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HI Statement 
Synopsis of Research Report Number 69 

Noninvasive Determination of Respiratory 
Ozone Absorption: 
The Bolus-Response Method 
BACKGROUND 

Ozone is a ubiquitous irritant air pollutant that is a major constituent of photochemical smog. When inhaled, 
it can react with cellular biomolecules. Human and animal studies show that exposure to sufficiently high 
concentrations of ozone causes decreases in lung function and increases in markers of airway inflammation. 
The U.S. Environmental Protection Agency (EPA) has classified ozone as a criteria pollutant, and established 
a National Ambient Air Quality Standard of 0.12 parts per million (ppm) as an hourly average. This Standard 
is currently being reevaluated by the EPA. 

For regulators to establish appropriate standards for ozone, they need to know the relations among the ambient 
concentration of the gas (exposure), the amount of gas absorbed in the respiratory tract and its tissues (dose), 
and the subsequent health effects (responses). For ozone, the relation between exposure and response is well 
established. However, few data are available that link exposure to dose, and dose to response because of the 
technical difficulties of making such measurements. This study, sponsored by the Health Effects Institute, 
sought to develop methods to quantify ozone dose and the efficiency of ozoneabsorption in different regions 
of the respiratory tract. 

APPROACH 

Dr. James Ultman and colleagues used a fast-responding ozone measurement system, which they had devel
oped with previous HEI support, to noninvasively measure the absorption of inhaled ozone in different 
regions of the respiratory tract of healthy adult men. While the subject was breathing through the measuremmt 
apparatus, a narrow 10-mL bolus of ozone was introduced into the inhaled air at a predetermined point. This 
caused the bolus of ozone to be inhaled to a desired volumetric depth in the lungs. By comparing the amounts 
of ozone inhaled and exhaled, they calculated the cumulative efficiency of ozone absorption (called the bolus
response analysis method). By delivering the bolus to other depths and then relating these depths to anatomi
cal regions of the respiratory tract, they quantified the absorption efficiency of ozone in the upper and lower 
airways, and in the gas-exchange region of the lungs. To mimic different exposure scenarios, they measured 
ozone absorption while the subjects breathed through the mouth or nose. Ozone concentrations from 0.5 to 
4 ppm were used. These data were used in a theoretical model of ozone absorption to estimate the ozone dose 
rate to different regions of the respiratory tract. 

RESULTS AND IMPLICATIONS 

The investigators made substantial improvements in the technology to measure ozone absorption in the respi
ratory tract of human subjects by developing a fast-responding ozone analyzer and incorporating this instru
ment into a computer-controlled bolus inhalation system. When they measured the distribution of ozone in 
different regions of the respiratory tract, they found that with quiet mouth breathing, 50% of the ozone was 
absorbed in the mouth and oropharynx, and the remainder was absorbed within the conducting airways. 
When breathing nasally, about 80% of the ozone was absorbed in the upper airways, showing that the nose 
protects the lungs from ozone exposure. With increasing flow rates, more ozone reached and was absorbed 
by the lower airways and gas-exchange tissues in the lungs. During exercise, which entails both oral breathing 
and high flow rates, the dose rate of ozone to the lower airways and gas-exchange tissues would be more than 
three times the dose rate than when at rest. These investigators have provided a valuable research tool for 
studies that measure doses of ozone and other gases, and their results have advanced our understanding of 
how this pollutant is absorbed by the respiratory tract. 

This Statement, prepared by the Health Effects Institute (HE!) and approved by its Board of Directors, is a summary of a research project sponsored by HE! from 
1990 to 1992. This study was conducted by Dr. James Ullman of Pennsylvania State University. The following Research Report contains both the detailed Investigators' 
Report and a Commentary on the study prepared by the Institute's Health Review Committee. 
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INVESTIGATOR'S REPORT 

Noninvasive Determination of Respiratory Ozone Absorption: The Bolus-Response Method 

James S. Ultman, Abdellaziz Ben-Jebria, and Shu-Chieh Hu 

ABSTRACT 

Morphometric studies in animals exposed to ozone (03)*, 
and mathematical simulations of 0 3 transport in human 
lungs indicate that 0 3 toxicity is focal in nature, causing 
tissue damage that is more pronounced in the proximal al
veolar region (the proximal end of the respiratory airspaces 
in our compartment models) than in other airways. These 
findings suggest that the internal distribution of 0 3 uptake 
must be known in order to assess health risk reliably. In 
previous work (Ultman and Ben-Jebria 1990), we developed 
a fast-responding chemiluminescent 0 3 analyzer and a 
small-scale 0 3 generator, both of which are suitable for 
respiratory measurements. The objective of the current re
search was to integrate these instruments into a bolus inha
lation system capable of noninvasively measuring the lon
gitudinal distribution of 0 3 absorption in intact human 
lungs. With this system we aimed to carry out baseline ex
periments in healthy men during quiet oral breathing at a 
respiratory flow rate of 250 mL/sec, determine the effect of 
alternative respiratory flow rates between 150 and 1,000 

mL/sec, compare the absorption distribution during quiet 
oral breathing with that during quiet nasal breathing, and 
ascertain the influence of a peak inspired concentration be
tween 0.3 and 4.0 parts per million (ppm). 

Ozone uptake (A) was expressed as the amount of o3 ab
sorbed during a single breath relative to the amount in the 
inhaled bolus. Measurements of A were correlated with the 
penetration volume (Vp) of the bolus into the respiratory 
tract. Values of Vp less than 70 mL were considered to be 

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

This Investigators' Report is one part of Health Effects Institute Research Re
port N~mber 69, which also includes a Commentary by the Health Review 
Committee, and an HE! Statement about the research project. Correspon
dence concerning the Investigators' Report may be addressed to Dr. James s. 
Ulhnan,_ Department of Chemical Engineering, The Pennsylvania State 
Umversity, 106 Fenske Laboratory, University Park, PA 16802-4400. 

Although this document was produced with partial funding by the United 
States Environmental Protection Agency under Assistance Agreement 816285 
to the He~lt? Eff?cts Institute, it has not been subjected to the Agency's peer 
~d admmistrative review and therefore may not necessarily reflect the 
VIews of the ~ency, and no official endorsement should be inferred. The 
co~ten~ of this document also have not been reviewed by private party insti
~utwns 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. 
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associated with the upper airways, values between 70 and 
180 mL were associated with the lower conducting airways, 
and values greater than 180 mL were associated with there
spiratory airspaces. During quiet oral breathing, A in
creased smoothly with V p, with 50% of the inhaled 0 3 ab
sorbed in the upper airways and the balance absorbed 
within the lower conducting airways. This compares favor
ably with the results of direct-sampling methods, which 
have indicated that 40.4% of continuously inhaled 0 3 is re
moved by the extrathoracic airways (Gerrity et al. 1988). The 
effect of increasing the respiratory flow, which occurs when 
people exercise, was to shift the A-V p distribution distally 
so that significantly less 0 3 was absorbed in the upper air
ways and more reached the respiratory airspaces. Compared 
with oral breathing, nasal breathing caused a proximal shift 
in the A-Vp distribution to the extent that absorption in the 
upper airways increased from 50% to 80%. This trend, pre
viously documented in dogs (Yokoyama and Frank 1972) but 
not in humans, is probably the result of the large surface: 
volume ratio, intense flow patterns, and ample supply of 
mucus substrates in the nose. Therefore, as exercise load in
creases, the lower conducting airways and respiratory air
spaces become more susceptible to 0 3 damage because of 
normal changes in breathing from nasal to oral and increases 
in respiratory flow. The peak 0 3 concentration of an in
haled bolus did not have a significant effect on the A-V p 

distribution. This implies that the diffusion and chemical 
reaction processes dictating 0 3 absorption are linear. 

INTRODUCTION 

Ozone resulting from the photochemical reaction of au
tomobile emissions is an urban air pollutant that can have 
adverse effects on human health, particularly in the lung. 
In many previous laboratory studies, individuals were ex
posed for one to four hours to controlled levels of 0 3 as 
high as 1 ppm, and decrements in their lung function were 
documented with routine spirometric tests of parameters 
such as forced expired volume (FEV) and specific airway re
sistance (Colucci 1983). From the more recent of these 
studies, it appears that changes in both the mechanical and 
biochemical status of the lungs are possible even during 
acute exposures of two hours at concentrations as low as 
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0.12 ppm (McDonnell et al. 1983; Koren et al. 1989). There
sponses of different subjects to the same ambient 0 3 con
centration show considerable variation (McDonnell et al. 
1985). Undoubtedly, some of this variation is due to the use 
of ambient 0 3 concentration as a surrogate for the 0 3 dose 
delivered to those tissues responsible for changes in lung 
function. 

Mathematical simulations indicate that 0 3 is not uni
formly distributed to all lung tissue and that the proximal 
alveolar region (the proximal end of the respiratory air
spaces in our compartment models) receives a far greater 
dose than other lung regions (McJilton et al. 1972; Miller et 
al. 1978). Morphometric studies of the lungs of animals ex
posed subchronically for one to six weeks to 0 3 concentra
tions as low as 0.12 ppm confirm that the proximal alveolar 
region incurs the most cell injury (Mellick et al. 1977; Barry 
et al. 1985). From these results it is clear that the distribu
tion of 0 3 dose among different regions in the lung must 
be known if unique dose-response relations are to be estab
lished. It is not sufficient to characterize 0 3 exposure in 
terms of ambient concentration. 

We previously developed a bolus-response method for 
noninvasively assessing the regional distribution of inert 
insoluble indicator gases (Ultman et al. 1978; Ben-Jebria et 
al. 1981). The primary purpose of the research reported 
here was to extend the method to 0 3 . In particular, a small 
volume of 0 3 is rapidly introduced into an inhaled air
stream, and the 0 3 concentration is continually monitored 
at the airway opening throughout the remainder of the in
spiration and the following expiration. The absorption of 
0 3 during this single breath is then computed as the differ
ence between the integrals of inspired and expired 0 3 con
centration data. Moreover, 0 3 absorption can be mapped as 
a function of Vp (the airway volume to which a bolus would 
penetrate if there were no absorption) by using data from a 
series of test breaths in which bolus injection occurs at a 
different time during each inhalation. 

Using a respiratory 0 3 analyzer and a small-scale 0 3 
generator developed in previous Health Effects Institute
sponsored research (Ultman and Ben-Jebria 1990), we as
sembled an automated bolus inhalation apparatus for test
ing human subjects. In the first series of experiments with 
this apparatus, we measured the longitudinal distribution 
of 0 3 absorption in the lungs of healthy male subjects dur
ing quiet oral breathing (baseline experiments). In addition 
to providing useful dosimetry data, this study helped to de
fine the resolution and limitations of the apparatus. 

