflicting results may well be the fact that ozone injury is 
very focal, and increases in localized collagen levels would 
be difficult to detect in an assay of whole lung tissue. 

Because ozone is a powerful oxidant, interest in measur
ing levels of antioxidants has increased. From the EPA 
studies, Grose and colleagues (1989) reported that the levels 

of a:-tocopherol (a compound found in the lung's surfactant 
layer that provides a protective effect by inactivating free 
radicals) were lower in the bronchoalveolar lavage fluid 
from rats exposed to the simulated urban ozone profile for 
12 months than in lavage fluid from control animals. One 

interpretation of this finding is that a-tocopherol reacted 
with ozone, which decreased its level in the surfactant 
layer. However, the investigators also observed increased 
levels of glutathione peroxidase and glutathione reductase, 
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which suggests an increase in antioxidant metabolic activ
ity (another defense mechanism against ozone-induced cell 
damage). 

LUNG FUNCTION 

As discussed earlier, short-term exposure to ozone causes 
transient decrements in some pulmonary function measure
ments in exercising or sensitive people. It also can cause 
inflammatory cells and other markers of inflammation to 
appear in bronchoalveolar lavage fluid. What is not known 
is whether these acute effects have a long-term impact on 
lung function. The results of studies that have addressed 
this issue are conflicting (see the HEI Health Review Com
mittee's Commentary in Part V of this Research Report 
[Harkema and Mauderly 1994]). 

As part of the EPA studies, Costa and coworkers (1995) 
evaluated static and dynamic lung function in rats. Male 
F344/N rats were evaluated after being exposed to the 
simulated urban ozone profile for 1, 3, 13, 52, or 78 weeks. 
In addition, cohorts from the 13-, 52-, and 78-week expo
sure groups were evaluated after an additional6, 27, and 17 
weeks, respectively, of breathing clean air. Small (less than 
10%), but statistically significant, reductions in total lung 
capacity and residual volume were observed after 13, 52, 
and 78 weeks of ozone exposure. Exposure to clean air did 
not completely reverse the reduction in total lung capacity. 
Also, respiratory system compliance was not affected by 
ozone exposure, but it decreased as a function of the recov
ery time in clean air. No effects on collagen related to ozone 
exposure were noted. The authors postulated that near 
life-long exposure ofrats to ozone resulted in functionally 
restrictive or stiffened lungs without pulmonary fibrosis. 

Tepper and coworkers (1991) studied changes in lung 
function (under conditions of ventilatory stress) in rats from 
the same EPA studies. During a challenge with carbon 
dioxide after ozone exposure, the investigators observed 
small, but statistically significant, changes in breathing 
patterns and breathing mechanics in unanesthetized rats 
after exposure to ozone for 1, 3, 13, 52, or 78 weeks, when 
compared with control rats. They also noted that ozone expo
sure caused an overall increase in expiratory resistance, pos
sibly accounting for the rats decreased ventilation during 
challenge with carbon dioxide when compared with control 
animals. 

In the General Motors studies, Gross and White (1987) 
measured pulmonary function (including measurements of 
lung volume, expiratory air flow, and the diffusing capacity 
of the lung for carbon monoxide [DLcoJl before exposure, 
after 26 and 52 weeks of exposure, and after a 12-week 
recovery period at the end of exposure. The 52-week ozone 
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exposure produced small, but statistically significant, in
creases in functional residual capacity and residual vol
ume, and a decrease in DLco. All measurements returned 
to control levels after the 12-week recovery period, suggest
ing that the functional changes seen in the lungs in response 
to ozone were reversible. 

In summary, studies of pulmonary function that have 
been conducted on animals exposed to ozone for many 
months have produced conflicting results. Small increases 
in residual volume have been reported in rats exposed to 
ozone for six months or more in some studies (Gross and 
White 1987), but in others, the change was in the opposite 
direction (Costa et al. 1995). 

TECHNICAL EVALUATION 

PROJECT DESIGN AND METHODS 

The overall design of the NTP/HEI Collaborative Ozone 
Project was to expose 164 male and female F344/N rats to 
filtered air ( 0 ppm ozone) or to one of three concentrations 
of ozone (0.12, 0.50, or 1.0 ppm) (seePartVIofthisResearch 
Report [Boorman et al. 1995a] for details of the study design 
and protocol). The exposure regimen was six hours per day, 
five days per week, for 20 months. The ozone concentra
tions were selected to include the maximum concentration 
the animals would tolerate (1.0 ppm), the current NAAQS 
for ozone (0.12 ppm), and an intermediate concentration. It 
should be pointed out, however, that the cumulative ozone 
dose at the lowest exposure concentration is substantially 
higher than people living in heavily polluted areas would 
receive. One strength of the study, and one way it differed 
from many previous bioassays, is that the exposure protocol 
permitted an evaluation of concentration-response relations 
for both male and female animals after exposure to ozone 
throughout a substantial portion, if not all, of their lifetimes. 

Limitations of the Study Design 

The design of the HEI studies was directed, to some 
extent, by the NTP' s protocol and procedures. This affected 
the number of studies that could be conducted and pro
duced small sample sizes in some experimental groups. For 
example, the small number of animals exposed to 0.12 ppm 
ozone and the diverse set of parameters measured in this 
multi-investigator study did not allow optimal sample sizes 
for statistical power to be achieved in all instances. Also, 
experimental outcomes were measured at only one time 
point (20 months). The protocol required daytime expo
sure; however, because rats are nocturnal, their lack of 
relative activity during the daytime may have decreased the 
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effective dose of ozone to their respiratory tract. The HEI 
requested that exposure of the animals for its studies be 
terminated after 20 months to avoid confounding the results 
with the effects from leukemia and other naturally occur
ring degenerative diseases found in aged rats. All of the 
above restrictions limit, to some extent, the interpretation 
of the results. Most notably, conclusions on the progression 
of effects cannot be derived from this study. 

The choice of species is always a major consideration for 
studies from which the results will be extrapolated to 
humans. Primates would be expected to resemble humans 
in their responses to ozone more closely than rodents. 
However, large-scale experimentation using primates is 
costly and difficult. Therefore, species differences must be 
kept in mind when interpreting the results of these studies. 
For example, rats are obligate nose breathers and humans 
breathe oronasally. Because of interspecies differences in the 
anatomy of the respiratory tract, differences also exist be
tween rats and humans in the effective dose of ozone 
delivered to different regions of the respiratory tract. 

One of the decisions that the HEI Research Committee 
made was to conduct most of the tests on the HEI animals 
one week after the ozone exposures terminated. During that 
one-week period, all animals were exposed to clean air. The 
Committee made this decision because it was not interested 
in measuring transient changes that are characteristic of 
acute responses to ozone. However, some of the observed 
effects might have reversed if the recovery period had been 
longer. Therefore, we cannot be certain that the ozone-in
duced changes observed in this study were permanent. 

Ozone Exposures 

The ozone exposures were carried out under rigorously 
controlled conditions and every effort was made to assure 
uniformity and accuracy ofthe ozone concentrations in the 
exposure chambers. Details on the generation and monitor
ing of ozone can be found in Part VI of this Research Report 
(Boorman et al. 1995a). A high degree of confidence can be 
placed in the reported ozone concentrations, which were 
0.120 ± 0.006 ppm, 0.501 ± 0.023 ppm, and 0.998 ± 0.040 
ppm (means± SD) (Boorman et al. 1995a). 

Quality Assurance 

The exposure and necropsy procedures of the NTP/HEI 
Collaborative Ozone Project were conducted in compliance 
with Food and Drug Administration Good Laboratory Prac
tice Regulations (21 CFR, Part 58). In addition, as records 
from the 24-month and 30-month studies were submitted 
to the NTP archives, these studies were audited by an 
independent quality assurance contractor. Rodents used in 
the Carcinogenesis Program of the NTP are produced and 

housed in optimally clean facilities to eliminate potential 
pathogens that may affect study results. The disease status 
of the rodents was monitored via serology from extra (sen
tinel) animals in the study rooms (Boorman et al. 1995b). 
There was no evidence of infection by common rodent 
pathogens. 

Animal Allocation and Necropsy 

The animal allocation scheme that was developed by Drs. 
Catalano and Ryan was a strength of the NTP /HEI Collabo
rative Ozone Project. Tissue samples from a single animal 
were shared by multiple investigators and many functional 
and biochemical studies were conducted on the same ani
mal. This scheme allowed sufficient overlap among indi
vidual studies to facilitate an integrative analysis of data for 
the multiple outcomes without compromising the sample 
sizes for individual investigations. The animal allocation 
scheme is described in detail in Part VI of Research Report 
Number 65 (Boorman et al. 1995a). 

In summary, the NTP/HEI Collaborative Ozone Project 
was carefully designed and well-executed. The selection of 
ozone exposure concentrations was based on a solid ration
ale and the inclusion of four exposure groups provided an 
opportunity to make concentration-response comparisons 
across a range of ozone levels. The exposure and necropsy 
procedures were carried out under rigorously controlled 
conditions that included appropriate quality assurance pro
cedures. Moreover, the animal allocation scheme enhanced 
the study by providing the ability to integrate the results 
and to correlate the findings among the individual studies. 

All of the HEI investigators were experienced with the 
methods selected for their individual studies and used the 
techniques appropriately. Thus, one can have a high degree 
of confidence in the findings. The collaboration among the 
investigators, coordinated by Dr. Kaden, resulted in an 
Integrative Summary that is scientifically stronger than the 
individual studies. 

RESULTS AND INTERPRETATION 

Parts I through X of the Research Report Number 65 on 
the NTP/HEI Collaborative Ozone Project contain details 
about the design and results of the individual studies. This 
section discusses the key results of the Project, especially 
those used by the investigators for their integrative analy
ses. (In addition to the individual Investigators' Reports, the 
key results are highlighted in the Integrative Summary and 
in Table 1 ofthis Commentary.) The section continues with 
an analysis of how the major results correlate with the three 
disease surrogates selected by the investigators (chronic 
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Table 1. Summary of Key Findings from the NTP/HEI Collaborative Ozone Project 

Ozone Concentrationb (ppm) 

Endpointa 0.12 0.5 1.0 Comments 

Nose1 

Total epithelial cells 1i Lateral walls and turbinates of the proximal nasal 
mucosa 

Mucous cells i 1i Lateral walls and turbinates of the proximal nasal 
mucosa 

Stored mucosubstances 1i m Lateral walls and turbinates of the proximal nasal 
mucosa 

Mucous flow ,j, H Lateral walls and turbinates of the proximal nasal 
mucosa 

Trachea2 

Stored secretory product ,j, Distal trachea 
Nonciliated cell volume 
Epithelial thickness 
Antioxidant enzymes ND -i -i Increased for superoxide dismutase, not for glutathione 

peroxidase and glutathione S-transferase 

Bronchus 
Morphometry and Histochemistry 

Stored secretory product2 i Increased for cranial and caudal bronchi, not central 
bronchus 

Nonciliated cell volume2 

Epithelial thickness2 

Antioxidant enzymes2 
ND -t -t No change for superoxide dismutase and glutathione 

S-transferase; glutathione peroxidase decreased 
in the major daughter bronchus, and increased in the 

