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Ozone has a broad range of health effects in humans. I intend to focus primarily upon two 
aspects of these health effects: (1) responses to repeated ozone exposures and the potential 
implication of these studies for understanding chronic effects of ozone and (2) the mechanisms 
of response to ozone in sensitive subjects and how these may be useful in understanding ozone- 
associated morbidity. In this regard, the focus will be mainly on human controlled exposure 
studies. 

1. REPEATED EXPOSURES 

Reported effects of long-term residence in communities with high ozone levels include a 
seasonal variation in ozone-induced pulmonary function responses, impediments to lung 
development in children, and acceleration of the age-related decline in lung function in adults. 
There is very limited evidence that long-term repeated ozone exposure may be related to an 
increased incidence of asthma in adults. Finally, several recent studies are suggestive of an 
association between acute ozone exposure and cardiorespiratory mortality. 

1.1 Community Exposures 
Studies of effects of ozone and lung function have been reported in the literature for decades. 

A lower sensitivity to ozone in people resident in communities with high ambient ozone levels 
is well known [ 1 ]. Moreover, studies indicated that this effect has a seasonal fluctuation that is 
consistent with a depression of response during repeated ozone exposure and the return of a 
"normal" response with a period of several months of limited ozone exposure [2]. A recent pilot 
study [3] of incoming freshman at the University of California (Berkeley) indicated that the level 
of performance on some tests of lung function (especially FEF75% and FEF25-75%), in relation 
to that expected for age, race and gender, were inversely related to estimated lifetime exposure 
to ozone (i.e., a higher lifetime ozone exposure resulted in a poorer performance on lung function 
tests). These observations suggest that chronic ozone exposure in children may be associated with 
interference with lung development. 

1.2 Controlled Exposures 
Over the past twenty years, many studies of repeated exposure to ozone in volunteer subjects 

have been performed. In general, these studies have shown that humans exposed to ozone on 
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successive days gradually develop an attenuated response to ozone which, over the course of 3-5 
days, leads to the absence or near absence of pulmonary function or symptom responses to ozone. 
This has been referred to as "adaptation," although in the usual biological sense it is not an 
adaptation since, with no further exposure, the responses return to the pre-exposure levels within 
a week or so. If the initial exposure conditions are severe enough to cause marked pulmonary 
function and symptom responses, the individual often has an exaggerated response on the second 
day of exposure [4,5]. Repeated ozone exposure has also been associated with a temporary 
decline in baseline lung function [5,6]. Studies in which a seasonal attenuation of pulmonary 
function response is observed [2] show that the seasonal attenuation persists for several months 
whereas the attenuation observed with repeated laboratory exposures persists for no more than 
a couple of weeks [7]. The absence of pulmonary function or symptom responses could have 
suggested the erroneous conclusion that once one became "adapted" to ozone, that there were no 
further effects. 

Acute exposure to ozone causes an inflammatory response characterized by release of various 
pro-inflammatory mediators (e.g., interleukins IL-6, IL-8, and prostaglandin PGE2), infiltration 
of neutrophils (PMN), activation of alveolar macrophages, and increased epithelial permeability. 
Only recently has there been any attempt to examine the inflammatory and cellular correlates of 
an attenuated function and symptom response in humans. Devlin et al. [9] showed that some 
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Figure 1. Lactate dehydrogenase (LDH), epithelial cell number, protein, neutrophils (PMN's), 
prostaglandin E 2 (PGE2), and ascorbate content of BAL fluid after air (open bars) or ozone 
exposure (Day 1, hatched; Day 5, solid; return exposure, checkered) ([Devlin et al., [9]). 