An important concern regarding 0 3 dose is the influence 
of the high respiration rates concomitant with exercise. 
Theoretically, when the flow of gas through a tube in
creases, the concentration boundary layer near the wall of 
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the conduit becomes thinner, and resistance to radial diffu
sion diminishes (Treybal 1980). Simultaneously, a higher 
flow rate reduces the time that is available for diffusion to 
occur. Because the enhancement of diffusion by boundary 
layer thinning is roughly proportional to (Flow)0·5, and the 
attenuation of diffusion by decreased residence time is 
proportional to (Flow)1·0 , these opposing effects should re
sult in a decrease in absorption efficiency. If this logic ap
plies in lung airways, then an increase in respiratory flow 
would diminish the fraction of 0 3 absorbed into the upper 
airways, and a greater portion of inhaled 0 3 would pene
trate to the lower airways. 

Studies in intact upper airways of dogs (Yokoyama and 
Frank 1972) indicate, in support of the theoretical predic
tion, that a 10-fold increase in airflow reduces 0 3 absorp
tion efficiency by 50% to 70%. However, recent data indi
cate that this effect is much smaller in human subjects. In 
a group of 18 male subjects, a doubling of the respiratory 
frequency from 12 to 24 beats per minute at a fixed tidal vol
ume reduced absorption efficiency by only 6% in ex
trathoracic airways (upper airways and trachea) (Gerrity et 
al. 1988). This limited flow sensitivity is possible if the 
aqueous solubility of 0 3 is so low that it is much less resis
tant to diffusion in the gas phase than it is in mucous and 
epithelial cell layers. On the other hand, the results of Ger
rity and associates (1988) are questionable because their 
slow-responding gas analyzer undoubtedly underestimated 
0 3 concentration, particularly at the breathing frequency 
of 24 beats per minute. 

In the second series of experiments, we further explored 
the effects of respiratory flow in the human lung (flow ex
periments). The bolus-response method was used to mea
sure the distribution of 0 3 absorption in healthy men dur
ing oral breathing at a variety of respiratory flow rates. 

Another important issue regarding 0 3 dose is the relative 
ability of the nasopharyngeal and oropharyngeal pathways 
to remove 0 3 from inhaled air before it reaches the lower 
airways. During inspiration, the point of air entry normally 
switches from the nose to the mouth as minute ventilation 
increases above 30 L/min (Niinimaa et al. 1980). Therefore, 
a difference in the absorption efficiency of these two upper 
airway paths could contribute to a change in lower airway 
dose when there is an exercise-induced elevation of respira
tory flow. 

Data obtained in the upper airways of dogs demonstrate 
that the nose has twice the absorption efficiency of the 
mouth (Yokoyama and Frank 1972). This is consistent with 
the conventional wisdom that the nose, with its large 
surface:volume ratio and richly perfused mucosa, is well 
designed for gas uptake (Brain 1970). It is surprising that in 
human subject studies, the mouth had a slightly higher ab
sorption efficiency than the nose (Gerrity et al. 1988). 
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In the third series of experiments, we applied the bolus
response method to study the relative absorption efficien
cies of the nose and mouth (oral-nasal experiments). The 
influence of nasal breathing versus oral breathing on the 
distribution of ozone absorption in the lower airways was 
also evaluated. Gerrity and associates (1988) had to use a 
pharyngeal sampling tube to monitor 0 3 concentration be
tween the upper and lower conducting airways. Conden
sation and mucous accumulation in the tube, although 
corrected for, may have distorted their data. Because the 
bolus-response method differentiates between absorption 
in various lung regions without the use of intraairway sam
pling tubes, we believe that our data are more reliable. 

A third important consideration regarding 0 3 dose is the 
effect of exposure concentration on absorption efficiency. In 
a linear absorption process, diffusion follows Fide's law, 
solubilities can be described by Henry's law, and all chemi
cal reactions have first-order kinetics with respect to 0 3 
concentration. As a result, 0 3 uptake is proportional to in
haled 0 3 concentration, and absorption efficiency is inde
pendent of it. On the other hand, in situations in which 
solubility, diffusion, and reaction are described by non
linear formulas, absorption efficiency will depend on the 
inhaled 0 3 concentration. 

In studies of acute 0 3 exposure in isolated dog airways, 
absorption efficiency was inversely related to the inhaled 
concentration in the range of 0.1 to 20 ppm (Vaughan et al. 
1969; Yokoyama and Frank 1972), indicating that mucus and 
tissue may become saturated with 0 3 . However, later ex
periments in guinea pigs and rabbits over an exposure range 
of 0.1 to 2 ppm (Miller et al. 1979), as well as in humans over 
an exposure range of 0.1 to 0.4 ppm (Gerrity et al. 1988), 
demonstrated that exposure concentration had no effect on 
absorption efficiency. Possibly this discrepancy is due to 
differences in the ranges of inhaled concentrations that 
were explored or, alternatively, to differences in lung anat
omy between the dog, which has a disproportionately long 
trachea, and the other animals. 

In the fourth series of experiments, we studied the effect 
of 0 3 concentration on 0 3 dosimetry (concentration ex peri
ments). In particular, we measured the absorption distribu
tions resulting from the injections of boluses with different 
peak 0 3 concentrations. 

SPECIFIC AIMS 

The general objective of our research is to measure nonin
vasively the distribution of 0 3 absorption in intact human 
lungs under a variety of exposure and respiratory condi
tions. In previous research, a respiratory 0 3 analyzer and 

a small-scale 0 3 generator were developed. The aims of the 
current research were as follows: 

1. Incorporate this 0 3 analyzer and bolus generator into a 
computer-controlled bolus inhalation apparatus. 

2. Measure the longitudinal distribution of 0 3 during 
quiet oral breathing at a flow rate of 250 mL/sec (baseline 
experiments). 

3. Evaluate the effect on 0 3 absorption of changes in respi
ratory flow rates from 150 to 1,000 mL/sec (flow experi
ments). 

4. Study the effect on 0 3 absorption of nasal versus oral 
breathing (oral-nasal experiments). 

5. Determine the 0 3 absorption distribution at peak in
spired bolus concentrations of 0.5, 1, 2, and 4 ppm (con
centration experiments). 

These aims have been slightly modified from those enumer
ated in the original research proposal. The respiratory flow 
rate characteristic of quiet breathing in aims 2, 4, and 5 was 
reduced from 300 to 250 mL/sec because at the lower flow 
the subjects found it easier to produce a triangular respired 
volume waveform free of an end-expiratory pause. The 
range of flow rates in aim 3 was reduced from 200-2,000 to 
150-1,000 mL/sec because the dynamic response of the 0 3 
analyzer was not sufficiently rapid to produce reliable data 
above 1,000 mL/sec. Also in aim 3, we originally planned 
to characterize the sensitivity of 0 3 absorption to separate 
changes in inspiratory and expiratory flow. We later decided 
to simulate the influence of physical activity on 0 3 absorp
tion, in which case it is more realistic to maintain inspira
tory flow equal to expiratory flow. In aim 5, the addition of 
measurements at a peak inhaled 0 3 level of 4 ppm ex
tended the range over which concentration effects were 
evaluated. This should have improved the likelihood of ob
serving such effects, if they actually exist. 

THEORETICAL CONSIDERATIONS 

OZONE ABSORPTION THEORY 

The transport of a solute from a carrier gas to a liquid 
phase is traditionally characterized by an overall mass 
transfer coefficient, K, representing the absorption rate nor
malized by the concentration driving force and the interfa
cial surface area (Treybal 1980). When this area is not 
known, the surface:volume ratio, a, is introduced as a sec
ond parameter such that Ka is the absorption rate normal
ized by the concentration driving force and the volume of 
the gas-filled conduit. To formulate a simplified mathemat
ical model for interpreting absorption data, we solved the 
diffusion equation, Equation A.1, found in Appendix A, for 
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the case of steady flow through a straight tube (Ben-Jebria 
et al. 1991). This analysis predicts that the fraction of enter
ing 0 3 that penetrates to the tube exit is given by 

1 - A = exp( -Ka~ VIV), (1) 

where A is the amount of absorbed 0 3 relative to the 
amount in an entering bolus, Vis the volumetric gas flow, 
and ~ V is the tube volume. This equation is valid for any 
shape of the entering bolus. However, in the derivation of 
Equation 1, it was assumed that Ka is constant, the back
pressure of solute from the tube wall is negligible, and axial 
convection in the gas phase is much greater than axial dis
persion. 

In modeling 0 3 absorption in the respiratory system, the 
airways are visualized as a series of compartments, each of 
which behaves as a separate tube (Figure 1). Longitudinal 
position within this compartment model is specified by a 
volume coordinate, Vp, corresponding to the penetration of 
a bolus beyond the 0 3 sampling point at Vp = 0 during in
halation. Compartment 1 is bounded at its proximal end by 
Vp,0 , the position of the airway opening relative to the 0 3 
sampling point; it is bounded at its distal end by VP,t· The 
volume of this compartment is, therefore, (VP,t - Vp,0). 

Because a bolus traverses this volume twice during each 
breath, the appropriate~ V for compartment 1 is 2(Vp,t -
Vp,o). Moreover, 0 3 is not absorbed in the mouthpiece as
sembly, which is proximal to Vp,0 ; therefore, all of the 0 3 
detected at the sampling point enters compartment 1. Ac
cording to Equation 1, the fraction of inhaled 0 3 that pene
trates through compartment 1 is then 

(1 - At) = exp[ -2(Kah(VP,t - Vpo)IVJ, (2) 

where Ka, the value of the mass transfer parameter, has been 
assumed to be constant within compartment 1 ([Kah). 

Compartment 2 is bounded at its proximal end by Vp,t 

and at its distal end by Vp, 2 . As (1 - A2) is the amount of 

1=2 

1=1 

' ' /\2(V P2) 

' ' ' ' 

Figure 1. The compartmental absorption model. In this diagram of three 
compartments of the diffusion model, A; is the fractional absorption at a 
penetration volume, Vp;. representing the distal end of compartment i; and 
A is the fractional absorption at an arbitrary penetration volume, V P• within 
the i = 2 compartment. 
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0 3 that reaches the distal boundary relative to the amount 
of inhaled 0 3 , and (1 - At) is the 0 3 that enters at the prox
imal boundary relative to the amount inhaled, (1 - A2)/ 

(1 - At) is the amount of 0 3 that penetrates compartment 
2 relative to the amount that enters the compartment. Using 
this nomenclature, Equation 1 becomes 

(1 - A2)/(1 - At) = exp[- 2(Ka)z(Vp,z - Vp,t)IV]. 

(3) 

This equation can be generalized for an arbitrary compart
ment i with a proximal boundary VP,; -t• a distal boundary 
VP,;. and a mass transfer parameter, (Ka);. 