Area of large airway walls3 
minor daughter bronchus 

Area of smooth muscle in large 
airways3 

Area of small airway walls3 i Increased in male rats only 
Area of smooth muscle in small i 

airways3 

In Vitro Responses of Isolated 
Large Airways3 

Tension i Increased for passive but not active tension 
Stress i Increased for passive but not active stress 
Contractile response (tension) 
Contractile response (stress) -t -t Variable responses to different stimuli 
Prostaglandin E2 release -i Increased in percentage but not in total amount 
Leukotriene C4 release 

(Table continues next page.) 

a Footnote numbers indicate the Investigator's Report that discusses this endpoint: 1 = Harkema et al. 1994; 2 =Pinkerton et al. 1995; 3 =Szarek 1994; 4 = 
Chang et al. 1995; 5 =Last et al. 1994; B = Radhakrishnamurthy 1994; 7 =Parks and Roby 1994; 8 = Harkema and Mauderly 1994. 

b i = statistically significant increase; J. = statistically significant decrease; - = no change; ( ) = changes that were either not statistically analyzed or not 
statistically significant; t= variable results;?= inconsistent results; ND =not determined. The number of arrows indicates the relative magnitude of the findings. 
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Table 1. Summary of Key Findings from the NTP/HEI Collaborative Ozone Project (continued) 

Endpointa 

In Vitro Responses of Isolated 
Small Airways3 

Tension 
Stress (passive) 
Stress (active) 
Contractile response (tension) 
Contractile response (stress) 

Proximal Bronchioles 
Epithelial thickness2 

Nonciliated epithelial cells2 

Terminal Bronchioles 
Epithelial thickness2 

Nonciliated epithelial cell 
volume2 

Diameter4 

Epithelial thickness 4 

Number of cells 4 

Surface density of cilia 4 

Antioxidant enzymes2 

Centriacinar Region2 

Septal tip thickness 

Interstitial volume 

Epithelial thickness (measured) 

Epithelial thickness (model) 

Extension of nonciliated col
umnar cells down the alveo
lar duct (visual assessment) 

Ozone Concentrationb (ppm) 

0.12 

ND 

? 

? 

(i) 

0.5 

i 

(i) 

i 

(i) 

1.0 

i 

i 
(ii) 

(ii) 

Comments 

Active and passive tension 

Decreased stress at 0.5 ppm ozone for 4 of 5 stimuli in 
male rats only 

Superoxide dismutase and glutathione peroxidase 

Combined data for cranial and caudal regions 
presented; increased in male rats exposed to 0.5 ppm 
ozone; no statistical analysis performed 

Combined data for cranial and caudal regions presented 

Combined data for cranial and caudal regions 
presented; ito 300-600 J.Lm in male rats exposed to 
0.5 or 1.0 ppm ozone; questionable increase to 200 J.Lm 
(observed in male rats exposed to 0.12 ppm ozone by 
one method of analysis, not confirmed by another); no 
statistical analysis performed 

Cranial alveolar duct only: statistically significant 
increase in both genders exposed to 1.0 ppm ozone, and 
in male rats exposed to 0.12 or 0.5 ppm ozone 

Cranial alveolar duct: apparent increase in both 
genders exposed to 1.0 ppm ozone, and in female rats 
exposed to 0.5 ppm ozone 

Caudal alveolar duct: apparent increase in both 
genders exposed to 0.12 or 1.0 ppm ozone, and in 
male rats exposed to 0.5 ppm ozone 

No statistical analysis performed 

(Table continues next page.) 

• Footnote numbers indicate the Investigator's Report that discusses this endpoint:·1 = Harkema et al. 1994; 2 =Pinkerton et al. 1995; 3 =Szarek 1994; 4 = 
Chang et al. 1995; 5 =Last et al. 1994; 6 = Radhakrishnamurthy 1994; 7 =Parks and Roby 1994; 8 = Harkema and Mauderly 1994. 

b t = statistically significant increase; .!. = statistically significant decrease; - = no change; ( ) = changes that were either not statistically analyzed or not 
statistically significant; t=variable results;?= inconsistent results; ND =not determined. The number of arrows indicates the relative magnitude of the findings. 
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Table 1. Summary of Key Findings from the NTP/HEI Collaborative Ozone Project (continued) 

Ozone Concentrationb (ppm) 

Endpointa 0.12 0.5 1.0 Comments 

Proximal Alveolar Region4 

Bronchiolarization t tt 
Epithelial metaplasia t tt 
Interstitial volume t tt 
Interstitial macrophages 
Alveolar macrophages t 

Random Alveolar Regions4 

Bronchiolarization 
Epithelial thickness 
Interstitial volume 
Inflammatory cells 

Biochemical Changes 
Total collagen (males)5 

Total collagen (females)5 
(I) (I) Statistically significant trends in female rats for 

4-hydroxyproline, hydoxypyridinium, and cross-

Total glycosaminoglycans6 
link ratios when data expressed on a per lobe basis 

t t 
Individual glycosaminoglycans6 u u One increased and three decreased 
Tropoelastin messenger RNA7 ND ND Results of small pilot study indicated increases after 2 

months of exposure to 1.0 ppm ozone 
al(I) Collagen messenger RNA7 ND ND Results of small pilot study indicated increases after 2 

months of exposure to 1.0 ppm ozone 

Pulmonary Function8 

Airway function 
(total pulmonary resistance, 
50% forced midexpiratory 
flow, forced vital capacity, 
mean midexpiratory flow) 

Lung parenchyma 
(vital capacity, quasistatic 
chord compliance, total lung 
capacity, functional residual 
capacity) 
Residual volume (t) t (t) Subanalysis by gender statistically significant for 

female rats exposed to 0.5 ppm ozone 
Gas transfer 

(DLco, DLco/alveolar lung 
volume) 

a Footnote numbers indicate the Investigators' Report that discusses this endpoint: 1 = Harkema et al. 1994; 2 = Pinkerton et al. 1995; 3 =Szarek 1994; 4 = 
Chang et al. 1995; 5 =Last et al. 1994; 6 =Radhakrishnamurthy 1994; 7 =Parks andRoby 1994; 8 = Harkema and Mauderly 1994. 

bj =statistically significant increase;.!-= statistically significant decrease;-= no change;[)= changes that were either not statistically analyzed or not statistically 
significant; !=variable results; ? =inconsistent results; ND =not determined. The number of arrows indicates the relative magnitude of the findings. 
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rhinitis, chronic airway disease, and centriacinar fibrosis), 
and concludes with a discussion of the implications ofthe 
findings for human health. 

General Findings 

The survival rates of rats exposed to the three concentra
tions of ozone for the NTP bioassay were similar to those of 
the control animals (Boorman et al. 1995b). Of the rats 
assigned to HEI studies, 5 of 44 control rats, 8 of 32 rats 
exposed to 0.12 ppm ozone, 5 of 44 rats exposed to 0.5 ppm 
ozone, and 2 of 44 rats exposed to 1.0 ppm ozone died either 
before the end of the 20-month exposure period or during 
the one-week recovery period in clean air. All rats were 
necropsied. The mean body weights and rate ofbody weight 
gain were slightly lower in the rats exposed to 1.0 ppm 
ozone throughout most ofthe study. This indicates that the 
1.0-ppm dose was close to the maximal dose that could be 
tolerated by this strain of rat. The NTP scientists also noted 
that animals exposed to ozone, particularly those exposed to 
1.0 ppm, were less active during and immediately after expo
sure, than those exposed to clean air (Boorman et al. 1995b). 

Two other general findings are relevant to the interpre
tation of the results. First, mononuclear cell leukemia, 
which is common in aged rats, was observed in 25% of the 
animals. The incidence of leukemia was similar in control 
rats and rats exposed to ozone, which suggests that ozone 
did not induce a leukemic effect. In approximately half of 
the rats with leukemia, the disease was considered to be 
advanced and to have marked pulmonary involvement 
(Boorman et al. 1995b). It is not known what effect, if any, 
the mononuclear cell leukemia may have had on the data 
generated from these rats by different investigators. Second, 
no positive serologic reactions for a variety ofrat pathogens 
were observed during the 20-month exposure period. Thus, 
we can be reasonably sure that pulmonary infection was not 
a confounding factor in the interpretation of the results. 

Nasal Cavity 

Some of the most striking effects of prolonged ozone 
exposure were found in the nasal cavity (Harkema et al. 
1994; Tables 2 and 3, and Figures 5 and 13 ofthe Integrative 
Summary). A clear relation was established between ozone 
exposure levels and changes in nasal function and struc
ture. Measurements performed in three regions of the pro xi
mal nasal passage (the lateral wall, the septum, and the 
nasoturbinates), which are known from short-term expo
sure studies to be particularly sensitive to ozone, showed 
that rats exposed to 1.0 ppm ozone had decreased mucous 
flow rates and increased volume densities ofintraepithelial 
mucosubstances (mucous hypersecretion), compared with 
rats exposed to 0 or 0.12 ppm ozone. Rats exposed to 0.5 

ppm ozone showed the same changes, but to a lesser degree. 
Mucous cell metaplasia (the transformation of an epithe
lium with no mucous cells into an epithelium with numerous 
mucous cells) was seen in the nasal transitional epithelium of 
rats exposed to 0.5 or 1.0 ppm ozone. No changes were seen 
in animals exposed to 0.12 ppm ozone. In general, the 
changes induced by ozone that were observed in the nasal 
passages of the NTP/HEI animals resembled those seen in 
other studies of ozone's acute effects on the nasal passages 
of monkeys and rats (Harkema et al. 1987a,b, 1989). 

Mucous hypersecretion is considered to be an adaptive 
mechanism that protects the underlying epithelium from 
ozone. However, mucous hypersecretion clearly did not 
protect the structure and function of the rat nose, as evi
denced by reduced mucous flow rates, injury to the transi
tional and respiratory epithelia, and the appearance of a 
bony atrophy in both male and female rats. Instead, mucous 
cell metaplasia may have contributed to these conditions 
by producing an excessive amount ofmucosubstances that 
may have altered the normal properties of the nasal mucus. 
The investigators' results suggest that exposure to concen
trations of at least 0.5 ppm ozone can decrease the rate of 
mucociliary clearance, an important defense mechanism 
that protects the upper respiratory tract against infection 
and aids in protecting the lung from inhaled pollutants. 

Extrapolating the findings in the nasal cavity of the rat to 
humans is difficult. First, rats are obligate nose-breathers 
and humans breath through both mouth and nose; more
over, several differences exist between the gross architec
ture of rodent and primate nasal passages. These are chiefly 
related to the structure and number of nasal turbinates 
(structures projecting from nasal walls that compose the 
primary air filtration network in the nasal cavity). Rats have 
a complex turbinate structure, in contrast to the turbinate 
structure in primates, which is minimal (Plopper et al. 
1991). Thus, the amount of ozone removed from incoming 
air in the nasal passages differs between rodents and pri
mates. Several other potential differences between the na
sociliary apparatus of rodents and humans may make direct 
comparisons between the two species difficult. For exam
ple, the rate of repair of nasal mucosal cells during recovery 
from exposure may be different. The sensitivity of the 
glandular elements to ozone may influence the relative 
amounts ofmucosubstances produced. Finally, differences 
in host responses to secondary infections, which affect the 
extent and degree of inflammatory changes seen in the nose, 
may influence comparisons. 