inflammatory and cellular responses associated with acute ozone exposure were also attenuated 
after five consecutive days of ozone exposure (Figure 1). Notably absent were increases in airway 
neutrophils and IL-6 hallmarks of the inflammatory response in healthy individuals acutely 
exposed to ozone. In addition, prostaglandin E 2 levels, usually markedly elevated after ozone 
exposure, showed only a slight increase after the fifth exposure. Epithelial cells, not normally 
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seen immediately after an acute exposure, were present in the BAL after the fifth exposure, 
possibly the result of already damaged cells physically knocked loose during the lavage process 
or from delayed sloughing of damaged cells. In addition, the bronchoalveolar lavage (BAL) fluid 
level of the enzyme lactate dehydrogenase (LDH), an indicator of cellular damage, was increased. 
This latter marker indicates that ozone continued to cause cell damage even in the absence of 
inflammation, symptoms, and lung function changes. When subjects were reexposed to ozone 
either 10 or 20 days later, the absence of an increase in BAL protein, epithelial cells, or the 
antioxidant ascorbate suggested a continued attenuation of these responses, although pulmonary 
function and symptom responses were similar to "pre-adaptation" levels. The changes in BAL 
protein suggest that the epithelium which replaces ozone-damaged epithelial cells is less "leaky." 
It is likely that cellular repair processes leading to a modified epithelium, that is more resistant 
to attack by ozone (such as observed in laboratory animals repeatedly exposed to ozone) [ 10], 
may also alter cellular/inflammatory responses. However, the more rapid return of pulmonary 
function and symptom responsiveness is consistent with the likely neural mediation of these 
responses. 

Relationships between changes in spirometric lung function and symptoms and biochemical 
and cellular markers, in response to ozone exposure, have been of interest for some time. In this 

study [9], spirometry and symptom responses 
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Figure 2. Airway responsiveness following 
exposure to air or 0.12 ppm ozone for 6.6 h on 
five consecutive days (Folinsbee et al., [4]) 

generally showed an initial decline, 
accentuated on the second day, and gradually 
diminishing by the fifth exposure. Despite the 
temporal alignment of the changes in 
spirometry and symptoms, there was no 
significant correlation between symptoms and 
function within the group of subjects at any 
specific time point. However, individuals 
exhibited consistent relationships between the 
magnitude of their individual changes in 
spirometry and their symptoms across the 
series of exposures. There was no evidence of 
a relationship between the biochemical and 
cellular markers and the changes in 
spirometry and symptoms. An increase in 
airway responsiveness to bronchoconstrictor 
agents has been shown, in other studies [4], 

to be increased during acute and repeated exposure to ozone (Fig 2). The changes in airway 
responsiveness were not correlated with the spirometric and symptom responses. 

2.0 SENSITIVE SUBJECTS 

There is a broad range of responsiveness to ozone within the population. Of particular concern 
from a public health standpoint is the identification of specific groups within the population who 
may be more sensitive as a result of specific characteristics, especially those characteristics 
associated with respiratory disease. Individuals with asthma, a chronic inflammatory airway 
disease, appear to be more responsive to ozone exposure. 
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Figure 3. Respiratory admissions for 168 hospitals in Ontario, Canada in relation to daily 1 h 
maximum ozone concentration, lagged one day (Redrawn from Burnett et al., [ 11 ]) 

2.1 Community Exposures 
Ambient exposure to ozone is associated with increased hospital admissions, increased visits 

to hospital emergency rooms, and increased numbers of asthma attacks and respiratory symptoms 
associated with asthma. Approximately 30 years ago, ambient ozone levels were reported to be 
associated with hospital admissions in Los Angeles [ 12]. More recent reports have detailed the 
association with respiratory hospital admissions in other cities such as London, New York, 
Toronto (Figure 3), and Rotterdam. Thurston et al., [ 13] have estimated that approximately 10- 
20% of summertime respiratory hospital admissions are related to ozone. This amounts to an 
estimated 1-3 ozone-related respiratory hospital admissions per day per 100 ppb ozone for each 
million in the population. In addition to increased asthma symptoms and asthma attacks, ozone 
accounts for increased numbers of asthmatics who present to emergency rooms (ER) in areas 
such as Atlanta [ 14], Los Angeles, Montreal, New Jersey, and Mexico City. It has been estimated 
that ozone accounts for as much as 15-20% of asthma ER visits during the summer and that 
asthma ER visits may increase as much as 30-40% on the highest ozone days [13,14]. These 
observations suggest that asthmatics may be more responsive to ozone than non-asthmatics. 