(1 - A;) = (1 - A;_ t)exp[- 2(Ka);(VP,;- VP,i-t)IVJ 

(4) 

In correlating the absorbed fraction data collected in 
bolus-response experiments, we require an equation for A 
as a continuous function of Vp. Making use of the assump
tion that (Ka); is constant in compartment i, Equation 4 can 
be rewritten to relate A to any Vp between VP,i-t and VP,i· 

(1 -A)= (1 - A;-t)exp[-2(Ka);(Vp- VP,i-t)IVJ 

(5) 

Taking the natural logarithm of both sides of Equation 5 

results in the formula 

-loge(1 - A) = [2(Ka);/VJVp 

- [loge(1- A;_t) + 2(Ka);VP.i-tiVJ. (6) 

Therefore, a regression of -loge(1 - A) versus Vp in the 
range VP,i-t to VP,i will have a slope 2(Ka);/Vfrom which 
Ka can be determined. 

DECOMPOSITION OF THE OVERALL MASS 
TRANSFER COEFFICIENT 

The 0 3 absorption process can be better understood by 
considering the individual factors that contribute to K. Situ
ated in the path of 0 3 molecules absorbing into an airway 
wall is a series of diffusional resistance layers: the boundary 
layer of the flowing respiratory gas, the liquid-lining layer 
(i.e., mucus in lower airways and surfactant in respiratory 
airspaces), the epithelial cell layer, the subepithelial tissue, 
and the bronchial circulation. Because 0 3 reacts so rapidly 
with the epithelial membrane (Pryor 1992), the surface of 
these cells is maintained at a very low 0 3 concentration, 
and the gas boundary layer and the liquid-lining layer are 
the major impediments to 0 3 absorption. Therefore, the 
overall mass transfer resistance, 1/K, can be equated to the 
sum of the diffusion resistances through the gas boundary 
layer, 1/kg, and the liquid-lining layer, t..lk£ (Ultman 1988): 

1/K = llkg + A.!k£, (7) 
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where kg and k£ are the individual mass transfer coeffi
cients in the gas and liquid-lining layers, respectively, and 
A, is an equilibrium partition coefficient defined as the mo
lar concentration of 0 3 in air relative to that in mucus or 
surfactant. 

Whereas kr depends on the diffusion and reaction dy
namics within the liquid-lining layer but is independent of 
the external gas flow, the value of kg is directly affected 
by V. In general, kg can be related to V by a power-law 
equation of the form 

kg= mVn, (8) 

where m and n are parameters whose values depend on the 
geometry of the gas-liquid surface and the nature of the flow 
(e.g., laminar or turbulent). After substitution of Equation 
8 and division by a, Equation 7 becomes 

Ka = 1/[A./kra + 1/(maVn)]. (9) 

By regressing Ka values measured at several different flows 
to Equation 9, it is possible to determine the constants: kra, 
rna, and n. However, separate values for kr and m can be ob
tained only if an estimate of a is available from anatomic 
data. 

Table 1. Characteristics of Subjectsa 

Age Height Weight 
Subject Studyb (years) (em) (kg) 

1 1,2 40 163 61 
2 1 21 183 75 
3 4 28 180 61 
4 1,2 29 174 69 
5 3 28 175 69 
6 1,2 29 176 57 
7 1,2 31 185 85 
8 3,4 29 178 71 
9 1 26 175 70 

10 3 22 173 63 
11 2,3 27 178 86 
12 3,4 26 193 91 
13 3 29 183 75 
14 2 28 191 91 
15 1,2 47 173 68 
16 4 28 170 66 
17 1,2 31 178 80 
18 2 30 175 86 
19 3,4 28 201 98 
20 3 27 185 75 
21 4 29 183 80 
22 3 21 168 68 
23 1 30 176 73 

METHODS AND STUDY DESIGN 

SUBJECf CHARACfERISTICS 

Only healthy male subjects were used in this study. After 
being given an explanation of the study, each subject was 
asked to complete an informed-consent form, a medical 
questionnaire, and a standard spirometric test to determine 
his forced vital capacity (FVC), forced expired volume in 
one second (FEV 1), and forced expiratory flow from 25% to 
75% of the vital capacity (FEF25_75). The subjects' charac
teristics and the experiments in which they participated are 
summarized in Table 1. Nine subjects were included in the 
baseline and in the flow and the oral-nasal experiments. Six 
subjects completed the concentration experiments. 

A subject was included in this study if his responses to 
the medical questionnaire indicated that he had not smoked 
within the past three years; had no history of hay fever, 
asthma, allergic rhinitis, chronic respiratory disease, or 
cardiac diseases; had not used medication within one week 
of the study; and did not have an activity pattern that pre
disposed him to air pollutant exposure. Moreover, a sub-

FVC FEV1 FEV1/FVC FEF25_ 75 Vu 
(L) (L) (%) (Lisee) (mL) 

4.3 [108] 3.4 [106] 79 [94] 3.9 [103] 155 
6.2 [106] 5.6 [118] 90 [106] 6.7 [129] 186 
4.1 [75] 3.6 [81] 87 [103] 4.4 [82] 220 
5.4 [108] 3.8 [94] 70 [83] 2.8 [60] 170 
5.2 [102] 4.6 [110] 88 [104] 6.0 [117] 155 
4.4 [86] 3.1 [74] 71 [84] 5.2 [116] 189 
6.0 [106] 4.8 [105] 80 [96] 4.7 [87] 130 
5.8 [110] 5.0 [117] 87 [103] 5.8 [110] 180 
4.9 [95] 4.4 [105] 90 [106] 4.1 [79] 161 
4.9 [96] 4.6 [110] 93 [109] 7.4 [141] 189 
6.0 [113] 4.8 [110] 79 [94] 4.8 [90] 159 
7.6 [119] 6.1 [118] 81 [97] 6.3 [105] 244 
7.0 [125] 5.3 [118] 76 [91] 4.6 [84] 176 
6.9 [112] 5.5 [111] 80 [96] 5.5 [93] 169 
5.5 [124] 3.7 [105] 67 [82] 2.0 [46] 175 
5.4 [113] 3.9 [101] 73 [85] 3.0 [61] 202 
5.5 [106] 4.4 [104] 80 [95] 4.0 [87] 145 
5.2 [103] 4.3 [105] 83 [98] 4.1 [90] 162 
7.0 [103] 5.6 [102] 80 [97] 5.2 [83] 200 
7.0 [121] 4.6 [97] 65 [77] 3.1 [55] 135 
6.0 [108] 4.5 [100] 75 [90] 3.6 [66] 
5.1 [106] 4.2 [106] 82 [95] 4.3 [85] 180 
4.3 [84] 3.4 [82] 79 [94] 2.6 [55] 152 

a FVC = forced vital capacity, FEV1 = forced expired volume in one second, FEF 25_ 75 = forced expiratory flow from 25% to 75% of the vital capacity, 
Vo = volume of carbon dioxide dead space. Values in brackets are the forced expired parameters expressed as percentages of the predicted values (Knud
sen et a!. 1976). 

b Study 1 = baseline experiments; study 2 = flow experiments; study 3 = oral-nasal experiments; study 4 = concentration experiments. 
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ject was included in this study only if the spirometry test 
indicated that his FEV1:FVC ratio was 75% or more of the 
predicted value. At the beginning and the end of each ex
perimental session, the subject completed a second ques
tionnaire to document the appearance of symptoms com
monly associated with 0 3 irritation: shortness of breath, 
cough or urge to cough, chest burning or discomfort, or dif
ficulty in taking a deep breath. None of the subjects per
ceived any of these symptoms. 

These screening procedures as well as the bolus-response 
protocol described below were approved by the Pennsyl
vania State University's Institutional Review Board. 

APPARATUS 

The inhalation system was made possible by a small-scale 
03 bolus generator and a fast-responding chemilumines
cent 0 3 analyzer that we previously developed (Ultman 
and Ben-Jebria 1990). The 0 3 generator consisted of a 
miniature ultraviolet source that continuously passed a 
stream of an Orair mixture through a 20-mL hold-up tube 
vented to a fume hood. When an 0 3 bolus was required, a 
pair of three-way solenoid valves at the inlet and outlet of 
the hold-up tube were simultaneously energized, allowing 
a pressurized stream of clean air to enter the hold-up tube 
and propel its contents into the subject's mouthpiece assem
bly. This device reproducibly produced boluses with a 
nominal volume of 10 mL, a peak concentration of 3 ppm, 
and an 0 3 content of up to 0.4 ).tg. The 0 3 analyzer used a 
photomultiplier tube to detect the chemiluminescence pro
duced by the gas-phase reaction of 0 3 with 2-methyl-2-
butene under a moderate vacuum. At the required inlet 
sample flow rate of 400 mL/min, this instrument had a 
minimum detectable limit of 0.018 ppm and a 10% to 90% 
step-response time of 110 msec. (The step-response time is 
the time required for the 0 3 analyzer output to increase 
from 10% to 90% of its ultimately steady level in response 
to a step increase in 0 3 concentration.) The static calibra
tion of analyzer output voltage versus known 0 3 concentra
tion was linear with a negative voltage intercept for 0 3 con
centrations of 0.03 to 10 ppm, and was curvilinear with a 
decreasing slope for 0 3 concentrations below 0.03 ppm. 
The analyzer output was also sensitive to the presence of 
carbon dioxide (C02): for every 1% substitution of oxygen 
(02) in air with 1% C02 , there was a 3.8% increase in the 
output voltage. 

The inhalation system (Figure 2) originated with a stain
less steel mouthpiece assembly, containing a proximal in
jection port connected to the bolus generator, and two distal 
sampling ports connected to the 0 3 chemiluminescent ana
lyzer and to a C02 monitor. A rubber mouthpiece through 
which the subject breathed was located at the distal end 
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Figure 2. Diagram of the experimental inhalation system. Solid lines repre
sent pneumatic interconnections, and dashed lines represent electrical in
terconnections. CA ~ chemiluminescent analyzer, which monitors 0 3 con
centration; DAS ~ data acquisition system (570 Keithley, Cleveland, OH, 
driven by a 386 Zenith workstation), which records flow and concentration 
signals and triggers bolus injection at the appropriate inspired volume; 
DMOD ~ carrier demodulator (C019, Validyne, Northridge, CA). which pro
vides flow signal to the DAS and respiratory flow integrator; OPT ~ differen
tial pressure transducer (MP45, Validyne); FG ~ function generator 
(HP3310B, Hewlett-Packard). which provides time base to the monitor; INTG 
~ respiratory flow integrator (FV156, Validyne). which provides the respired 
volume signal to the monitor and to the DAS; MON ~ monitor (603 storage 
monitor, Tektronix, Beverton, OR), which displays the respiratory volume 
pattern for the subject; MA ~ mouthpiece assembly (see Figures 3 and 4); 
MS ~ respiratory mass spectrometer (RMS-6, McGaw Respiratory Therapy). 
and in-line capnometer (4210A, Hewlett-Packard), which monitor the C02 
concentration in the mouthpiece assemblies of Figures 2 and 3, respectively; 
0 3 GEN ~ 0 3 generator, which releases the bolus when triggered from DAS; 
PNEU ~ pneumotachograph, which transduces flow into pressure differen
tial (No.1 or No.2, Fleisch, Richmond, VA); SW ~ subject switchbox, which 
sends the initiation pulse to the FG and DAS and also restarts the INTG. 

of the assembly, and a pneumotachograph used to monitor 
respiratory flow was mounted to the proximal end of the 
assembly. Figure 3 shows the detailed design of the mouth
piece assemblies used in the baseline and the flow experi
ments. In that case, C02 was monitored by a mass spec
trometer (RMS6, McGaw Respiratory Therapy, Waltham, 
MA), and good radial mixing of the 0 3 bolus with inspired 
air was ensured by funneling the flow through a venturi
type constriction in the central portion of the assembly. The 
breathing fixture used in the oral-nasal experiments was 
somewhat different (Figure 4). A more reliable C02 ana
lyzer (47210A Infrared Capnometer, Hewlett-Packard, Wal
tham, MA) was substituted for the mass spectrometer. The 
in-line optical cell used as the sensing element in the cap
nometer was integrated into the mouthpiece assembly in 
place of the venturi constriction. Also, for nasal measure
ments, the rubber mouthpiece was replaced by a modified 
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Mouthpiece 

Mouthpiece 
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Figure 3. Mouthpiece assemblies for baseline experiments (bottom) and 
flow experiments (top). The principal difference between these designs is 
the distal coupling to the pneumotachograph .. A Fleisch No.1 pneumotacho
graph was used in the baseline experiments, and a larger Fleisch No. 2 pneu
motachograph was used in the flow experiments. This diagram is approxi
mately to scale. 

continuous positive-applied-pressure cannula (23VOO, Puri
tan-Bennett, Lenexa, KS) that utilized a pair of soft rubber 
"pillows" to ensure a comfortable but tight fit with each 
nostril. 