Conducting Airways· 

Few effects of prolonged ozone exposure were observed 
in the large airways. The most notable finding was a de-
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crease in the amount of stored secretory products contain
ing carbohydrates in the distal trachea of rats exposed to 1.0 
ppm ozone compared with control rats. Also, the activity of 
one antioxidant enzyme, superoxide dismutase, increased in 
rats exposed to 0.5 or 1.0 ppm ozone. (Antioxidant enzyme 
activities were not measured in rats exposed to 0.12 ppm 
ozone.) No changes were found in the activity of glutathione 
peroxidase and glutathione S-transferase (Pinkerton et al. 1995; 
Figures 12 and 20 in the Integrative Summary). 

Rats exposed to 0.12, 0.5, or 1.0 ppm ozone showed no 
statistically significant structural or functional changes in 
isolated large bronchi compared with rats breathing clean 
air (Szarek 1994; Pinkerton et al. 1995). However, changes 
related to ozone exposure were seen in the small bronchi. 
At the highest ozone concentration, statistically significant 
increases in the amount of stored secretory products were 
seen in the bronchi in the cranial and caudal regions of the 
lungs compared with levels in the control animals. 

Szarek (1994) isolated bronchial segments and measured 
changes in the area of the airway wall and in the amount of 
smooth muscle. He reported statistically significant in
creases in these parameters at some, but not all, ozone 
concentrations. He also used a variety of stimuli in vitro to 
measure the mechanical properties and the contractile re
sponses of isolated small bronchial airways. The contractile 
responses were expressed as either tension (force generated 
per unit length of airway) or stress (force generated per unit 
area). For each parameter (tension or stress), the responses 
were expressed in two ways: maximal response, or the 
effective concentration or frequency of stimulant that elic
ited a half maximal response. Therefore, in interpreting the 
authors' conclusions about the consistency among concen
tration-response relations for functional effects in the small 
bronchi (see the section in the Integrative Summary entitled 
"How are the structural, functional, and biochemical changes 
in the lung interrelated?"), the reader should be cautioned 
that multiple endpoints were generated by this study and 
consistent effects were found only for the maximal stress 
values in male rats exposed to 0.5 ppm ozone (Table 1 in the 
Health Review Committee's Commentary in Szarek 1994). 
From a physiologic standpoint, it is not clear how the meas
urements of altered structure and contractility in isolated 
small airways relate to airway function in vivo. Despite an 
apparent increase in the amount of smooth muscle in the 
walls of the small airways of rats exposed to one concentration 
of ozone, the stress parameters decreased rather than in
creased, as would have been expected from an increase in 
muscle mass. In addition, no changes in active or passive 
tension were noted. In summary, only one parameter of 
airway contractile function was altered by ozone exposure 
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and the observed changes were not related to concentration. 
This suggests that ozone exposure in this study had mini
mal, if any, important effects on smooth muscle function. 

In the section of the Integrative Summary entitled "Me
chanical Properties of Airways and Contractile Responses," 
the significance of the eicosanoid results from isolated large 
bronchi could be misinterpreted. As indicated in Table 6 of 
the Integrative Summary, what is noted as a statistically 
significant two-fold increase in the release of prostaglandin 
Ez induced by a calcium ionophore in large airways isolated 
from rats exposed to 1.0 ppm ozone actually represents an 
increase in the percentage of change in the amount released, 
not a change in the total amount of prostaglandin Ez that 
was released. The increase in the percentage of change was 
driven as much by the low basal levels of prostaglandin Ez 
in rats exposed to 1.0 ppm ozone as by increased synthesis. 
These factors limit the biological significance of this obser
vation. 

Centriacinar Region 

As expected from earlier studies (Boorman et al. 1980; 
Crapo et al. 1984; Barry et al. 1985; Barret al. 1988; Chang 
et al. 1992), a major effect of ozone exposure was on the 
epithelium that lines the centriacinar region of the lungs. 
At the light microscopic level, histopathologic changes 
were seen in the centriacinar region of the lungs of animals 
exposed to 0.5 or 1.0 ppm ozone (Boorman et al. 1995a,b). 
These changes consisted of interstitial thickening and the 
appearance of ciliated and secretory bronchiolar epithelial 
cells in the alveolar ducts and adjacent alveoli. The Battelle 
Pacific Northwest Laboratory pathologists characterized 
these lesions as minimal to mild in the animais exposed to 
0.5 ppm ozone, and as mild to moderate in. those exposed 
to 1.0 ppm ozone. Minimal to mild macrophage infiltration 
also was present in most of the rats exposed to 1.0 ppm 
ozone. 

Drs. Chang and Pinkerton (Parts VIII and IX of Research 
Report Number 65, respectively) used both light micros
copy and electron microscopy to examine different sites in 
the centriacinar region. Very few changes were seen in the 
terminal bronchioles by either investigator. Of the many 
different morphometric parameters examined, the only sta
tistically significant findings in the terminal bronchioles 
occurred in animals exposed to 1.0 ppm ozone (Pinkerton 
et al. 1995). 

In the proximal alveolar region, however, changes in
duced by ozone in the epithelium and interstitium were 
readily apparent in rats exposed to 0.5 or 1.0 ppm ozone 
(Chang et al. 1995). The thin, squamous type of epithelium 
in the alveolar ducts was replaced with a well-differenti
ated bronchiolar epithelium in a process known as bron-
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chiolarization. The bronchiolarized epithelium consisted 
of ciliated bronchiolar cells and nonciliated bronchiolar 
Clara cells in rats exposed to 0.5 or 1.0 ppm ozone. Remod
eling extended for as many as five generations of branching 
into the pulmonary acinus, and was observable at a distance 

of up to 1000 Jlm into the alveolar duct in rats exposed to 
1.0 ppm ozone (Pinkerton et al. 1993, 1995; Figures 6, 7, 

and 8 in the Integrative Summary). 

A mild fibrotic response, which was characterized by 
increased connective tissue matrix constituents, including 
collagen, elastin, and basement membrane, occurred in the 
proximal alveolar region ofrats exposed to 0.5 or 1.0 ppm 
ozone (Chang et al. 1995; Figure 9 in the Integrative Sum
mary). The increased volume of extracellular matrix was 
accompanied by an increased volume of fibroblasts. The 
only sign of an inflammatory response was an increase in 
the volume of alveolar macro phages in animals exposed to 
1.0 ppm ozone. No macrophages were found in the intersti
tium. The extracellular matrix of the rats exposed to 0.12 

ppm ozone did not differ from that of animals exposed to 
clean air (Chang et al. 1995; Pinkerton et al. 1995). 

Pinkerton and colleagues (1995) measured bronchiolari
zation using three different parameters: epithelial thick
ness, epithefial volume, and the degree to which ciliated 
cells extended down the alveolar duct. In agreement with 
the findings of Chang and associates ( 1995), these investigators 
also observed bronchiolarization of the alveolar ducts in rats 
exposed to 0.5 or 1.0 ppm ozone. However, in addition to 
increases in the centriacinar region ofrats exposed to 0.5 or 
1.0 ppm ozone, they also reported statistically significant 
epithelial changes in regions closer to the junction of the 
bronchioles and alveolar ducts after exposure to 0.12 ppm 
ozone. In contrast, Chang and colleagues did not detect any 
changes in rats exposed to 0.12 ppm ozone. Pinkerton and 
coworkers used a sophisticated sampling strategy, and their 
choice of multiple sampling locations may have enabled 
them to detect changes after exposure to 0.12 ppm ozone 
that would not have been detected by other sampling meth
ods. They examined the whole centriacinar region from the 
bronchiole-alveolar duct junction to the most distal alveo
lar ducts as a function of distance. Chang and colleagues 
studied cross-sections of the terminal bronchiole and of 
small airways from the level at which the first generation 
alveolar duct branches (which they referred to as the proxi
mal alveolar region). Because Chang and colleagues did not 
examine regions closer to the bronchiole-alveolar duct 
junction (which were included in the study of Pinkerton 
and coworkers), their method could not have detected 
changes induced by 0.12 ppm ozone that did not extend to 
the duct bifurcation. 

However, the interpretation of the observations of Pink
erton and colleagues (1995) is complicated by three factors. 
First, the conclusion that exposure to 0.12 ppm ozone had 
an effect on bronchiolarization was based primarily on the 
investigators' use of a small subset of the large amount of 
experimental data (specifically, epithelial volume density) 
to construct a mathematical model. Using their model, Dr. 
Pinkerton and colleagues (1995) reported statistically sig
nificant increases in the volume density of epithelial cells 
in alveolar ducts from the cranial region of lungs of male 
rats at all ozone exposure concentrations. In contrast, sta
tistically significant increases were seen only in the female 
rats exposed to 1.0 ppm ozone. The statistically significant 
effect seen in the cranial region in male rats exposed to 0.12 

ppm ozone appears to be influenced by aberrantly high 
epithelial cell volume densities within the first 200 Jlm 
down the alveolar ducts in control rats (Table 25 in Pinker

ton et al. 1995). In the first 200 Jlm of the cranial region of 
male rats, epithelial cell volume density and, therefore, 
bronchiolarization was greater in the control group than in 
rats exposed to ozone. In addition, these control values for 

the first 200 Jlill of the cranial region of male rats were almost 

twice as high as the control values for the same 200 Jlill of the 
cranial region of female rats and of the caudal regions of both 
male and female rats. Thus, the values on which a statisti
cally significant effect was established may be outliers; 
however, no test for outliers was performed to assess this 
possibility. 

Second, according to the analysis of the model, effects 
were seen in the alveolar ducts in the cranial, but not the 
caudal, region of male rats exposed to 0.12 ppm ozone. 
However, effects induced by ozone on nonciliated epi
thelial cell volume in the terminal bronchioles were seen 
in the caudal, but not the cranial, region in both genders. 
Other data on bronchiolarization also show variability ac
cording to site. Thus, the consistency of effects seen in 
animals exposed to 0.12 ppm ozone is uncertain. Moreover, 
allowance for multiple testing, which could produce statis
tically significant differences purely by chance, would con
siderably reduce the statistical significance ofthese results. 

Third, Dr. Pinkerton and colleagues collected a large 
amount of experimental data on bronchiolarization that 
was not used to construct their mathematical model. Al
though they did not perform statistical analyses on these data, 
qualitative examination suggests that the data provide weak 
support for the conclusion that significant bronchiolarization 
occurred in male rats exposed to 0.12 ppm ozone. 

Because of these concerns, the biological significance of 
the effects seen in male rats exposed to 0.12 ppm ozone is 
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uncertain. The variable and minimal effects of exposure to 
0.12 ppm ozone on the structure of the centriacinar region 
require further evaluation. 

In general, the overall results of the structural studies 
agree with earlier observations of the effects of prolonged 
exposure to ozone on the structure ofthe centriacinar region 
oflaboratory animals (Fujinaka et al. 1985; Barret al. 1988; 
Chang et al. 1992). Specifically, the progressive epithelial 
and interstitial tissue responses that included epithelial 
hyperplasia, bronchiolarization of alveolar duct epithelium, 
and the accumulation of interstitial matrix constituents seen 
after prolonged exposure of rats to ozone in other studies were 
confirmed by the studies ofDrs. Chang and Pinkerton and their 
colleagues for rats exposed for 20 months to 0.50 or 1.0 ppm 
ozone. 