2.2 Controlled Exposures 
Exposure of asthmatics, usually with mild disease, to low concentrations of ozone in a 

controlled exposure facility has been conducted by a number of investigators. Although many of 
these studies showed little, if any, difference in spirometric responses between asthmatics and 
non-asthmatics, the interpretation of these studies may have been limited by the low 
concentration of ozone used [15]. More recent studies [16-21] conducted at higher ozone 
concentrations or for longer durations show somewhat greater changes in spirometry or airway 
resistance in asthmatics (Figure 4). The differences between healthy and asthmatic subjects 
exposed under the same conditions vary considerably among studies and range from no 
difference to a two-fold greater response in asthmatics. Nevertheless, these differences in 
response to ozone are considerably smaller than the differences in response to SO 2 [22] or other 
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Figure 4. Change in FEV~ (forced expired volume in one second) in response to ozone 
exposure of the specified concentration (ppm) and duration (h) from 6 different studies. 
Data from Linnet al., [17]; Horstman et al., [18]; Basha et al., [19]; Scannell et al., [20]; 
Linnet al., [21 ]; Kreit et al., [ 16]; respectively, left to right. 

non-specific broncho-constrictor agents for which differences between asthmatics and non- 
asthmatics may be as much as 100-fold or more. The presence of inflammation in the airways 
of asthmatics led a number of investigators [19,20; RB Devlin, U.S. EPA, personal 
communication, 1997) to hypothesize that the inflammatory response would be increased in 
asthmatics exposed to ozone. In these studies, asthmatics had a greater number of neutrophils (a 
key cellular marker of ozone-induced inflammation in non-asthmatics) in their lavage fluid 
following ozone exposure than did non-asthmatics (Figure 5). In 3 studies conducted under 
comparable conditions, the mean percentage of neutrophils in BAL after ozone exposure in non- 
asthmatics ranged from 7-9% and in asthmatics ranged from 8-16%. The study with the smallest 
difference between asthmatics and non-asthmatics was one which employed only asthmatics with 
a known allergic response to house dust mite antigen. These individuals had elevated levels of 
eosinophils (the characteristic inflammatory cell in asthma) in their lavage fluid. 

These above observations provide a mechanistic connection with the observation, from 
epidemiologic studies, that induction of asthma attacks is associated with ozone exposure. 
Horstman et al. [ 18] studied a group of moderate asthmatics exposed to 0.16 ppm ozone for 7.6 
hours. The FEV~ response of the asthmatics was about twice as large as that of the non- 
asthmatics and wheezing was experienced by more than half of the asthmatics. Treatment with 
an inhaled beta-adrenergic agonist partially reversed the decline in FEV~ and alleviated 
symptoms, indicating that a substantial portion of these responses were due to 
bronchoconstriction (Figure 6). In non-asthmatics, in contrast, beta-agonists do not alleviate the 
decrease seen in FVC (Forced Vital Capacity) or FEV1. In non-asthmatics, the FEV1 response 
appears to be due primarily to a neurally mediated restriction in maximum inspired volume that 
can be promptly alleviated by a topical local anaesthetic [23] or by systemic opioid analgesics 
[24]. 
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Figure 5. Percentage of neutrophils (PMN) in bronchoalveolar lavage (BAL) performed after 
air and ozone exposure (ppm) in both healthy and asthmatic individuals. (Clear bars: 
Healthy-Air; Hatched bars: Asthmatic-Air; Solid bars: Healthy-Ozone; Checkered bars: 
Asthmatic-Ozone). Data from Basha et al. [19], 6 h @ 25 L/min; Scannell et al. [20], 4 h @ 
45 L/min; Unpublished data courtesy of R. Devlin, 7.6 h @ 25 L/min. 