In all experiments, the differential pressure from the 
pneumotachograph was converted to a flow signal by a 
transducer and carrier demodulator. The flow signal was 
then processed by an analog integrator to obtain a respired 
volume signal that was displayed on the vertical axis of an 
analog storage monitor and was simultaneously transmitted 
to a computer-driven data acquisition and control system. 
To initiate a test breath, the subject depressed a switch that 
served the following three functions: it activated the func
tion generator that supplied a ramp function to the horizon
tal (i.e., time) axis of the storage monitor; it restarted the 
analog flow integrator; and it prompted the data acquisition 
system to begin recording concentration and flow data. All 
data acquisition, signal processing, and data analysis tasks 
were implemented using ASYST2.0 software (Macmillan 

Figure 4. Breathing fixture for oral-nasal and concentration experiments. 
The fixture consists of (1) a Fleisch No. 1 pneumotachograph, (2) a proximal 
interconnection tube containing the bolus injection port, (3) an in-line opti
cal cap no meter cell, and ( 4) a distal interconnection tube containing the 0 3 
sampling port. Depending on the desired mode of breathing, either (5) a rub
ber mouthpiece or (6) a plastic nasal cannula was positioned at the end of 
the interconnecting tube. 

Software Co., Rochester, NY) in a digital host computer 
(Z386 Workstation, Zenith Corp., Springfield, MO). 

CALIBRATIONS 

Before each experimental session, the flow signal from 
the demodulator was calibrated with a rotameter (No. 12, 
Gilmont Instruments, Great Neck, NJ) previously stan
dardized with a wet test meter. The horizontal gain of the 
storage monitor was calibrated with a standard timing sig
nal provided by the clock of the host computer. The analog 
integrator output was then adjusted to provide a desired 
slope on the storage monitor when airflow through the 
pneumotachograph was 250 mL/sec. The 0 3 analyzer was 
calibrated using multiple 0 3 concentrations in air pro
duced by a photometric standard (49PS, Thermoenviron
mental Instruments, Franklin, MA). The sensitivity of the 
0 3 analyzer to C02 was checked by using a certified gas 
mixture containing 6% C02 , 15% 0 2 , and 79% nitrogen 
(N2). The C02 channel of the mass spectrometer was 
calibrated by using the same 6% C02 mixture, and the in
frared capnometer was calibrated with its own internal 
standard. 

The step-response time of the 0 3 analyzer was deter
mined by using a low dead-volume solenoid valve (three
way Teflon series 1, General Valve Corp., Fairfield, NJ), 
which rapidly switched between an air source and a 0.5 
ppm 0 3 source. The response time of the C02 channel of 
the mass spectrometer was found by manually withdrawing 
its sampling capillary into room air from a tube containing 
the 6% C02 gas mixture. The response time of the infrared 
capnometer was specified by the manufacturer. The 10% to 
90% step-response times of the three gas analyzers were 
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similar: 110 msec for the 0 3 analyzer, 70 msec for the mass 
spectrometer, and 200 msec for the infrared capnometer. 

The delay times of the 0 3 analyzer, mass spectrometer, 
capnometer, and pneumotachograph signals were mea
sured under conditions approximating bolus inhalation. 
While a steady airflow of 150 to 1,000 mL!sec was directed 
distally through a mouthpiece assembly, a bolus of 6% C02 

in ozonated air was released by triggering the bolus injec
tion valve with a signal from the data acquisition system. 
The data acquisition system then determined the difference 
between the time that the valve was energized and the times 
that a pulse disturbance was first detected in the signals. 
Finding that the delay times for the 0 3 analyzer signal (235 
msec), the mass spectrometer signal (140 msec), and the 
capnometer signal (150 msec) were all independent of air
flow, we concluded that the influence of the mouthpiece as
sembly was negligible when compared with that of the gas 
analyzers. The delay time of the pneumotachograph was 
only 15 msec. 

PRam COL 

In each experimental session, the subject was seated com
fortably on a stool. During oral breathing, the subject wore 
noseclips. To carry out a test breath, the subject donned 
the rubber mouthpiece or nasal cannula, activated the in
halation apparatus by depressing a switch, and took a sin
gle breath from functional residual capacity (FRC) while 
viewing the electron beam trace on the storage monitor. 
Throughout this breath, the subject attempted to match the 
beam trace to a triangular respired volume pattern that was 
predrawn on the monitor screen. At a predetermined set 
point during inhalation, the data acquisition system auto
matically triggered the injection of an 0 3 bolus. The vol
ume of air that the subject inspired between the 0 3 injec
tion and the apex of the triangular breathing pattern 
determined the penetration of the bolus into the lungs. A 
subject completed an entire set of measurements (either 
baseline, flow, oral-nasal, or concentration) within a single 
session of two to four hours. In a typical set of measure
ments, bolus injection was targeted at 19 penetration 
volumes of 20 to 200 mL in increments of 10 mL; when it 
was possible to discern an expired bolus at penetration 
volumes of more than 200 mL, additional measurements 
were made. To avoid possible systematic errors associated 
with 0 3 preexposure, half the subjects progressed from low 
to high penetration volumes and the other half progressed 
from high to low penetration volumes. 

In the baseline, oral-nasal, and concentration experi
ments, the function generator was always set at 0.125 Hz, 
and the predrawn breathing pattern corresponded to a sin
gle 500-mL breath with inhaled and exhaled flow rates tar-
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geted at 250 mL!sec. In the flow experiments, the frequency 
setting on the function generator was changed so that alter
native respiratory flow rates of 150, 250, 500, 750, and 1,000 
mL!sec were targeted at a fixed tidal volume of 500 mL. In 
these sessions, the subjects found it easiest to progress from 
low to high flow rates, completing all19 penetration volume 
increments at a given flow rate before going on to the next 
highest flow rate. 

In the oral-nasal experiments, half the subjects completed 
the oral measurements before beginning the nasal measure
ments, and for the remaining subjects, the order of ex
perimentation was reversed. Similarly, in the concentration 
experiments, half the subjects progressed from low to high 
concentrations, and for the remaining subjects, the order of 
concentration changes was reversed. In all experiments, a 
breath was deemed acceptable if the subject could maintain 
his average respiratory flow within ±15% of the targeted 
value. Measurements were replicated at least three times at 
each penetration volume increment during the baseline 
and oral-nasal experiments, and at least once during the 
flow and concentration experiments. 

DATA ANALYSIS AND 
STATISTICAL METHODS 

DIGITAL SIGNAL CONDITIONING 

The flow, 0 3 , and C02 analyzer signals obtained in a test 
breath were each digitized at 200 Hz and recorded for a six
second interval by the data acquisition system. The time at 
which the breath was initiated and the time at which the 
0 3 bolus was triggered were also recorded. The first step in 
the data analysis was to apply calibrations to the analyzer 
output signals to convert them into corresponding 0 3 vol
ume fractions lFo) and C02 volume fractions lFco)· Tak
ing into account differences in delay times, the Fo

3 
and 

F co
2 

data sets were translated along their time axes to prop
erly align them with the flow data. Then, F03 at each time 
point was multiplied by a standard factor, (1 - 3.8 Fco). 
to account for the influence of C02 on the chemilumines
cent analyzer. Figure 5 shows data from a typical test breath 
that was processed in this manner. 

To compensate for the distortion in the 0 3 analyzer sig
nal caused by an imperfect dynamic response, a first-order 
correction was applied to the Fo

3 
data according to the 

equation 

(10) 

where t (50 msec) is the exponential time constant com
puted from the 10% to 90% step-response time (110 msec) 
of the 0 3 analyzer, and dFo/dt is the time derivative of the 
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Figure 5. Representative data from a single test breath. Voltage signals 
were converted to physical variables using the instrument calibrations, and 
time axes were translated to correct for delay times of the mass spectrometer 
and the 0 3 analyzer. The origin corresponds to the initiation of the test 
breath, t1 is the end of inspiration, t0 is the time when the first nonzero 0 3 
concentration is detected, and tE is the time when the last nonzero 0 3 con
centration is detected. "II" represents the phase-II transition in expired C02 
concentration from the pure dead space gas to the alveolar gas. 

uncorrected 0 3 fraction. As dFo/dt was found by numeri
cal differentiation, it was necessary to preprocess the Fo 

3 

data with a 20-Hz low-pass time-domain digital filter to 
avoid undue amplification of noise. This resulted in a 
signal:noise ratio varying from 9:1 at 0.1 ppm 0 3 to 40:1 at 
1 ppm 0 3 . 

Values of V from flow data were numerically integrated 
with respect to timet to obtain relative lung volume V, and 
the end of inhalation tr was determined as that time when 

the V data crossed zero (Figure 5). The first 200 samples of 
the 0 3 data were averaged to determine a background level, 
and the remainder of the 0 3 data were manually inspected 
to determine the time to during inspiration when a non
zero Fo

3 
value first appeared and the time tE during expi

ration when a nonzero Fo
3 

value last appeared. Final cor
rection of the 0 3 data sampled at times between to and tE 

consisted of subtracting the background level. 

MATHEMATICAL MOMENI'S OF THE 
BOLUS RESPONSE 

For each test breath, the corrected Fo
3 

data were numeri
cally integrated to determine the first three mathematical 
moments (subscriptj = 0, 1, or 2) ofthe inhaled bolus (sub
script I) and the exhaled response (subscript E) according 
to the definitions 

I '[ IFo,lrocr Vi lift I (11) 

and 

lljiE • I I IFo,J,~, Vi Wt I· (12) 

As Vdt is equivalent to dV, Ij could alternatively be defined 
in terms of volume integrals. However, time integration was 
more appropriate in executing numerical computations be
cause the Fo , V, and V data sets were all equally spaced 

3 

(i.e., digitized) with respect tot. 