One difference between these results and those that have 
been published earlier is that the structural changes were 
less pronounced in the animals from this Project than those 
that have been reported. For example, in the EPA studies, 
Chang and colleagues (1992) observed morphologic changes 
in type I and type IT epithelial cells in the alveolar epithelium 
of rats exposed to an ambient ozone pattern (continuous 
background concentration of 0.06 ppm ozone, on which an 
ozone spike [0.25 ppm with an integrated concentration 
under the peak of0.19 ppm] was superimposed). The same 
group of investigators found no differences between the 
animals exposed to 0 ppm ozone and those exposed to 0.12 
ppm in the NTP/HEI Collaborative Ozone Project. Also, 
inflammatory responses were reported in the centriacinar 
region ofrats exposed to 0.5 ppm ozone for 90 days (Boor
man et al. 1980) or 52 weeks (Gross and White 1987). Even 
at the highest ozone exposure concentrations, minimal or 
no signs of inflammation were seen in the lungs of the 
animals in this Project. It is possible that the extended 
exposure period in the NTP /HEI Collaborative Ozone Project 
allowed sufficient time for adaptation to occur. For example, 
the ozone-induced structural changes may have been present 
at 3 and 12 months, but not evident at 20 months. Or, 
changes induced by ozone may have regressed during the 
one-week recovery period. Alternatively, the animal hus
bandry conditions may have been a factor. The rats used in 
the NTP programs were produced in optimally clean facili
ties and housed under barrier conditions to eliminate po
tential pathogens that might affect the study results. In the 
past, pneumonia has been a problem in rat colonies (Brown
stein 1985; Schoeb and Lindsey 1985), and this factor may 
have contributed to some of the histopathological lesions ob
served in earlier studies in which the ozone exposure may have 
been superimposed on a low-grade chronic infection. 
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Lung Biochemistry 

It is known that the lung damage caused by exposure to 
ozone is very focal; therefore, small localized changes in 
some biochemical parameters may not be measurable in 
assays of whole tissues. 

Last and colleagues (1994) reported that total lung colla
gen and the content of the hydroxypyridinium cross-link (a 
characteristic of mature collagen) did not change in male 
rats exposed to any concentration of ozone. However, they 
did observe statistically significant elevations in these two 
parameters in female rats exposed to 1.0 ppm ozone when 
the data were expressed per lung lobe (not per lung weight). 
(The data on total lung collagen are shown in Figure 10 of 
the Integrative Summary.) The expression of genes that 

code for two connective tissue proteins; a1(I) procollagen 
(one of the chains of type I collagen) and tropoelastin (the 
monomer of elastin), was not increased in lung tissue from 
rats exposed to 1.0 ppm ozone for 20 months (Parks and 
Roby 1994). These findings suggest that continuous basal 
synthesis of collagen and elastin were not increased during 
prolonged exposure to ozone. 

Another important class of connective tissue matrix compo
nents are glycosaminoglycans, most of which are components 
oflarger molecules called proteoglycans. Radhakrishnamur
thy (1994) found that the total content ofglycosaminogly
cans in lung lobes from rats exposed to 0.5 or 1.0 ppm ozone 
decreased to about 80% of that seen in control rats. The 
level of hyaluronan, the major glycosaminoglycan in nor
mal rat lung, fell to approximately 68% and 59% of control 
values in the groups exposed to 0.5 or 1.0 ppm ozone, 
respectively. Statistically significant decreases in the con
tent of two minor glycosaminoglycans, chondroitin 4-sul
fate and chondroitin 6-sulfate, also were observed in rats 
exposed to 0.5 or 1.0 ppm ozone (Figure 11 in the Integrative 
Summary). The decreased content of glycosaminoglycans 
was in the opposite direction to that expected in diffuse 
pulmonary fibrosis. Therefore, the biological significance 
of these findings is uncertain. 

Respiratory Function 

Evaluating respiratory function is one of the best ways of 
interpreting the biological relevance of small structural and 
biochemical changes. Therefore, the Health Research Com
mittee identified respiratory function studies as a high 
priority and issued a separate Request for Applications 
(90-1, Part A) soliciting applications for such studies in 
order to have the appropriate expertise for this component 
of the Project. It should be noted that this group had the 
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largest sample size, which provided the investigators with 
adequate statistical power to detect small effects if they 
were present. 

One to six days after ozone exposure ceased, Drs. Harkema 
and Mauderly (1994) measured or calculated over 30 respira
tory function parameters on anesthetized rats. These in
cluded breathing patterns, dynamic lung mechanics, lung 
pressure-volume characteristics, intrapulmonary gas distri
bution, expiratory flow limitation, and alveolar-capillary 
gas transfer. The most notable finding was that very few 
pulmonary function parameters were affected by ozone 
exposure. No effects of ozone exposure were detectable in 
tests of airway function (total pulmonary resistance, forced 
expiratory flow, forced vital capacity, mean midexpiratory 
flow), lung parenchymal function (vital capacity, quasis
tatic chord compliance, total lung capacity, functional re
sidual capacity, residual volume), or gas transfer (DLco, 
DLco/alveolar lung volume). The only consistent ozone-re
lated effect was a small reduction of residual volume. This 
trend was observed in most exposure groups, but was 
statistically significant only in rats exposed to 0.5 ppm 
ozone. 

The finding of a small decrease in residual volume agrees 
with the result of Costa and coworkers (1995), but is in the 
opposite direction from that of Gross and White (1987), who 
observed a statistically significant increase in residual vol
ume after exposing male F344/N rats to 0.5 ppm ozone for 
one year; residual volume returned to normal after the rats 
breathed clean air for 12 weeks. 

Drs. Harkema and Mauderly ( 1994) hypothesized that the 
decrease in residual volume might be attributable to fibrotic 
changes in the terminal airways resulting in increased 
stiffness, which allowed more air to be expelled from the 
gas exchange region during exhalation before these small 
airways closed. However, this finding was significant only 
in rats exposed to 0.5 ppm ozone, and measurements oflung 
compliance gave no indication of increased lung stiffness. 
The investigators also suggested that the focal tissue stiff
ening induced by ozone exposure may not have been suffi
ciently severe or widespread to influence total lung elastic 
recoil by a measurable amount. Furthermore, they sug
gested that no statistically significant changes in residual 
volume were noted in the animals exposed to 1.0 ppm 
ozone because the increased stiffness that maintained the 
patency of the walls of the terminal airways was offset by a 
narrowing of the lumina caused by thickening of the walls 
in these same airways. Rats exposed to 1.0 ppm ozone had 
moderate to marked levels of stainable centriacinar colla
gen when compared with control rats, but rats exposed to 
0.5 ppm ozone had variable amounts of this material (Last 
et al. 1994). Although the finding of increased collagen 

supports the hypothesis of an exposure-related stiffening of 
the terminal bronchiole-alveolar duct region, it does not 
explain why the residual volume values did not decrease 
in a concentration-dependent manner. 

Drs. Harkema and Mauderly (1994) appropriately cau
tioned that the effects of ozone exposure in humans may 
not be as benign as those observed in the rats because the 
duration of tissue exposure is much longer in the course of 
a human lifetime. In addition, human exposures to ozone 
occur in association with other insults to lungs, including 
other air pollutants and tobacco smoke, and in the presence 
of existing lung disease. These factors could be important 
contributors to the extent and severity of the responses by 
the lungs to ozone exposure. 

Nevertheless, the important conclusion of this Project is 
that the biochemical and structural changes observed in rats 
exposed to ozone were not severe enough to have a measurable 
impact on overall lung function, using the techniques avail
able to detect abnormalities of pulmonary function in humans, 

Integrative Analyses 

The NTP/HEI Collaborative Ozone Project generated a 
powerful data base containing over 240 carefully measured 
endpoints. Although each study was designed to be inter
preted as an individual entity, because of the careful tissue 
allocation scheme the Project provided a unique opportu
nity to integrate the results of individual studies and to 
evaluate the effects of ozone exposure on a broad spectrum 
of endpoints. During the course of the Project and after the 
laboratory studies had been completed, the investigators 
selected endpoints from their studies that were used for inte
grative analyses. The investigators used these endpoints to 
study consistency among concentration-response relations, 
to perform correlative analyses, and to group together se
lected endpoints to represent three disease surrogates. The 
meaning ofthe term "disease surrogates," as it is used in this 
Commentary, should be noted. The investigators grouped 
certain endpoints around some signs or characteristics of 
three diseases in order to provide a structure for their 
integrative analyses. The term disease surrogate does not 
imply that the animals actually developed the diseases. 
Instead, it refers to a grouping of endpoints that were 
considered by the investigators to be potentially related to 
different pathogenic processes. These disease surrogates, as 
defined by the investigators, are centriacinar fibrosis ("an 
increase in some of the interstitial components ofthe alve
oli of the most proximal portions of the pulmonary acinus"), 
chronic airway disease ("a set of conditions that could 
impede airflow to and from the lungs by one or several 
mechanisms, alone or in combination"), and chronic rhini
tis ("a set of pathological alterations in the nose, including 
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mucosal inflammation and proliferation of mucous cells, 
which results in an increase in intraepithelial and luminal 
mucus"). 

The section of the Integrative Summary entitled "Analyti
cal Approaches" describes the three methods of analysis 
that the investigators used to integrate the results of the 
individual studies. In the first analytical approach, the con
sistency among concentration-response relations was evalu
ated. This type of comparison could be used when specific 
endpoints were not measured on the same animals, as well 
as when they were. The authors point out that, although 
different animals were used for different analyses, they had 
all been treated with identical exposure protocols. Thus, 
changes in endpoints observed on different sets of animals 
could be compared, and interpretations could be drawn 
from these comparisons. In the second analytical approach, 
they determined the extent to which different endpoints 
were correlated. When two endpoints were measured on 
the same animal, the authors were able to use direct pair
wise correlations to evaluate the degree to which concur
rent changes were present. This provided a quantitative 
assessment of the interrelations among some of the bio
chemical, structural, and functional measurements. The 
third analytical approach, referred to as "combined analy
ses," used a technique called median polish analysis that 
draws on the ideas ofTukey (1977). This technique allowed 
the investigators to combine data across studies when the 
relevant endpoints had not been measured on the same 
animals. The composite variables that were produced by 
the median polish analysis then were analyzed with stand
ard statistical techniques. This approach was used to integrate 
the multiple endpoints related to each disease surrogate. A 
detailed description of the median polish analysis method 
and a Commentary on its use can be found in Part X of 
Research Report Number 65 (Catalano et al. 1995). 

The authors posed four questions as a framework for 
presenting the results of their integrative analyses. Al
though these questions provide a reasonable format for this 
purpose, they are only a few of many that can be asked of 
these data. These four questions are discussed in the order 
in which they are presented in the Integrative Summary, 
and the results of each of the three analytic approaches are 
outlined for each question. 