Since ozone is known to increase non-specific bronchial responsiveness and induce 
inflammatory processes, it was clear that ozone had the potential to increase bronchial 
responsiveness to inhaled specific antigens. An increased response to specific antigen after 3 h 
exposure 0.25 ppm ozone has been demonstrated by J6rres et al. [25] in both mild allergic 
asthmatics and allergic rhinitics, although the response was much less pronounced in the 
individuals with allergic rhinitis. In asthmatics, the dose of allergen which caused a 10% decline 
in FEV~ after air exposure caused a 28% decline after ozone exposure. In contrast, the allergic 
rhinitics experienced no significant change after air exposure and an 8% change after ozone 
exposure. At lower ozone concentrations, the augmentation of allergen responses is less clear; 
one study has reported such an effect [26] and another has shown no significant effect under the 
same conditions [27]. Kehrl et al. [28] also reported an increase in response to house dust mite 
antigen in mild allergic asthmatics 16-18 h after completion of a 7.6 h exposure to 0.16 ppm 
ozone. These latter results not only support the findings of J6rres et al. [25] but more importantly 
indicate that an increased response to antigen can persist beyond the immediate post-exposure 
period. The association of hospital admissions or ER visits with ozone exposure is often 
strongest with a one-day lag, suggesting that the ozone-induced increase in reactivity to antigen 
may trigger a more severe asthma attack than would antigen exposure in the absence of ozone. 

3. MORTALITY AND OZONE 

A question that may be answered by the 21st Century is whether there is an association 
between ozone exposure and mortality. Although some studies have suggested such a 
relationship, there have been many questions raised about methodology and statistical 
approaches, precluding the possibility of coming to a satisfactory conclusion. In many of these 
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Figure 6. FEV~ of two asthmatic subjects exposed to 0.16 ppm ozone or air for 7.6 h including 
mild exercise. Beta-adrenergic agonist medication was self-administered, as indicated by the 
arrows, in both air and ozone exposures. Note the marked improvement in FEV~ after 
medication and the larger overall decline during the ozone exposure. (Redrawn from 
Horstman et al., [18]) 

analyses, the effect of particulate matter may have been a confounding factor [29]. A number of 
new studies have begun to look at this question again, using time-series analyses, and tend to 
show a positive relationship between ozone exposure and daily mortality. The association of 
ozone and mortality in these newer studies appears to be separate from the effects of other 
pollutants. [30-32]. 

What remains puzzling is that, in two cities with high ozone levels, Mexico City and Los 
Angeles, the association for ozone and mortality does not remain significant when particulate 
levels are taken into consideration. [29,33]. Asthma-related mortality cannot account for the 
apparent increase in mortality associated with ozone. Although an accelerated rate of decline of 
lung function [34] could contribute to mortality this also seems to be an unlikely explanation. 

4. CONCLUSIONS 

Clearly, human responses to ozone exposure are modified by repeated exposure. Ongoing 
lung cell damage was previously demonstrated in laboratory animals repeatedly exposed to 
ozone. Despite the attenuation of spirometric lung function and symptom responses in repeatedly 
exposed humans, we now know that lung cell damage continues, as does the repair process. The 
processes that lead to the changes in ozone responsiveness, either from a series of acute exposures 
in a controlled exposure chamber or from seasonal exposure in an oxidant polluted community, 
are not well understood from a human lung cell biology perspective. There is some suggestion 
that seasonal ambient exposures may have some implications for long term lung health. It is 
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likely that persons with impaired or hypersensitive respiratory systems may be impacted to the 
greatest extent. The association of asthma morbidity end-points with ozone exposure is clear. 
Although several ppm of ozone can induce life threatening effects in healthy humans, there is 
presently no mechanistic explanation of how very low (tens of parts per billion) concentrations 
of ozone could induce death. 

This document has been peer-reviewed in accordance with U.S. Environmental Protection Agency policy and 
approved for publication. The views expressed are those of the author and do not necessarily reflect the views of 
the agency. Mention of trade names or commercial products does not constitute endorsement or recommendation 
for use. 
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