The Ij values were combined to yield physically mean
ingful parameters, as portrayed on the cross-plot of Fo

3 

versus V in Figure 6. Because (I0)r and (Io)E are equivalent 
to the amounts of 0 3 that are inspired and expired, we de
fined 

A = 1 - (Io)EI(Io)r (13) 

as the fraction of 0 3 absorbed relative to the amount of 03 
in the inhaled bolus. We also defined two mean volumes 
relative to the end of inspiration: 

(14) 

is the penetration volume, and 

(15) 

is the breakthrough volume. Whereas Vp is equivalent to 
the volume of air that, on the average, follows behind the 
0 3 molecules while they are inhaled into the lungs, Vn is 
the average air volume that precedes the exhalation of 0 3 

out of the lungs. Finally, we defined the difference between 
the volume variances of the expired and inspired 0 3 con
centration curves as 
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Figure 6. Graphical representation of mathematical moments generated 
from a bolus test breath. The origin corresponds to the end of inspiration, 
the curve to the left is the inhaled bolus, and the curve to the right is the 
exhaled response. The absorbed fraction is the amount of 0 3 that is ab
sorbed during a single respiratory cycle relative to the inhaled amount (A = 
1 - IE/fr). Penetration volume is the mean airway volume that would be 
reached by inhaled 0 3 molecules if no absorption occurred (Vp). Break
through volume is the mean airway volume traversed by unabsorbed 0 3 mol
ecules that reach the lips during expiration (V8 ]. Dispersion is a measure of 
the longitudinal mixing of the unabsorbed 0 3 molecules (a2 = a2

E - a 2
1]. 

This difference may be viewed as the increment of disper
sion (i.e., longitudinal mixing) of the 0 3 bolus occurring 
during the test breath. 

VARIANCE COMPONENTS ANALYSIS 

The A, Vs, and a 2 data obtained in the baseline, flow, 
oral-nasal, and concentration experiments were sorted into 
10-mL increments of Vp for each subject. The data within 
each increment were then analyzed according to a one-way 
random effects model. The overall sample means of A, v3 , 

and a 2 were estimated by the arithmetic average of the in
dividual subject averages within each Vp increment. The 
standard deviation (SD) of individual measurements about 
a subject's mean value (i.e., the within-subject variability, 
SDw) and the standard deviation of the subjects' means 
about the overall sample mean (i.e., the between-subject 
variability, S~). were obtained as restricted maximum like
lihood estimates (S-Plus, Statistical Sciences, Inc., Seattle, 
WA). The standard errors (SE) of individual measurements 
about the overall sample means were estimated by the 
formula 

SE = [SDb2/n8 + (SDw21n8
2)L(1/ni)]'12 , (17) 

where ni is the number of measurements in subject i, and 
I: is the summation over all subjects, n 8 • 
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ANATOMICALLY BASED COMPARTMENTAL MODELS 

As benchmarks in interpreting Vp in terms of anatomic 
location, we adopted 50 mL as the volume of the upper air
ways that are proximal to the glottis and 110 mL as the vol
ume of the lower conducting airways that are distal to the 
larynx (Ultman 1985). Taking into account the 20-mL volume 
of the (nonabsorbing) mouthpiece assembly distal to the 0 3 
sampling point, the penetration region 70 mL > V p> 20 mL 
has been designated as the upper airways (UA) compart
ment, 180 mL> Vp> 70 mL has been identified as the lower 
conducting airways (CA) compartment, and Vp>180 mL 
has been recognized as the respiratory airspace (RA) com
partment. 

In applying the absorption theory to A data, two alterna
tive compartmental models were used. In the four-compart
ment model, the CA compartment was divided into equal 
proximal and distal compartments (CAP and CAD), and 
the RA compartment was bounded at its distal end by the 
deepest penetration from which an exhaled bolus could be 
recovered, namely, Vp = 250 mL. Therefore, this model 
consisted of the four sequential compartments, UA (50 mL), 
CAP (50 mL), CAD (60 mL), and RA (70 mL). In the seven
compartment model, UA, CAP, and CAD were each divided 
into a pair of subcompartments of equal volume (proximal 
and distal UA [UAP and UADJ, CAP1 and CAP2 , and CAD1 
and CAD2). Therefore, this model consisted of the seven se
quential subcompartments UAP (25 mL), UAD (25 mL), 
CAP1 (25 mL), CAP2 (25 mL), CAD1 (30 mL), CAD2 (30 
mL), and RA (70 mL). 

STATISTICAL REGRESSIONS 

In the baseline, flow, and oral-nasal experiments, the lon
gitudinal distribution of Ka was estimated from each sub
ject's A-Vp data by using Equation 6. In particular, a linear 
regression of -log8 (1 - A) versus V p was performed in a 
piecewise manner between the intercompartmental bound
aries of either the four-compartment model or the seven
compartment model. The regression was splined such that 
A was continuous at each boundary. However, the Vp inter
cept in the first compartment was treated as a free parame
ter, so that the proximal end of the regressed A-Vp distribu
tion was unconstrained. 

To quantify the effect of V in the flow experiments, the Ka 
values found in each airway compartment of the spline 
regression were averaged over all subjects. These overall 
mean Ka values were then regressed according to Equation 
9 by using a nonlinear least-square Marquart algorithm 
(NONLIN, SAS Institute, Cary, NC). 

To quantify the effect of peak inhaled 0 3 level in the con
centration experiments, the data from each subject were 
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regressed by a linear algorithm (GLM, SAS Institute) ac
cording to the empirical polynomial model 

A = a 0 + a 1 Vp + a 2 Vp2 + 13 (Fo lmax• (18) 
3 

where (Fo
3
lmax is the peak concentration, and a 0 , a 1 , a 2 , 

and 13 are adjustable parameters. 

RESULTS 

BASELINE EXPERIMENTS 

A representative test breath (from subject 15) from the 
baseline experiments is shown in Figure 5. These data are 
uncorrected for dynamic distortion or for C02 interference, 
but, because the delay times are properly accounted for, 
there is good alignment between the end-inspiration point, 
tb on the respired volume curve (upper panel) and the 
sharp dividing trough on the 0 3 concentration curve (mid
dle panel). Notice that the phase II increase in expired C02 

concentration (lower panel) appears as the 0 3 concentra
tion is rapidly approaching zero (middle panel). In Figure 
7, the 0 3 concentration has been corrected for dynamic dis
tortion and C02 interference and is plotted against the rela
tive lung volume. Moving from the uppermost to lowermost 
panel of this plot, it is clear from the reduction in area un
der the expired concentration curves that the absorption of 
0 3 increases as Vp increases. The interrupted curves in this 
graph represent the bolus response of the same subject to 
argon, an inert insoluble gas (Larsen 1987). 

To evaluate the importance of corrections to the 0 3 ana
lyzer output for C02 interference and for dynamic dis
tortion, we compared the moment calculations from the 
corrected data of one subject (subject 4) with the corre
sponding calculations from uncorrected data (Table 2). At 
most V p values, the correction process changed A, V B• and 
o2 by 5% or less, and we conclude that C02 interference 
and dynamic distortion had a minor influence on the data. 
A notable exception is the 20-mL penetration volume, at 
which data correction decreased A by 97% and increased 
o2 by 98%. However, the value of A was only 0.023 at this 
low penetration volume, so the absolute effect on A was still 
small. It is not surprising that the effect of a C02 correction 
was unimportant, given that expired C02 usually appeared 
at a time when the expired 0 3 concentration had already 
returned to a value close to zero. A relatively small effect of 
the correction for dynamic distortion is also reasonable, be
cause the time constant of the 0 3 analyzer was small com
pared with the period during which 0 3 was detected in the 
single breath. 

The longitudinal distributions of A, VB, and o2 are 
graphed in Figure 8 for individual test breaths from a repre-
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Figure 7. Representative bolus-response data from test breaths at progres
sively increasing bolus penetration volumes for subject 15. Voltage signals 
were converted to physical variables using the instrument calibrations, and 
time axes were translated to account for delay times. In addition, the data 
were corrected for C02 interference and for dynamic distortion and were 
then cross-plotted against the expired volume. The dashed-line curves are 
the bolus response of the same person to argon, an inert nonabsorbing gas 
(Larsen 1987). 

sentative subject (subject 15). Figure 9 shows the overall 
sample means plus or minus standard error of these three 
variables, separated into 10-mL increments of Vp, for the 
nine subjects in the baseline experiment. In the upper panel 
of both Figure 8 and Figure 9, the longitudinal distribution 
of A increases in a continuous fashion once Vp exceeds 20 
mL. This volume corresponds to that (nonabsorbing) por
tion of the mouthpiece assembly distal to the 0 3 sampling 
port. Beyond a penetration of 180 mL, essentially all 0 3 is 
absorbed. In the middle panel of Figures 8 and 9, values of 
VB are initially greater than Vp, but at bolus penetration 
volumes greater than 100 mL, VB levels out at a constant 
value. In the lower panels of Figures 8 and 9, values of o2 

during the bolus response are virtually insensitive to 
changes in V p. 

Figure 10 compares the fit of the data to the four
compartment and seven-compartment models in one sub
ject (subject 15). Refinement ofthe model beyond four com-

11 
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Table 2. Effect of Data Correction on the Mathematical Moments for Subject 4 

Change in 
Penetration Change in Absorbed Breakthrough Breakthrough Change in 

Volume Absorbed Fraction Fraction of Ozoneb Volumea Volumeb Dispersion a Dispersionb 
(Vp) of Ozonea (~A) (VB) (~VB) (a2) (~a2) 
(mL) (A) (%) (mL) (%) (mL2) (%) 

20 0.023 -97 37.7 6.0 1,080 98 
30 0.140 -60 54.6 -13 1,290 -0.7 
40 0.238 -13 63.2 -5.3 1,420 -2.8 
50 0.343 4.8 70.6 2.4 1,270 - 1.1 
60 0.432 -2.4 78.5 3.9 1,310 8.8 
70 0.458 3.8 88.4 3.1 1,770 2.7 
80 0.541 5.0 93.8 3.5 1,690 -4.9 
90 0.610 5.8 98.1 5.1 1,580 3.8 

100 0.688 4.9 105 4.3 1,750 6.1 
110 0.748 8.1 107 5.1 1,710 23 
120 0.796 3.6 113 2.1 2,130 -17 
130 0.847 1.0 109 6.4 1,660 33 
140 0.877 0.6 117 2.5 2,160 5.5 
150 0.906 1.6 116 0.3 2,050 -6.7 
160 0.942 0.9 108 -1.4 1,960 -6.7 
170 0.962 -0.7 109 12 1,840 16 

a Entries for A. V8 and o2 have been corrected for both C02 interference and ,dynamic distortion. 

b Entries for ll.A, ll. V8 , and ll.o2 represent the percentage of difference between the A, V8 , and o2 entries and the corresponding uncorrected data (not shown). 

partments does not appear to improve the regression except 
in the proximal upper airways (where Vp<50 mL) of sub
jects 2 and 15 in whom the increase in the A values was 
extraordinary. Figure 11 compares the Ka overall mean ± SE 
values that were obtained by averaging all nine subjects' Ka 
estimates from the four-compartment model (filled points) 
and from the seven-compartment model (unfilled points). 
To determine whether there was a significant difference 
between the Ka-V p distributions obtained from the two 
models, a two-tailed t test was performed on the Ka differ
ence between each of the eight adjacent pairs of filled and 
unfilled data points in Figure 11. For example, the differ
ence between mean Ka values in the UA compartment (of 
the four-compartment model) at Vp = 45 mL and the UAP 
subcompartment (of the seven-compartment model) at 
Vp = 32.5 was not significantly different from zero (p> 
0.4). In fact, for all eight of the t tests, the probabilities were 
p>0.4, and we conclude that the mean Ka values obtained 
in the UA, CAP, CAD, and RA subcompartments of the four
compartment model are not significantly different from the 
mean Ka values obtained in the corresponding subcompart
ments of the seven-compartment model. 