What Changes in Nasal Function, if Any, Are Correlated 
with the Structural Changes in the Nose? Rats exposed to 
0.5 or 1.0 ppm ozone had mucous cell metaplasia, signifi
cantly greater volume densities of intraepithelial mucosub-
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stances, and slower mucous flow rates than rats exposed to 
0 or 0.12 ppm ozone. Each endpoint had a clear concentra
tion-response relation. 

Table 8 in the Integrative Summary illustrates the three 
correlations of structural and functional parameters that the 
investigators conducted for their nasal studies. The inves
tigators found a statistically significant relation between 
mucous flow rate in the lateral wall and the amount of 
mucosubstances in the lateral wall. This region was most 
sensitive to ozone exposure. The correlations were not statis
tically significant for regions unaffected by ozone exposure 
(the septum and the medial aspect of the nasoturbinate). 

The authors used two structural endpoints and one func
tional endpoint (see Table 9 in the Integrative Summary) 
for the combined analyses of chronic rhinitis. This analysis 
showed a highly statistically significant trend (p < 0.0001) 
toward an increased response associated with increasing 
ozone levels (see Figure 15 in the Integrative Summary). 
However, examination of the data indicates that the trend 
does not increase monotonically. The composite score for 
the rats exposed to 0.12 ppm ozone did not differ from the 
score for control rats; nevertheless, the responses of the 
groups exposed to 0.5 or 1.0 ppm ozone were clearly greater 
than responses in the control group, and these paired com
parisons were statistically significant. 

Compared with the chronic airway disease and centriac
inar fibrosis disease surrogates discussed below, the struc
tural and functional endpoints associated with chronic rhinitis 
showed the most pronounced changes resulting from pro
longed exposure to ozone. 

How Are the Structural, Functional, and Biochemical 
Changes in the Lung Interrelated? As examples of con
sistency among concentration-response relations, the authors 
cited several morphometric, biochemical, and functional end
points that have already been addressed in the. discussion of 
the results ofthe individual studies. In the following com
ments, the endpoints that the authors cite as supporting 
consistency among concentration-response relations are 
presented in normal type. Italic type is used for comments 
from the Health Review Committee on the Investigators' conclu
sions. Most of the selected end points were structural changes as 
determined by morphometric studies; only one pulmonary func
tion test was considered. 

STRUCTURAL CHANGES 

" Increased amounts of stored secretory product in the 
small bronchi of rats exposed to 1.0 ppm ozone. 
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" Statistically significant concentration-related trends in 
the amounts of stored secretory product in the trachea 
and caudal bronchus. Paired comparisons showed in
creases only in the 1.0 ppm exposure group. 

• Increased smooth muscle area in small bronchi iso
lated from rats exposed to 0.5 ppm ozone. No increases 
were seen in groups exposed to 1.0 ppm ozone. There
fore, no concentration-response trend for this endpoint 
was evident. 

" Increased volumes of interstitium and epithelium in 
the proximal alveolar region of rats exposed to 0.5 or 
1.0 ppm ozone. This was one of the strongest concen
tration-response relations found in this Project. 

• Bronchial epithelial metaplasia in proximal alveolar 
ducts. This response was dependent on site and gender 
in the animals exposed to 0.12 ppm ozone. 

FUNCTIONAL CHANGES IN VITRO 

• A reduction in maximal stress in small bronchi isolated 
from rats exposed to 0.5 ppm ozone, but not in bronchi 
from rats exposed to 0.12 or 1.0 ppm ozone. 

FUNCTIONAL CHANGES IN VIVO 

• A reduced residual volume in female rats exposed to 0.5 
ppm ozone. As noted by the investigators, most pulmo
nazy function parameters showed little or no change in 
response to ozone exposure. 

BIOCHEMICAL CHANGES 

" Rats exposed to 0.5 or 1.0 ppm ozone had increased 
levels of the antioxidant enzymes superoxide dismu
tase and glutathione peroxidase in the bronchi and 
trachea. 

On the basis of these findings, one can conclude that a 
concentration-response relation for some structural and 
biochemical endpoints was evident; however, this relation 
was not seen with the functional changes. 

For their correlative analyses, the authors selected sev
eral structural and functional endpoints related to cell type 
and stored mucus (see Table 10 in the Integrative Sum
mary). As was true for the nasal region, the correlations 
between the epithelial cells and stored mucus were statis
tically significant for anatomically discrete regions (caudal 
and cranial regions of the lungs). The authors also corre
lated pulmonary function parameters with airway caliber 
in the lungs. However, none of the correlations between 
total pulmonary resistance and small airway dimensions 
were statistically significant. Thus, these analyses showed 

statistically significant correlations for mucus-producing 
cells and stored mucus, but not for airway structure and 
function. 

The authors chose ten endpoints for their combined 
analysis of the chronic airway disease surrogate (see Table 
12 in the Integrative Summary). Of these, seven were struc
tural measurements, one was a biochemical measurement, 
one was an in vitro measurement oflung function, and one 
was an in vivo measurement oflung function. It is not clear 
why pulmonary resistance, which is a generally accepted 
endpoint for evaluating chronic airway disease in humans 
and was included in the correlative analysis, was not in
cluded in the combined analysis. 

Figures 16 and 17 in the Integrative Summary present the 
results for the combined analysis of endpoints related to the 
chronic airway disease surrogate. Statistically significant 
trends toward an increased response with increasing ozone 
levels were obtained for all rats (p = 0.014) andformalerats 
alone (p = 0.033). If an adjustment for multiple testing had 
been done, the trend in the males would have been reduced 
to marginal significance (p = 0.066). The data for males do 
not display a trend; rather, the response of male rats ex
posed to 0.12 ppm ozone was lower than males exposed to 
0 ppm ozone. In contrast, the responses of male rats exposed 
to 0.5 or 1.0 ppm ozone were slightly elevated, compared 
with male control animals. These paired comparisons did 
not achieve statistical significance; however, they were 
most likely responsible for the statistical significance of the 
trend analysis. Thus, the results of the trend analysis must 
be interpreted with caution. 

The authors have not given a clear answer in response to 
the question "How are the structural, functional, and bio
chemical changes in the lung interrelated?" They point out 
that rats exposed to 0.5 or 1.0 ppm ozone had some indica
tors of chronic airway disease (increased stored mucus and 
secretory cells in distal conducting airways) and that focal 
structural changes were observed in rats exposed to 0.12 

ppm ozone. Several concerns limit confidence in the rela
tion among the three sets of endpoints, however. First, as 
discussed above, the bronchiolarization results obtained in 
rats exposed to 0.12 ppm ozone have weak statistical sup
port. Second, the positive correlations reported in Table 10 

of the Integrative Summary refer to structural and histo
chemical parameters. It is not surprising that a correlation 
was found between increased mucus and an increase in the 
number of mucus-producing cells. Third, none of the four 
correlations between structural and functional parameters 
related to airway caliber (Table 11) were statistically sig
nificant. Fourth, although the 10 components selected for 
the combined analysis of the chronic airway disease surro
gate are, strictly speaking, related to "conditions that could 
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impede airflow to and from the lungs," they may not be the 
key components that lead to clinical chronic airway disease 
in humans. A large percentage of the endpoints for this 
disease surrogate were derived from morphometric studies. 
The functional endpoints selected for the combined analy
sis include only one in vivo parameter (meanmidexpiratory 
flow, but not airway resistance) and measurements of in 
vitro airway responsiveness. 

In contrast, clinical assessment of chronic airway disease 
in humans relies heavily on functional paramete~s. Because 
each endpoint was given equal importance in the median 
polish analysis, in vivo functional measurements, which 
are generally considered to be critical in clinical diagnosis 
of chronic airway disease, had less importance than the 
morphometric measurements. Thus, the authors' conclu
sions describe relations among the morphologic endpoints 
rather than relations among structure, biochemistry, and 
function, Nevertheless, the observation that morphologic 
and biochemical changes did not affect overall pulmonary 
function is critical to the authors' conclusion that the lungs 
ofrats exposed to ozone for 20 months developed tolerance 
to this pollutant. 

How Are Biochemical Changes Correlated with Structural 
and Functional Indices of Lung Stiffness? As examples of 
consistency among concentration-response relations, the 
authors cite the following: 

" The percentage ofbronchiolarization in the centriaci
narregion of rats exposed to 0.12, 0.5, or 1.0 ppm ozone 
was larger than in control animals. This was not a 
general effect. Rather, it was found in certain regions 
of the lung, was specific to gender, and was most 
uncertain in the group exposed to 0.12 ppm ozone. 

" Mild centriacinar fibrosis in the terminal bronchiole
alveolar duct region in rats exposedto 0.5 or 1.0 ppm 
ozone. 

" A reduced residual volume in rats exposed to 0.5 ppm 
ozone. No concentration-response relation was evident 
for this endpoint. Also, no changes were seen for the 
other pulmonary function tests. 

Again, this analysis is heavily dependent on morphometric 
measurements. Concentration-response effects were consis
tently observed for the structural endpoints, but not for indi
ces of pulmonary function. 

The authors explored the relation between measures of 
lung function and centriacinar fibrosis by examining corre
lations between each of three functional endpoints (residual 
volume, dynamic lung compliance, and quasistatic chord 
compliance) and lung collagen content (as measured by the 
amount of 4-hydroxyproline) (see Table 13 in the Integra-
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tive Summary). Dynamic lung compliance and quasistatic 
chord compliance are indices of lung elasticity. Because 
collagen is often associated with the glycosaminbglycan 
dermatan sulfate in the lung extracellular matrix, and the 
glycosaminoglycans chondroitin 6-sulfate and heparan sul
fate are also constituents of the matrix, correlations between 
the content of 4-hydroxyproline and these glycosaminogly
cans also were included. Of this group of correlative analyses, 
only the comparison between hydroxyproline and quasis
tatic chord compliance was statistically significant. The 
authors note that because sample sizes for these compari
sons were small, the statistical power for these correlations 
was limited. 

Table 13 also presents the results of correlations between 
the percentage of bronchiolarization and the volume of 
epithelial cells in the cranial and caudal bronchi, and 
between the extent ofbronchiolarization and the volume of 
epithelial cells in the cranial and caudal bronchi. Only the 
latter two correlations achieved statistical significance. 

For the combined analysis of centriacinar fibrosis, the 
authors chose four structural endpoints, one biochemical 
endpoint, and three functional endpoints (see Table 14 of 
the Integrative Summary). Two other biochemical endpoints, 
changes in specific glycosaminoglycans, which were included 
in the original combined analysis for this disease surrogate 
(see Table 13 in Catalano et al. 1995), were excluded from 
the Integrative Summary. The authors' rationale for exclud
ing the data on glycosaminoglycans was that, after further 
consideration of the appropriate endpoints by a larger group 
of investigators, they could not find sufficient justification for 
including these data. With the two glycosaminoglycans ex-

. eluded from the analysis, a statistically significant trend 
toward centriacinar fibrosis was seen across ozone concen
trations, and statistically significant increased responses 
for the pairwise comparisons of rats exposed to 0.5 or 1.0 
ppm ozone with control animals were observed (see Figure 
18 in the Integrative Su=ary). An analysis of gender 
subgroups showed a similar result for female rats, but not for 
male rats. As the authors point out, the major reason for the 
sensitivity to the inclusion or exclusion of the two glycosami
noglycans is that they responded differently (a decrease) than 
had originally been postulated. An important feature of the 
median polish technique, which was used for the combined 
analysis, is that the variables and the expected direction of 
their change must be selected a priori (Catalano et al. 1995). 

The authors interpret the results of their three analytic 
approaches as indicating that rats exposed to 0.5 or 1.0 ppm 
ozone showed structural, functional, and biochemical changes 
indicative of centriacinar fibrosis. Therefore, they concluded 
that structural and functional measurements of lung stiff
ness are related to biochemical changes. Two concerns arise 
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regarding this conclusion. First, one must weigh the impor
tance of the functional changes considered by the authors. 
Because only one of thirty measurements of in vivo lung 
function changed after ozone exposure, one can conclude 
that the most important finding was that exposure to ozone 
did not cause changes in overalll ung function. In addition, 
the reduction in residual volume was statistically signifi
cant only in rats exposed to 0.5 ppm ozone. Thus, there was 
not a true concentration-response relation. Tests of lung 
function have different degrees of sensitivity; however, 
these analyses did not detect larger changes that could be 
the precursors of chronic lung disease. It is not surprising that 
structural and biochemical parameters, which did change as 
a result of ozone exposure, were not significantly correlated 
with pulmonary function parameters, which did not change. 
When the authors correlated a single biochemical endpoint 
with three functional endpoints, only one of the correla
tions was statistically significant. 

The second issue of concern is the combined analysis. 
The statistical significance ofthis analysis was very sensi
tive to the selection of the variables that entered into the 
analysis and to the mode of data presentation. The authors 
indicated that they could not find sufficient justification for 
including the content of two glycosaminoglycans in their 
analyses. However, this decision was post hoc and is without 
statistical justification (see the Health Review Committee Com
mentary in Research Report Number 65, Part X [Catalano et al. 
1995]). Itis unclear what level of significance can be attached 
to the post hoc analysis that excluded these glycosamino
glycans. 

Thus, the investigators' conclusion that biochemical changes 
caused by exposure to ozone correlate with structural and func
tional indices of lung stiffness needs to be qualified; this 
conclusion appears to be based, to a large extent, on the 
statistically significant results obtained in the combined analy
sis, which involved post hoc deletion of certain endpoints and 
was very sensitive to their inclusion or exclusion. 

What Is the Relation Between Changes in the Nose and 
Changes in the Rest of the Respiratory Tract? The authors 
examined changes in the amounts of stored intraepithelial 
secretory product in the nasal cavity, trachea, and the 
central, cranial, and caudal bronchi (representing different 
sizes, locations, and generation numbers of bronchi). After 
exposure to ozone, statistically significant increases were 
noted in stored secretory product in the nasal cavity, and 
in the caudal and cranial bronchi, and a statistically signifi
cant decrease was noted in the trachea (see Figure 20 in the 
Integrative Summary). The nose showed strong functional 
and structural responses to exposure to ozone. In contrast, 

structural changes in the lung were restricted to focal loca
tions, and, the authors conclude, "appeared to have only 
minor functional consequences." 

The authors conducted 12 correlative analyses to exam
ine the relations between the levels of nasal mucus in four 
locations in the lung and the content of lung mucosub
stances at each location (see Table 15 in the Integrative 
Summary). Four of twelve correlations were statistically 
significant: the amount of nasal mucus in the proximal and 
distal lateral meatuses correlated with increases in stored 
mucosubstances in the caudal and cranial bronchi. 

Thus, the authors appropriately concluded that nasal 
changes induced in rats exposed to 0.5 or 1.0 ppm ozone 
correlated with changes in the distal pulmonary airways. 
However, it should be noted that these correlations were 
between related substances (mucosubstances) and that the 
correlations were found only in certain anatomic regions of 
the nose and tracheobronchial tree. Some support for the 
conclusion that nasal changes may be predictive of changes 
in the lower respiratory tract comes from the results of 
Graham and Koren (1990). They reported that people ex
posed to 0.4 ppm ozone for two hours, while exercising, 
showed qualitative, but not quantitative, increases in the 
levels of inflammatory cells in both nasal lavage fluid and 
bronchoalveolar lavage fluid compared with people that 
breathed clean air. 

IMPLICATIONS FOR HUMAN HEALTH 

The adverse health effects of inhaled ozone are of sub
stantial public health and regulatory concern. Although the 
term "adverse health effect" is incorporated into the Clean 
Air Act, it is difficult to define. In 1985, the American 
Thoracic Society developed guidelines as to what consti
tutes an adverse respiratory health effect, especially in the 
context of epidemiologic studies of air pollution. The Soci
ety noted a spectrum of adverse respiratory health effects 
ranging from the most severe (increased mortality) to the 
least severe (odors). It also noted that it is difficult to 
distinguish between pathophysiologic changes of clinical 
significance and physiologic changes of uncertain signifi
cance. The guidelines defined an adverse respiratory health 
effect as "medically significant physiologic or pathologic 
changes generally evidenced by one of the following: (1) 
interference with the normal activity of the affected person 
or persons, (2) episodic respiratory illness, (3) incapacitat
ing illness, (4) permanent respiratory injury, and/or (5) 
progressive respiratory dysfunction" (American Thoracic 
Society 1985). 
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Debate continues about whether the acute and chronic 
effects of ozone exposure constitute adverse health effects. 
The changes observed in FEV1 after short-term exposures 
to ozone are transient and may represent an adaptation 
mechanism. However, because indicators of inflammation 
appear in the bronchoalveolar lavage fluid after short-term 
ozone exposures, it has been hypothesized that an inflam
matory response, if repeated over time, could lead to per
manent respiratory injury and the development of fibrosis. 
Atthe presenttime, animal studies provide our only insight 
into whether this does, indeed, occur. This section provides 
a perspective on the evidence for the development of cer
tain respiratory diseases (rhinitis, asthma, pulmonary fibro
sis, and bronchiolitis) in rats exposed to ozone under the 
conditions ofthe NTP/HEI Collaborative Ozone Project. 

RHINITIS 

Rhinitis (inflammation of the nasal mucous membrane) 
is a common condition and is responsible for widescale 
morbidity throughout the world. This is not surprising 
because the nasal cavity is the region of the respiratory tract 
that is most exposed to gaseous and particulate material in 
ambient air. A large fraction of inhaled materials are re
moved by trapping them in the mucous layer that covers 
the epithelial surface of the nasal cavity. Exposure to irri
tants or attachment of pathogenic microorganisms to the 
nasal epithelial cells can lead to hyperemia, increased mu
cus, edema, and cellular infiltration of the tissues. 

There are different types of acute and chronic rhinitis. 
Irritants, infections, and allergic reactions all can lead to a 
syndrome of acute rhinitis. Allergic rhinitis is elicited by 
hypersensitivity to a variety of allergens. These responses 
are mediated by immune mechanisms leading to vasomotor 
responses that increase nasal mucous flow. Allergic rhinitis 
generally occurs in certain seasons due to exposure to 
airborne pollens, but can be chronic in an environment of 
continuous exposures. Rhinitis due to exposure to pollut
ants or infections tends to be sporadic, and is clinically 
characterized by sneezing, rhinorrhea, and obstruction of 
the nasal passages, all symptoms very similar to the com
mon cold. Less widely recognized is that nasal irritation 
due to indoor irritants also exists in individuals who have 
irritation of the eyes and nose upon exposure to low levels 
of common volatile organic mixtures, such as perfume, 
cigarette smoke, and cleaning agents. If the injury from any 
cause is continuous, it can lead to chronic rhinitis, which 
is characterized by hyperplasia of tissues and fibrosis; fi
brosis, then, may produce permanent thickening of the 
submucosa with fibrous tissue and infiltration of inflamma
tory cells. 
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Rhinitis, as identified by histologic evaluation and by 
functional studies that showed impaired mucous flow, was 
found in the NTP/HEI Collaborative Ozone Project (Harkema 
et al. 1994). Functional studies of the nose have not been done 
in humans exposed to high concentrations of ozone or other 
pollutants, so comparison between rats and humans of 
those endpoints is not possible. It is important, though, to 
consider whether the histologic lesions seen in the rat are 
similar to those found in humans with rhinitis. No system
atic studies have been conducted on nasal changes in hu
mans exposed to ozone. However, nasal changes have been 
reported in residents exposed to high concentrations of 
photochemical pollutants living in one section of Mexico 
City (Calderon-Garciduefias et al. 1992, 1993). Ozone was 
the most important oxidant in this environment. Examina
tion by light microscopy of the nasal mucosa isolated from 
Mexican subjects showed acute inflammatory intraepithelial 
infiltrates and marked proliferation of capillaries in the sub
mucosa. The histologic findings in these human subjects 
are very similar to those found in the rats. The rats ap
peared to have more severe pathological changes because 
some showed atrophy of the mucosa, a finding not reported 
in the human population. In summary, the nasal changes 
in rats exposed for long periods of time to ozone are very 
similar in appearance to the lesions in humans who are 
exposed to high concentrations of ozone in the ambient 
atmosphere. Thus, the structural changes in rats exposed 
to ozone are probably closely related to the human disease. 

ASTHMA 

Asthma is a disorder that is characterized by (1) airway 
obstruction (or airway narrowing) that is generally revers
ible, either spontaneously or with treatment, (2) airway 
inflammation, and (3) airway hyperresponsiveness to a 
variety of stimuli. Air pollutants such as ozone can increase 
the risk of an asthma attack. It is not known, however, 
whether air pollution itself is one cause of asthma. The 
NTP/HEI Collaborative Ozone Project was not designed to 
address this issue. It would have been desirable to conduct 
tests of bronchial reactivity in vivo using methacholine or 
other bronchoactive stimuli. However, these experiments 
were not conducted because the investigators thought that 
drug treatment would interfere with the conduct of other 
tests on the same animals. The morphological studies did 
not provide any indication of airway inflammation; how
ever, such changes, if present, could have disappeared 
during the one-week period of exposure to clean air. There
fore, no firm conclusions can be drawn from these experi
ments concerning the role of ozone in the etiology of asthma. 
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FIBROSIS 

The physiologic and histologic findip.gs do not indicate 
that the rats in the NTP/HEI Collaborative Ozone Project 
developed diffuse pulmonary fibrosis analogous to the hu
man condition. This is an important point, because the term 
fibrosis is sometimes used indiscriminately in the litera
ture, and can have distinct meanings in different scientific 
communities. In humans, pulmonary fibrosis may be the 
result of a number of insults, including the adult respiratory 
distress syndrome, prolonged occupational exposures to 
fibrogenic silicates such as asbestos, and response to certain 
drugs, or may be part of systemic diseases, among which 
are sarcoidosis, rheumatoid arthritis, and lupus erythema
tosus (Coultas 1993). Hereditary forms of pulmonary fibro
sis also exist. Most often, however, diffuse pulmonary fibrosis 
occurs without any obvious cause, antecedent, or associated 
illness. In this form it is designated idiopathic pulmonary 
fibrosis. 