Values of Ka from both the four-compartment and seven
compartment models exhibit a high degree of uncertainty 
in the RA compartment, where penetrations are greater 
than 180 mL. This is due to two factors: for seven ofthe nine 
subjects, an expired bolus could not be resolved over back
ground noise at such deep penetrations; and for the remain-

12 

ing two subjects, the A data leveled off at a relatively con
stant value. 

FWW EXPERIMENTS 

To determine how accurately the targeted respiratory 
flows were reached in the flow experiments, the average 
flow was determined for each test breath beginning with the 
bolus injection and ending when 500 mL of air had been 
expired. Considering all test breaths recorded from all nine 
subjects, the mean respiratory flow rates ± SD were 145 ± 7, 
248 ± 13, 482 ± 28, 726 ± 46, and 961 ± 59 mL/sec. The 
values are somewhat below the targeted values (i.e., 150, 
250, 500, 750, and 1,000 mL/sec) owing to the natural de
celeration of flow near the transition from inhalation to ex
halation. Thus, in the data presentation and analysis that 
follow, we found it more convenient, yet just as logical, to 
use the targeted flows rather than the actual flows. 

The overall sample means± SE of A, VB, and a2 , sepa
rated into 10-mL intervals of Vp, are shown in Figure 12. 
The absorbed fraction increases monotonically with Vp at 
all flow rates, and the effect of increasing V is to shift the 
A-Vp distribution distally into the lungs. As in the baseline 
experiments, changes in VB at small penetration volumes 
parallel changes in Vp, but at high penetration volumes, VB 
levels off at a constant value. The effect of increasing Vis 
to flatten the VB-Vpcurves and to shift them upward. While 
a 2 is insensitive to Vp, it is directly related to V. A linear 
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Figure 8. Mathematical moments of the bolus-response curves for subject 
15. 

regression of cr 2 versus V was separately performed for each 
subject's data, and the nine resulting slopes and intercepts 
were averaged to determine the mean ± SE parameter esti
mates for an overall relationship: 

cr 2[mL2] = (14.4 ± 1.3)VrmLisec] - (771 ± 374). (19) 

The coefficient of determination, r 2 , for the individual sub
jects' regressions ranged from 0.992 to 0.997, indicating a 
high degree of linearity of the flow dependence. More
over, a two-tailed t test applied to the parameters of Equa
tion 19 indicated that the mean slope was significantly dif
ferent from zero (p<0.001), but the mean intercept was not 
(p>0.07). 
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Figure 9. Mathematical moments of the bolus-response curves pooled for 
nine subjects in the baseline experiments [see Table 1). The overall sample 
means of A, VB, and o2 within 10-mL increments of penetration volume are 
shown by the data points, and the standard errors of the overall means [Equa
tion 17) are denoted by the vertical bars. The secondary abscissa indicates 
the approximate longitudinal position of upper airways (UA),lower conduct
ing airways (CAJ, and respiratory airspaces (RAJ. 

Because the Ka distributions obtained in the baseline ex
periments with the four-compartment model were so simi
lar to those obtained with the seven-compartment model, 
the A data from the flow experiments were analyzed with 
the simpler four-compartment model. The resulting Ka 
values are shown as data points in Figure 13. Considering 
that nine subjects participated in this experiment, there 
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Figure 10. Regression of absorption model to tbe A-Vp data of subject 15 
in tbe baseline experiment. The four-compartment model (top) fits the data 
as well as the seven-compartment model except in the proximal portion (left 
side) of the UA compartment. Also, data are insufficient for precise determi
nation of Ka in the RA compartment using either model. 

could be as many as nine different Ka values at each of the 
five respiratory flow rates within the four panels of this fig
ure. However, at low flow rates, there were often so few 
values (i.e., fewer than three values) in the RA compartment 
that the corresponding Ka values were rejected, and at high 
flows, the same was true in the UA compartment. Table 3 
lists the Ka overall mean ± SE values at all five flow rates 
and within each of the four compartments. 

The data in each panel of Figure 13 were fit to Equation 
9 using a nonlinear regression in which kea, rna, and n 
were all treated as adjustable parameters. The estimated 
values of the flow exponent, n ± SE, were close to 1 in all 
four compartments: 1.00 ± 0.22 (UA), 0.975 ± 0.36 (CAP), 
1.01 ± 0.30 (CAD), and 1.03 ± 0.98 (RA). Whereas three of 
these four n values were reasonably precise, the standard 
errors of ke and rna were always much larger than the pa
rameters themselves. Therefore, a second regression was 
performed in which kto- and rna were still treated as ad
justable parameters, but n was constrained to a value of 1. 
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Figure 11. Comparison oftbe Ka-Vp distribution from tbe baseline experi
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The resulting estimates of kea and rna were virtually the 
same as in the first regression, but their standard errors 
were reduced to more reasonable values (Table 4). The solid 
curves in Figure 13 represent the predicted Ka values ob
tained from the second regression. 

ORAL-NASAL EXPERIMENTS 

The overall sample means± SE of A, VB, and o2 sepa
rated into 10-mL intervals of Vp are shown in Figure 14. Rel
ative to oral breathing, nasal breathing caused a proximal 
shift in the A-Vp distribution such that the total airway vol
ume over which 0 3 absorption occurs was compressed 
from 180 mL to approximately 130 mL. The relation be
tween VB and V p is similar in the two modes of breathing, 
with the nasal values for VB being somewhat smaller than 
the oral values at penetration volumes below 75 mL. Values 
of o2 for nasal breathing appear to increase with V p, while 
o2 values for oral breathing are insensitive to V p. 

To determine whether the difference between A-Vp dis
tributions during oral breathing and during nasal breathing 
was due to the influence of the breathing fixtures, we com
pared bolus data obtained when one subject (subject 10) 
breathed orally through the mouthpiece, through one pil
low of the nasal cannula, or through the bare interconnec
tion tube. The results indicate that the A-Vp distribution 
was the same whether or not the mouthpiece was on the in
terconnection tube (Figure 15). This indicates that 0 3 ab
sorption by the rubber mouthpiece was negligible. How-
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Figure 12. Mathematical moments of the bolus-response curves pooled for 
nine subjects in the flow experiments (see Table t). The overall sample 
means of A, V8 , and o2 within tO-mL increments of penetration volume are 
shown by the data points, and the standard errors of the overall means (Equa
tion V) are denoted by the vertical bars. The secondary abscissa indicates 
the approximate longitudinal position of upper airways (UA),lower conduct
ing airways (CA). and respiratory airspaces (RA). To avoid clutter, standard 
errors have only been indicated for the highest,lowest, and intermediate flow 
data. Flow rates were t50 (open circles), 250 (closed circles), 500 (open 
squares), 750 (closed squares), and 1,000 (open triangles) mUsec. 

ever, the addition of the cannula to the interconnection tube 
did result in a mean increase in A of 0.08. Although this in
crease was statistically significant, it cannot explain the 
large difference between the A-Vp distributions in Figure 
14. 
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Figure 13. Flow sensitivity of Ka obtained with the four-compartment 
model. Data points are the individual subjects' values, and the smooth curves 
are the results of a nonlinear least-square regression to Equation 9. 

The A data for nasal breathing rose more steeply than for 
oral breathing and, in the determination of the Ka distribu
tion, it was necessary to use the seven-compartment absorp
tion model to ensure an adequate fit. Table 5 gives a side-by
side comparison of the resulting Ka values from eight of the 
nine subjects. Subject 19 was excluded from this analysis 
because there were only three A data points within his UAP 
subcompartment during nasal breathing, and this resulted 
in a negative estimate of Ka. Data at Vp>95 mL also were 
excluded for nasal breathing because the A had leveled out 
to an extent that precise values of Ka could not be estimated. 

For nasal breathing, the Ka overall mean value in the UAP 
subcompartment was 70% larger than during oral breath
ing. This tendency for a larger Ka during nasal breathing 
was progressively reduced in going from the UAP to UAD 
to CAPt subcompartments. In fact, in paired two-tailed t 
tests, the difference between Ka during oral breathing and 
that during nasal breathing was highly significant in the 
UAP subcompartment (p<0.0005) and still significant in the 
UAD subcompartment (p<0.05), but the difference between 
the two modes of breathing did not have a significant effect 
on the Ka values in the CAPt subcompartment (p>0.4). 

CONCENTRATION EXPERIMENTS 

The bolus-response data obtained at different peak in
haled 0 3 concentrations were assigned to categories of low 
(0.42 ± 0.10 ppm), medium (1.10 ± 0.18 ppm), high (2.11 ± 
0.23 ppm), and very high (3.48 ± 0.50 ppm). Figure 16 shows 
the population mean values± SE of A, VB, and a 2 sepa
rated into 10-mL intervals of Vp. Because of the limited pre
cision of the 0 3 analyzer in the low-concentration category, 
only three subjects (8, 12, and 16) were tested under this 
condition, and it was not possible to estimate population 
means comparable with those in the other concentration 
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Table 3. Variation of the Absorption Rate Coefficient (Ka) with Respiratory Flow Rate in the 

Four-Compartment Model 

Compartment 

Upper airways 
(70 mL > Vp > 20 mL) 

Conducting airways, proximal 
(120 mL > Vp > 70 mL) 

Conducting airways, distal 
(180 mL > Vp > 120 mL) 

Respiratory airspaces 
(250 mL > Vp > 180 mL) 

N aminal Flow 
Rate Number of 

(mL/sec) Subjectsa 

150 9 
250 9 
500 6 
750 1 

1,000 0 

100 9 
250 9 
500 9 
750 8 

1,000 9 

100 8 
250 9 
500 9 
750 8 

1,000 9 

150 0 
250 1 
500 5 
750 6 

1,000 8 

Absorption 
Rate Coefficientb 

(Ka ± SE) 
(sec - 1) 

1.20 ± 0.07 
1.68 ± 0.11 
2.27 ± 0.24 

2.24 

1.30 ± 0.07 
1.79 ± 0.17 
3.00 ± 0.30 
4.26 ± 0.62 
4.66 ± 0.24 

1.65 ± 0.18 
2.71 ± 0.29 
5.04 ± 0.40 
6.96 ± 0.74 
8.45 ± 0.38 

2.07 
4.70 ± 0.56 
6.46 ± 0.47 
7.37 ± 0.71 

• Although experiments were performed on nine subjects, absorption data were generally unavailable in the most distal compartment at low flow rates and 
in the more proximal compartments at high flow rates. 

b Ka overall mean ± SE of individual subjects' Ka values. 