Irrespective of whether the cause is known or whether it 
is idiopathic, human diffuse pulmonary fibrosis has charac
teristic clinical, physiologic, and pathologic features. Domi
nating the clinical picture is shortness of breath, which is 
usually progressive to a point of discomfort even at rest and 
even while breathing supplemental oxygen. From a physi
ologic standpoint, pulmonary fibrosis results in small, poorly 
compliant (stiff) lungs that are inefficient in alveolar gas 
exchange. Accordingly, pulmonary function testing reveals 
reduced lung volumes, decreased lung compliance, and a 
reduced DLco. The rats exposed for 20 months to ozone 
were normal in all of these parameters (Harkema andMauderly 
1994). Characteristically, the morphology of the lungs with 
human pulmonary fibrosis reveals loss of normal architecture 
with apparently thickened alveolar walls, excessive ex
tracellular matrix (especially collagen), and an abundance of 
inflammatory cells consisting of neutrophils and mononu
clear cells throughout the tissue (Figure 1). For comparison, 
the histopathologic lesions observed in rats exposed to 
clean air or 1.0 ppm ozone for 20 months (Figures 2A and 
2B) illustrate the difference between diffuse pulmonary 
fibrosis in human and centriacinar fibrosis in rats. Studies 
in recent years, which have benefitted from techniques for 
identifying basement membranes, have emphasized the 
importance of alveolar collapse and intraalveolar fibrosis 
instead of older concepts of so-called interstitial fibrosis 
(Kuhn and Hogg 1993). The lungs of the NTP/HEI Collabo
rative Ozone Project animals, even those exposed to 1.0 
ppm ozone for 20 months, did not show any of these 
histological features of human idiopathic pulmonary fibro
sis, and not even the inflammatory lesions that might be 
forerunners of fibrotic lesions (Chang et al. 1995). 

The NTP/HEI studies suggest that diffuse pulmonary 
fibrosis is not a result of prolonged ozone exposure at ozone 
concentrations of 1 ppm or less. However, one may still 
wonder whether ozone could act together with other pul
monary insults to induce or aggravate the development of 
pulmonary fibrosis. Because acute exposures to ozone elicit 
inflammation in the lungs of healthy human volunteers, as 
reflected by changes in bronchoalveolar lavage fluid and 
mucosal biopsies (Aris et al. 1993), it is possible that similar 
inflammatory responses could occur in people with pulmo
nary fibrosis who are exposed to ozone. Such inflammation, 
if it extended into the lung periphery, could promote or 
perpetuate the inflammation already present. However, the 
NTP/HEI Collaborative Ozone Project was not designed to 
~;,t;:)·~rl.d!Jj i:n~i~;jJJt in~:il~~ ~i~1;o~;~ ll.~'~'lm ~ .. 
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rrregularly shaped airspaces in which the orderly pattern of alveoli and 
alveolar ducts is not recognizable. The walls separating the airspaces are 
markedly thickened by inflammatory cell inilltration and scarring. Hema
toxylin-eosin stain. Magnification= X37. 
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Figure 2B. Alveolar duct (AD) of a rat exposed to 1.0 ppm ozone. Bronchiolar epithelium has extended down the duct so that the alveolar septal tips are 
covered by columoar epithelium that extends into and partly lines the alveoli (A). The interstitium is slightly thickened at the septal tips, and the population 
alveolar macrophages has slightly increased. The change in rats exposed to 0.5 ppm ozone were qualitatively similar but less severe. Magnification= x 1125. 
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The progress of inflammation is influenced by the release 
of cytokines. For example, recent in Vitro studies show the 
release ofinterleukin-6 and interleukin-8 from airway epi
thelial cells at ozone concentrations within the range used 
in this project (Devlin et al. 1994). At higher concentrations 
(2 ppm for three hours), rat macrophages were found to 
release elevated levels of fibronectin in response to trans
forming growth factor-~ (Pendino et al. 1994), a protein that 
has been implicated in developing human pulmonary fibro
sis (Broekelman et al. 1991). Although it is possible to 
envision a scenario in which ozone could both induce and 
enhance inflammatory and fibrogenic responses to factors 
such as transforming growth factor-~ (factors that are pre
sent in the tissues already undergoing pulmonary fibrosis), 
more work needs to be done to connect these in vitro results 
to the situation in vivo where the effective dose of ozone 
that reaches the lower respiratory tract is only a fraction of 
the inhaled dose. In short, ozone may exert effects on the 
development of pulmonary fibrosis that could not have 
been determined from the NTP/HEI studies in which ozone 
was the only insult and in which the animals started with 
normal lungs. 

RESPIRATORY BRONCHIOLITIS 

If the rats exposed to ozone for 20 months did not have 
diffuse pulmonary fibrosis, are the lesions in the centriaci
nar region analogous to any respiratory disease in humans? 
Examining the physiology and histopathology of the le
sions, and comparing these findings with those reported in 
humans leads to the conclusion that the respiratory injury 
observed in rats exposed to ozone is very similar to respi
ratory bronchiolitis in humans. These comparisons are 
illustrated in Table 2. 

Respiratory bronchiolitis is a histologic lesion that is 
nearly universal in cigarette smokers but uncommon in 
nonsmokers (Niewoehner et al. 1974). Both respiratory 
bronchiolitis and the ozone-induced lesion are discretely 
localized in the proximal acinus at the termination of the 
conducting airways. Both are characterized by epithelial 
hyperplasia, mild thickening of the walls of airspaces by 
inflammation and fibrosis, and by increased numbers of 
macrophages in alveoli. In the lesion induced by ozone in 
the rat, epithelial hyperplasia predominates; in respiratory 
bronchiolitis, macrophage accumulation is the most con
spicuous feature. These differences may relate to differ
ences in the anatomy and biology of the two species, to the 
nature of the irritants involved, or both. 

Respiratory bronchiolitis in humans is usually asympto
matic and associated with either no measured functional 
abnormalities or only mild functional abnormalities. It can 
persist after cessation of smoking (Wright et al. 1983). 

Although some have speculated that respiratory bronchioli
tis may be a precursor of emphysema, little evidence has 
confirmed this to be the case. Nearly all smokers have 
respiratory bronchiolitis; however, only 10% to 20% de~ 
velop clinical airflow obstruction. Therefore, additional 
factors must influence susceptibility to chronic obstructive 
pulmonary disease. The characteristics that identify sus
ceptible subjects and the prevalence of those characteristics 
in the general population are not known. Because the du
ration of exposure in the NTP/HEI Collaborative Ozone 
Project extended for two-thirds of the rats' lifetimes, it 
seems unlikely that the proximal acinar lesions induced by 
ozone would progress to structurally significant changes. 

The NTP/HEI Collaborative Ozone Project did not, how
ever, address the issue of susceptible subpopulations. Al
though genetic differences in ozone sensitivity have been 
identified for different mouse strains (Kleeberger et al. 
1990), rats have not been systematically examined. Also, as 
noted earlier, all possible precautions were taken to ensure 
that the animals used in this study were healthy, and 
especially that they were free of pathogens. The impact of 
ozone exposure on animals with underlying infections or 
genetic predisposition to oxidant injury may be quite dif
ferent than the impact on healthy animals. 

Finally, this study was designed to examine only one 
pollutant. People have varying susceptibility to inhaled 
agents and are exposed to multiple chemicals and pollut
ants, including cigarette smoke. Furthermore, most chronic 
lung diseases require a genetic susceptibility. Therefore, it 

. may be a person's genetic makeup that detel'Iilines if a 
specific exposure can lead to disease. These caveats need 
to be considered when extrapolating the results from ani
mal studies to different populations of individuals. 

REMAINING UNCERTAINTIES AND 
. IMPLICATIONS FOR FUTURE RESEARCH 

The NTP/HEI Collaborative Ozone Project provided 
new information on structural, functional, and biochemi
cal changes in the respiratory tract of rats caused by prolonged 
exposure to ozone. This information provides a cornerstone for 
additional studies that can increase our understanding of ozone's 
effects on the respiratory system. Specifically, mechanisms, 
effects measured throughout the duration of exposure, and 
coincident insults by other pollutants are important areas for 
future investigations. 

At present, little is known about the mechanisms by 
which ozone affects the structure of small airways. On the 
basis of current knowledge, we can assume that ozone 
causes oxidative damage to cells, which initiates protective 
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responses and repair processes that are characterized by 
cellular hyperplasia. Although it is known that ozone oxi
dizes cell membrane fatty acids and increases some antioxi
dant enzyme activities (Grose et al. 1989; Leikauf 1994; 

Pinkerton et al. 1995), the underlying mechanisms that 
connect these specific responses with the cellular and in
terstitial changes observed in the lung during prolonged 

. exposure to ozone are not well understood. The NTP/HEI 
Collaborative Ozone Project raises the question, Why did 
the definitive structural changes not have major effects on 
pulmonary function? 

Humans exposed to ozone for brief periods (one to six 
hours) on several consecutive days show a reduction in 
FEV1; however this response to ozone is attenuated after 
three to five days of exposure (Hackney et al. 1977; U.S. 
Environmental Protection Agency 1986 ). The mechanisms for 
this "adaptation" are unknown. Because overall pulmonary 
function did not change in response to structural and bio
chemical changes, the authors suggest that the lungs of the 
animals exposed to ozone for 20 months became tolerant to 
this oxidant. However, these studies cannot answer the 
question of whether adaptation or tolerance to ozone oc
curred because a "snapshot" of the effects was taken only at 
the point of 20 months of exposure to ozone and adaptation 
can be measured only through a series of changes over time. 
Also, in these studies, little information was available con
cerning changes during the one-week recovery period, and 
no information was available on the effects of multiple 
exposure-recovery periods. Thus, conclusions about the 

implications for human health from the NTP/HEI Collabo
rative Ozone Project are limited because the results pertain 
to specific exposure conditions. Exposure conditions that 
differ in duration, periodicity, intensity, or recovery period 
may produce effects that differ from those found in the 
NTP/HEI Collaborative Ozone Project. A future direction of 
research might be to determine the exposure conditions that 
most closely simulate human exposure to ozone and con
duct animal studies using those conditions. 

Finally, the studies in the NTP/HEI Collaborative Ozone 
Project share the strength that ozone effects were investi
gated in detail in isolation from the effects of other pollutants. 
The design of the exposure protocol, which was mandated by 
the NTP, did not accommodate joint exposure to ozone and 
copollutants. However, any strategy for regulatory control 
must consider that the effects of environmental air pollut
ants often are affected by the presence of multiple copollu
tants. The NTP/HEI Collaborative Ozone Project provides a 
solid base of information on the effects of prolonged expo
sure to ozone. This base can be used as a starting point for 
investigating the effects of exposure to ozone together with 
cigarette smoke and other common air pollutants, including 
nitrogen and sulfur oxides. 

SUMMARY AND CONCLUSIONS 

The NTP/HEI Collaborative Ozone Project was carefully 
designed and well-executed. The selection of ozone expo-

Table 2. Comparison of Characteristics of Diffuse Pulmonary Fibrosis with Focal Proximal Acinar Fibrosisa 

Characteristic 

Distribution 

Severity 

Functional Effects 
Total lung capacity 
Vital capacity 
Residual volume 
Lung compliance 
Carbon monoxide 

diffusing capacity 
Nitrogen washout 

Diffuse 
Pulmonary Fibrosis 

All regions of acinus 

Varies; often severe 
and progressive 

-1-
Varies 

Focal Proximal Acinar Fibrosis 

Ozone in Rats 

Limited to region just beyond 
bronchiole-alveolar duct 
junction 

Mild 

NC 
NC 

-1- (?) 
NC 

NC 
NC 

Tobacco Smoke in Humans 

Limited to region just beyond 
bronchiole-alveolar duct 
junction 

Mild 

NC 
NC 
NC 
NC 

NC 
i (Closing volume) 

• J.; decrease; i; increase; NC; no change; (?) ; a statistically significant decrease was observed at one ozone concentration, but no concentration-response 
trend was found, 
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sure concentrations was based on a solid rationale, and the 
inclusion offour exposure groups provided an opportunity 
to make concentration-response comparisons across a range 
of ozone levels. The exposure and necropsy procedures 
were carried out under rigorously controlled conditions 
that included appropriate quality assurance and standard op
erating procedures. Moreover, the animal allocation scheme 
enhanced the study by providing an opportunity to inte
grate the results and to correlate the findings among the 
individual studies. Thus, the results of this Project provide 
insight into the question of whether prolonged exposure to 
ozone leads to permanent injury or to the development of 
chronic lung disease. 

Eight groups of investigators examined the effects of 
prolonged ozone exposure on the respiratory t:J:acts of F344/N 
rats. The endpoints included structural, biochemical, and 
functional measures in the nose, conducting airways, and 
the lungs. The animals were exposed to clean air or one of 
three concentrations of ozone (0.12, 0.5, or 1.0 ppm) for six 
hours per day, five days per week, for 20 months, thus allowing 
the evaluation of concentration-response relations. The inves
tigators used standard analytical techniques and an innovative 
statistical procedure to integrate the diverse endpoints and to 
provide information about the effects of ozone on the res
piratory system. The major findings ofthe studies are sum
marized in Table 1. 

Exposure to ozone for 20 months, even at the highest 
concentration, had no effect on animal survival and only 
minimal effects on weight gain. Some of the most striking 
effects of prolonged exposure to ozone were on the structure 
and function of the epithelium of the nasal cavity. In the 
nose, functional changes included concentration-depend
ent reductions in mucous flow rates in rats exposed to 0.5 

or 1.0 ppm ozone. Structural changes that were dependent 
on ozone concentration were documented at the same sites 
where mucous flow rates were impaired. Exposure to 0.12 

ppm ozone had no significant effect on either nasal struc
ture or function. The fact that both functional and structural 
assessments revealed injury from the same levels of ozone 
exposure strengthens the conclusion that the threshold of 
toxicity to the nasal mucosa of the F344/N rat lies between 
0.12 and 0.5 ppm ozone under the exposure protocol de
scribed above. The nasal changes in rats exposed to ozone 
are very similar to the lesions observed in humans living in 
areas of high levels of ozone in the ambient atmosphere. 
Thus, the changes found in the animal studies are probably 
relevant to rhinitis in humans. However, because of ana
tomical differences between the structure of primate and rat 
nasal cavities, extrapolating these results to humans, in terms 
of exposure-response relations, is difficult. 

Very few changes were observed in the conducting air
ways of rats exposed to ozone. The three most notable 
changes were variations in antioxidant enzyme levels, an 
increase in the area of the walls of the small airways, and 
an increase in the amount of smooth muscle in the small 
airways ofrats exposed to 0.5 ppm ozone. The latter results 
are difficult to interpret because the in vitro responses to 
different contractile stimuli that occurred in the same ex
posure group decreased, a finding opposite to the expected 
increase in contractile response due to more smooth mus
cle. In addition, no response that was dependent on concen
tration was observed. Importantly, no decrease in luminal 
diameter, which might affect resistance to airflow, was found. 

In the lungs, the major changes caused by 20 months of 
exposure to ozone were in the centriacinar region. These 
changes included structural changes in epithelial cells and 
increases in interstitial matrix components in the centriac
inar region of rats exposed to 0.5 or 1.0 ppm ozone. Bron
chial epithelial cell metaplasia was seen in the alveolar 
duct area. This process, called bronchiolarization, may 
protect the sensitive gas-exchange region of the lungs from 
damage by changing the structure of the epithelium to one 
that contains a greater number of cells that are resistant to 
ozone. It is not clear whether or not this process also 
occurred at the lowest ozone exposure concentration. In 
one study, no structural alterations were evident in the 
proximal alveolar region. In another study, in which the 
sampling strategy allowed systematic investigation of the 
regions closest to the junction of the terminal bronchiole 
and the alveolar duct, some small changes that were specific 
to site and gender were noted in the epithelial cells. Statisti
cally significant changes in epithelial cells in the centriacinar 
region of animals exposed to 0.12 ppm ozone were observed 
only in the cranial lung lobe of male rats. They were not seen 
in the caudal lobe of male rats or in any region of the lungs of 
female rats. Given the fact that these small structural changes 
were the only statistically significant observations in animals 
exposed to 0.12 ppm ozone, theyrequirefurtherconfirmation. 

Biochemical studies of connective tissue components 
indicated a decrease in the level of glycosaminoglycans, 
components of proteoglycans that, together with collagen, 
confer structural support to the lung. Some trends were 
noted toward an increase in total collagen levels in female 
rats; however, this increase was statistically significant 
only in rats exposed to 1.0 ppm ozone. It is quite likely that 
analysis of total collagen is not sufficiently sensitive to 
detect small localized changes. Morphometric analyses and 
conventional light microscopic stains showed an increase 
in collagen fibrils in the interstitium in the centriacinar 
region of rats exposed to 0.5 or 1.0 ppm ozone. In situ 
hybridization techniques were used to determine whether 
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synthesis of connective tissue was stimulated by prolonged 
ozone exposure. No messenger RNAs coding for type I 
collagen or elastin were detectable in rats exposed to 1.0 
ppm ozone. Thus, if collagen synthesis increased as a result 
of ozone exposure, it must have occurred earlier in the 
20-month exposure period. 

The results of an extensive battery of tests indicated that 
ozone exposure had little or no effect on overall pulmonary 
function. The only functional parameter that was affected 
by exposure to ozone was residual volume, which de
creased in all exposure groups. However, this change was 
statistically significant only in the group exposed to 0.5 
ppm ozone, and no concentration-response relation was evi
dent. Thus, one can conclude that the structural and biochemi
cal changes observed in the lungs of rats that were repeatedly 
exposed to ozone for 20 months did not significantly affect 
overall pulmonary function. 

A total of 144 animals were available for the HEI studies. 
This limited the number of animals that could be assigned 
to each investigator. However, the investigators used three 
analytical approaches to integrate the results of the multi
ple studies. The integration of study findings produced an 
analysis of the results that is scientifically stronger than the 
results of individual studies standing alone. 

One innovativetechnique involved combining data for a 
set of related parameters that had been measured in differ
ent animals; a statistical technique called median polish 
analysis was used to develop composite scores for the 
combined data. This technique, when applied to three disease 
surrogates (defined by the investigators as collections of end
points "potentially related to different pathogenic processes"), 
produced some interesting insights into the relations among 
various endpoints. For the rhinitis disease surrogate, in 
which ozone exposure was clearly related to pathophysi
ologic processes, the composite scores showed highly sig
nificant differences between effects seen at 0.5 and 1.0 ppm 
ozone compared with those seen at 0 ppm ozone. Thus, the 
combined analysis agreed with the results of the qualitative 
analyses. However, for the other disease surrogates exam
ined in this Integrative Summary, centriacinar fibrosis and 
chronic airway disease, the composite scores were heavily 
weighted by the structural changes in the centriacinar region 
and were sensitive to the inclusion or exclusion of some 
endpoints. Thus, for these models, the median polish analysis 
may have led to different conclusions than those derived from 
either qualitative or quantitative analyses that incorporate 
different sets of data. 

One of the conclusions reached by the authors is that the 
results of the integrative analyses suggest that the lungs of the 
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animals became tolerant to prolonged exposure to ozone. 
In contrast, the authors interpret the changes in nasal struc
ture and function as indicating that the nose did not de
velop tolerance to ozone. The development of tolerance is 
a reasonable explanation for the authors' findings, because 
(1) lung structural and biochemical changes were subtle, (2) 
those changes that did take place were not accompanied by 
changes in pulmonary function, and (3) literature reports of 
inflammation in response to short-term exposures to ozone. 
However, the Project protocol did not allow for a true test 
of tolerance. Tolerance can only be demonstrated when 
repeated exposures to a stimulus, such as ozone, are shown to 
cause decreasing responses. The Project's design allowed the 
investigators to examine animals at only one time point, that 
is, after 20 months of exposure. Thus, the investigators could 
not determine whether changes, such as inflammation, de
veloped early in the exposure period and then decreased with 
time. It is possible that adaptive changes took place in the 
lungs of rats exposed to ozone that enabled the develop
ment of tolerance. Adaptation implies changes that enable 
the respiratory epithelium to become more resistant to a 
stimulus. The results of the morphology studies, which 
indicated that cells that are more resistant to ozone replaced 
cells that are more sensitive in the centriacinarregion ofthe 

.lung and that the activity of antioxidant enzymes increased, 
suggest that such changes may have taken place. Alterna
tive hypotheses are that the lungs of F344/N rats are less 
sensitive to ozone than the nose, or that inflammatory and 
necrotic changes resolved during the one-week recovery pe
riod in clean air. Therefore, additional experiments at multiple 
time points are necessary to determine conclusively if toler
ance developed during prolonged exposure of F344/N rats to 
ozone. 

The results of this project provide some insight into the 
question of whether prolonged exposure to ozone leads to 
permanent injury and the development of chronic lung 
disease. The centriacinar fibrosis that developed in rats 
exposed to 0.5 or 1.0 ppm ozone should not be considered 
as analogous to the disease entity known as diffuse pulmonary 
fibrosis. In humans, pulmonary fibrosis of either known or 
unknown etiology has characteristic clinical, physiologic, 
and pathologic features, including a diffuse inflammatory 
response and a reduction in some pulmonary function meas
urements. The rats exposed to ozone for 20 months, even at 
the highest ozone concentrations, did not show any of the 
characteristic features of human diffuse pulmonary fibro
sis, and did not develop inflammatory lesions that might be 
forerunners of fibrotic lesions. The lesions that were ob
served in the centriacinar region were, however, very similar 
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to respiratory bronchiolitis in humans. Respiratory bronchioli
tis involves histologic lesions that are nearly universal in 
cigarette smokers but uncommon in nonsmokers. These 
lesions in humans are usually asymptomatic and are usu
ally associated with no measurable or mild functional ab
normalities. 

Some limitations must be considered when extrapolating 
the results ofthis study to humans. Despite the fact that both 
the exposure and experimental components of the study 
were conducted rigorously and thoroughly, the results are 
only applicable to healthy animals exposed to a single 
pollutant. Prolonged ozone exposure may have had a more 
severe effect in animals with compromised lungs or if the 
exposure had included other air pollutants. This study was 
not designed to provide insight into these issues, Ozone 
may exert effects on the development of chronic respiratory 
disease that could not have been determined from the 
NTP/HEI Collaborative Ozone Project, in which ozone was 
the only insult and in which the animals started with 
normal lungs and were housed under conditions that elimi
nated exposure to microorganisms. 
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