Table 4. Individual Mass Transfer Coefficients for Ozone in Air (kg mVJ and in the Liquid-Lining Layer (ke)a 

Surface:Volume Flow Coefficient 
Ratio 

Compartment kta!J... ± SEb ma ± SE (a) 
(m) 

kelf... (em - 2) 

Upper airways 
(70 mL > Vp > 20 mL) 3.38 ± 0.53 0.0129 ± 0.0025 1.7c 2.04 7.73 

Conducting airway, proximal 
9.3d (120 mL > Vp > 70mL) 9.87 ± 2.63 0.00913 ± 0.00165 1.146 0.98 

Conducting airways, distal 
40.9d (180 mL > Vp > 120mL) 28.0 ± 11.0 0.0122 ± 0.0017 0.68 0.30 

Respiratory airspaces 
68.8d (250 mL > Vp > 180mL) 17.8 ± 12.0 0.0128 ± 0.0052 0.25 0.19 

8 kg = air mass transfer coefficient (in em/sec); m = flow coefficient (in em- 2); V = respiratory flow (in mUsec); k1 = liquid-lining layer mass transfer 
coefficient (in em/sec). 

b /, = partition coefficient between liquid-lining layer and air. 
c Estimated from measurements in upper airway cadaver casts (Olson eta!. 1973). 

d Average of a values obtained from models of Weibel (12.3, 50.2, 72.1), Olson (4.6, 25.7, 70.9), Hanson-Ampaya (14.3, 55.6, 56.8), and Yu-Schum (5.8, 
32.0, 75.2) as presented by Yu and Diu (1982). 
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Figure 14. Mathematical moments of the bolus-response curves pooled for 
the nine subjects in the oral-nasal experiments [see Table 1). The overall 
sample means of A, V8 , and a 2 within 10-mL increments of penetration vol
ume are shown by the data points, and the standard errors of the overall 
means (&juation 17) are denoted by the vertical bars. The secondary abscissa 
indicates the approximate longitudinal position of upper airways [UA). lower 
conducting airways [CA), and respiratory airspaces [RAJ. Closed circles are 
data points for oral experiments, open circles for nasal experiments. 

categories. Therefore, the low concentration category was 
not included in Figure 16. It appears from this graph that 
(Fo)max does not have a systematic effect on the absorp
tion, breakthrough, or dispersion parameters. 

Table 6 contains the results for the polynomial regression 
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Figure 15. Effect of breathing fixture on the bolus absorption data for sub
ject 10. The absorbed fractions are compared for mouth breathing through 
the rubber mouthpiece (squares), through one of the nasal pillows [aster
isks), or through the bare interconnection tube of the breathing fixture in Fig
ure 4 [triangles). 

of the A-Vp distribution to each individual subject's data as 
well as the overall mean of the parameter estimates. Focus
ing on the 13 parameter, which represents the change in A 
for a 1 ppm change in (Fo

3
lmax• there is no statistically 

significant concentration effect for subjects 16 and 19. For 
the other four subjects (subjects 3, 8, 12, and 21), 13 is 0.03 

or less and is negative in two of them and positive in the 
other two. In other words, the effect of (Fo)max appears to 
be very small and random. As determined by a two-tailed 
t test, the overall mean value of 13 is not significant (p>0.5). 

DISCUSSION AND CONCLUSIONS 

THE ABSORBED FRACfiON 

The primary variable we observed was the fraction of in
haled 0 3 that is absorbed into the lungs, A. Compared with 
an inert insoluble gas such as argon (Figure 7), 0 3 shows 
a progressive loss and, therefore, a continual increase in A 
at increasing bolus penetrations. At a quiet respiratory flow 
rate of 250 mL!sec, A increases smoothly and monotoni
cally with Vp (Figure 9). About 50% of the inhaled 0 3 is 
absorbed in the upper airways. This is close to the 40% to 
45% range for the absorbed fraction of 0 3 in the upper air
ways measured using direct pharyngeal sampling during 
continuous inhalation of 0 3 (Gerrity et al. 1988). Our mea
surements also indicate that absorption is essentially com
plete within the lower conducting airways during quiet 
breathing. However, with increasing respiratory flow, as 
would occur during exercise, the A-Vp distribution is 
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Table 5. Paired Comparison of Ozone Individual Absorption Rates (Ka) for Oral and Nasal Breathing Using the 
Seven-Compartment Modela 

Compartment and Penetration Volume Range 

Conducting Conducting Conducting 
Conducting Airways Airways Airways Airways 

Upper Airways Proximal Upper Airways Distal Proximal1 Proximal2 Distal1 Distal2 
20-45 mL 45-70 mL 70-95 mL 95-120 mL 120-150 mL 150-180 mL 

Oral Nasal Oral Nasal Oral Nasal Oralb 

2.58 3.83 2.86 1.62 2.52 3.47 3.05 2.01 1.02 
2.03 4.02 2.23 2.13 3.35 2.18 3.00 4.42 4.12 
1.37 2.28 1.06 3.22 1.49 6.07 2.47 2.79 3.19 
2.57 4.42 2.17 3.66 2.72 3.57 4.43 2.51 1.45 
1.59 3.64 1.47 2.94 1.77 3.73 1.54 1.78 2.80 
2.09 4.56 1.27 1.83 2.95 1.03 2.17 3.32 4.03 
3.54 3.86 2.47 3.60 2.02 3.23 3.52 2.82 2.54 
2.50 4.61 2.54 4.81 3.64 3.20 3.19 3.18 6.27 

Ka Mean ± SE 2.28 ± 0.24 3.90 ± 0.26 2.01 ± 0.23 2.98 ± 0.38 2.56 ± 0.27 3.31 ± 0.51 2.92 ± 0.31 2.85 ± 0.29 3.18 ± 0.59 

• Data for only six compartments are shown because insufficient 0 3 were obtained for Vp > 180 mL to allow Ka in the RA compartment to be determined. 
Values are expressed in sec- 1. 

b Because of the extensive absorption in more proximal compartments, data in the CAD compartments were insufficient for estimating Ka during nasal 
breathing. 

shifted distally. In other words, a smaller fraction of 0 3 is 
absorbed in the upper airways, so more 0 3 reaches the 
lower airways and respiratory airspaces (Figure 12). 

The effect of nasal breathing was to shift the A-V p distri
bution proximal to the distribution that was measured dur
ing oral breathing. As judged from Figure 14, this would oc
cur if the fraction of 0 3 absorbed by the nose is 0.3 (60%) 
more than the fraction absorbed by the mouth. But, this 
would also occur if the dead space of the nasal flow path 
from the 0 3 sampling site to the pharynx is 50 mL smaller 
than the volume of the oral flow path. The mouthpiece and 
nasal cannula had similar volumes of 25 and 29 mL, respec
tively, and breathing orally through them resulted in almost 
identical A-V p distributions (Figure 15). Moreover, the sub
ject's mouth was only partially open when it grasped the 
rubber mouthpiece, so it is improbable that the dead space 
of the mouth was much greater than the dead space of the 
nose. We conclude that the highly efficient absorption of 
the nose accounts for the proximal shift in the A-Vp distri
bution. Thus, during quiet breathing or light exercise, 
when nasal breathing predominates over oral breathing, the 
lower airways are better protected from 0 3 than during 
heavier exercise, when oral breathing is important. 

This conclusion differs from the conclusions of Gerrity 
and associates (1988) and Weister and colleagues (1991), 
who observed little difference between 0 3 absorption in 
human lungs during oral and during nasal breathing. We 
believe that the experiments of Weister and colleagues lacked 
sensitivity to differences between nasal and oral breathing, 
because they only measured 0 3 absorption by the entire re
spiratory system. To demonstrate this, we integrated our ab-
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sorbed fraction curves and determined that the equivalent 
volume of inspired air that is stripped of all its 0 3 is 26 mL 
larger during nasal breathing than during oral breathing. 
Thus, for a 600-mL tidal volume of continuously inhaled 
0 3 , the absorption efficiency of the respiratory system is 
only 4% (26/600) greater during nasal breathing than dur
ing oral breathing. It is doubtful that the precision of the 
experiments by Weister and colleagues was adequate to re
solve this small difference. Although it is difficult to iden
tify a single factor that explains why Gerrity and associates 
did not observe oral-nasal differences in 0 3 absorption, 
two possible factors are readily seen. The most obvious 
limitation of their measurements was the pharyngeal sam
pling tube they used. The tube became partially obstructed 
with condensed water vapor and secretions, and the pres
ence of the tube modified the velocity patterns in the upper 
airways. The second limitation was the 0 3 analyzer they 
used with a step-response time of 700 msec, which dis
torted the concentration measurements. 

The A-Vp distribution was not influenced by changes in 
peak inspired 0 3 concentration from 0.3 to 4.0 ppm (Figure 
16), implying that the diffusion and chemical reaction 
responsible for absorption into mucus are both linear 
processes. The linearity of 0 3 diffusion rate is an expected 
consequence of Fick's law (Treybal 1980). The linearity of 
the reaction rate with respect to 0 3 concentration implies 
that the rate-controlling step is the interaction of one mole
cule of 0 3 with one or more molecules of substrate. Most 
probably, the reaction rate also depends on the concentra
tion of substrate. However, in bolus-response experiments, 
the time that an 0 3 bolus is in contact with the mucosal 
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Figure 16. Mathematical moments of the bolus-response curves pooled for 
six subjects in the concentration experiments (see Table 1). The overall sam
ple means of II., VB, and a 2 within 10-mL increments of penetration volume 
are shown by the data points, and the standard errors of the overall means 
(Equation 17) are denoted by the vertical bars. The secondary abscissa indi
cates the approximate longitudinal position of upper airways (UA), lower 
conducting airways (CA), and respiratory airspaces (RA). Th avoid clutter, 
standard error bars have been indicated only for the very high and medium 
inhaled peak concentration data. The data at low concentrations have not 
been included because they were obtained for only three subjects. 

surface is so short that the substrate concentration is essen
tially unchanged by the chemical reaction. On the other 
hand, if subjects were preexposed to a constant level of in
haled 0 3 for several hours before the bolus-response mea
surements were made, substrates might be significantly de-

pleted. This would reduce the reaction rate of 0 3 in mucus, 
and as a result, the A-V p distribution would be shifted 
distally to that obtained in individuals who are not preex
posed to 0 3 . 

MASS TRANSFER COEFFICIENI'S 

Whereas A represents cumulative absorption from the 
airway opening to a particular V p, often the local rate of ab
sorption is of interest. A suitable quantity for characterizing 
local absorption is Ka (sec - 1), representing the uptake rate 
in a particular region normalized by the local 0 3 gas con
centration and by the region volume. This parameter is the 
product of an overall mass transfer coefficient, K (em/sec), 
reflecting the contribution of diffusion and chemical reac
tion, and a local surface:volume ratio, a (em - 1), account
ing for lung anatomy. Airway branches are somewhat cylin
drical, so a is inversely proportional to their inner radius. 
In human lungs, in which airway radius generally de
creases with longitudinal distance from the mouth (Weibel 
1963), a is an increasing function of cumulative airway 
volume. 

The computed Ka values indicate that the nose is a more 
effective absorber of 0 3 than the mouth (Table 5). Most dra
matic is the proximal subcompartment of the nose, where 
Ka is 70% larger than the corresponding mouth compart
ment. The value of Ka in the CAP1 subcompartment was es
sentially the same during oral and nasal breathing, imply
ing that differences in absorption due to the mode of 
respiration are confined to the upper airways. This would 
not be the case if the proximal shift of the A-Vp distribution 
observed during nasal breathing were due to a uniform 
translation of the V p axis, as would occur if the nasolaryn
geal air route had a smaller dead space than the orolaryn
geal route. 

The CAP1 subcompartment included the trachea as the 
major airway, and Ka values in this compartment were 
about 1.7 sec -l during quiet oral breathing (Figure 11). 

This is about twice the value we previously obtained in ex
cised pig and sheep tracheas (Ben-Jebria et al. 1991). More
over, Ka values in the excised preparations were insensitive 
to gas flow, unlike the Ka values in intact lungs that were 
positively correlated with respiratory flow. 

In particular, the flow-dependent portion of Ka had a flow 
coefficient, n, of 1 throughout the upper and lower con
ducting airways. This implies that the gas-phase absorption 
rate constant is directly proportional to flow according to 
the formulas (Table 4): 

0.0129 V [mL/sec] 

0.0091 v 
UA 

CAP 

(20) 

(21) 
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Table 6. Regression of Absorbed Fraction Data to the Polynomial Modela: Effect of Peak Inspired 
Ozone Concentration 

Peak 0 3 (ppm) ± SD Parameter Estimates ± SEb 

n1 nz 13 
Subject Lowe Medium High Very High no (10- 3/mL) (10- 5/m12) (ppm-1) 

3 1.32 ± 0.13 2.25 ± 0.21 4.06 ± 0.31 0.0489 ± 0.0178 9.03 ± 0.31 -2.08 ± 0.14 -0.0272 ± 0.0033 
8 0.43 ± 0.10 1.03 ± 0.11 2.15 ± 0.23 2.97 ± 0.24 -0.1899 ± 0.0282 12.25 ± 0.57 -3.45 ± 0.28 0.0131 ± 0.0065 

12 0.26 ± 0.05 1.03 ± 0.16 2.16 ± 0.21 3.03 ± 0.41 0.0285d ± 0.0178 8.95 ± 0.53 -2.20 ± 0.25 0.0157 ± 0.0068 

16 0.45 ± 0.05 1.21 ± 0.12 2.09 ± 0.21 3.29 ± 0.26 - 0.0251c ± 0.0214 11.39 ± 0.43 -3.21 ± 0.22 -0.00211 ± 0.0044 
19 1.01 ± 0.15 2.09 ± 0.21 3.41 ± 0.24 -0.0700 ± 0.0178 8.91 ± 0.49 - 1.94 ± 0.21 - 0.00398 ± 0.0051 
21 1.01 ± 0.13 1.99 ± 0.21 3.41 ± 0.43 -0.2053 ± 0.0336 12.15 ± 0.51 -3.07 ± 0.29 -0.0219 ± 0.0057 

Mean± SE 0.38 ± 0.06 1.10 ± 0.05 2.12 ± 0.03 3.36 ± 0.16 -0.0688 ± 0.0442 10.44 ± 0.67 -2.05 ± 0.26 -0.0044 ± 0.0072 

a The model is: (A ~ n0 + n1 Vp + n2 V/ ~ 13Fo
3
maxl· See the Statistical Regressions section under Data Analysis and Statistical Methods for more 

information. 

bAll parameter estimates are significantly different from zero (p < 0.05) except in the four footnoted cases. 

c Because the 0 3 analyzer has limited precision at low concentrations, only three subjects were tested in this range. 

d p > 0.3 

e p > 0.2 

f p > 0.6 

g p > 0.4 

kga = 0.0122 v CAD (22) 

Making measurements during steady unidirectional flow in 
a hollow airway model, Nuckols (cited in Hannah et al. 
1989) found n values in upper airways of 0.80 and 1.3 and 
n values in the lower conducting airways of 0.73 and 0.75 

during inspiratory-directed and expiratory-directed flows, 
respectively. Considering that the standard errors of our n 
estimates ranged from 0.22 to 0.36, we conclude that the 
flow coefficients measured on intact lungs are consistent 
with those measured in Nuckol's physical model. 

The strong dependence of Ka on respiratory flow indi
cates that the diffusion resistance of the gas boundary layer 
can be an important determinant of 0 3 absorption. For ex
ample, at a quiet respiratory flow rate of 250 mL!sec, these 
equations predict that kga is equal to 3.2, 2.3, and 3.1 sec - 1 

in the three compartments, while the corresponding values 
of Ka are 1.7, 1.8, and 2.7 sec - 1 (Table 3). Thus, the gas 
boundary layer contributes 53% (1.7/3.2) ofthe overall diffu
sion resistance in the UA compartment, 78% (1.8/2 .3) in the 
CAP compartment, and 87% (2.7/3.1) in the CAD compart
ment. This increasing importance of the gas diffusion resis
tance with distal penetration into the airways is consistent 
with the fact that gas velocity progressively decreases as the 
airways subdivide. 

To isolate the values of individual mass transfer coeffi
cients kg and ke /').., from the "lumped parameters" kga and 
keallv found in the flow experiments, it was necessary toes
timate a in the four model compartments: along the 
orolaryngeal path (UA), as well as within cumulative air
way volumes of 0 to 50 mL (CAP), 50 to 110 mL (CAD), and 
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110 to 180 mL (RA) within the tracheobronchial tree. This 
was accomplished by using measurements from cadaver 
upper airway casts (Olson et al. 1973) and dimensions from 
a combination of the lower airway models of Weibel, Olson, 
Hanson-Ampaya, and Yu-Shum (Yu and Diu 1982). The 
resulting values for kellv progressively decrease with lon
gitudinal distance into the lung (Table 4). 

To examine the implication of this result, we assume that 
as 0 3 diffuses through the liquid-lining layer, it undergoes 
a first-order homogeneous chemical reaction with bio
chemical substrates. In that case, there is a conventional 
diffusion-reaction theory for formulating kt (Hohler 1966): 

ke llv = (kriJe)'lzcoth[t(k/De) 'lz]IA,, (23) 

where coth is the hyperbolic cotangent function, kr is the 
reaction rate constant, Dt is the diffusion constant, and t is 
the thickness of the liquid-lining layer. Assuming that Dt is 
relatively constant throughout the liquid-lining layer, Equa
tion 23 predicts that ke increases as t decreases or as kr in
creases. However, according to Table 4, kellv progressively 
decreases as the bolus penetration increases and, conse
quently, as the liquid-lining layer decreases in thickness. 
We conclude that the reactivity of the liquid-lining layer 
must decrease between the mouth and the peripheral 
airways. 

To quantify this trend, the values of kr in the mucous 
layer were computed with the ke/lv values given in Table 4, 
by approximating').., = 0.69 and Dt = 2.7 x 10- 5 em/sec by 
their aqueous values (Miller et al. 1985), and by making the 
reasonable assumption that t>0.2 j.lm in all conducting air-
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ways. Fortuitously, this constraint on t allows the reaction 
rate constant to be computed from Equation 23 by using a 
limiting case that is independent of the actual thickness of 
the liquid-lining layer (i.e., kr = [J..(kt/J..)] 2/Dt). The results 
are that kr is equal to 7.3 x 106 , 2.3 x 106 , and 8.2 x 105 

sec -l in the mucous lining of the UA, CAP, and CAD com
partments, respectively. 

BREAKTHROUGH AND DISPERSION 

The relationship between VB and Vp (Figure 9) provides 
a means of evaluating the reversibility of gas transport 
processes during a respiratory cycle. Whereas Vp is the 
mean airway volume to which a bolus of gas would pene
trate during inspiration if there were no absorption, VB is 
the mean airway volume from which the expired molecules 
originate. For an insoluble gas flowing in a straight tube, 
there is no absorption, and these two volumes would be 
equal. 

But the bronchial tree is not a straight tube. Rather, it has 
an expanding cross-section that can create a mouthward 
diffusion velocity (Reisfeld and Ultman 1988) causing VB 
to be smaller than V p. The higher Ka value of 0 3 in the dis
tal airways as compared with the proximal airways is an
other factor that tends to reduce VB in relation to V p. Both 
of these effects can contribute to the leveling off of VB 
values observed at large penetration volumes. At low pene
tration volumes, changes in breakthrough tend to parallel 
changes in penetration, but VB is systematically larger than 
V p. This implies that there is a dead zone within the prox
imal airways that slows, but does not eliminate, the expira
tion of 0 3 molecules. 

The dispersion parameter characterizes the cumulative 
longitudinal mixing of a test gas bolus with surrounding 
air. Therefore, a 2 should continually increase with Vp. This 
expectation was previously confirmed for inert insoluble 
gases, helium and sulfur hexafluoride, for which a 2 rose 
from 0 to 6,000 mL2 over the first 200 mL of bolus penetra
tion volume (Ultman et al. 1978). In contrast, our data ob
tained with 0 3 indicate that a 2 is generally independent of 
Vp (Figure 9). This difference in behavior can be explained 
as follows. Inert insoluble gases accumulate in distal air
spaces and reach a residual concentration that appears as 
a long "tail" on the expired concentration curve. The deeper 
the penetration, the more pronounced is the tail (Figure 7), 
and the larger is the computed value of a 2 . On the other 
hand, 0 3 rapidly and completely absorbs into distal airways, 
so the tail of the expired 0 3 curve is short at all penetra
tions, and this imposes a constant limit on the value of a 2 . 

We previously reported that sulfur hexafluoride boluses 
inhaled to a V p of 160 mL produced a 2 values that were vir-

tually independent of the inspiratory flow rates but were 
linearly related to the expiratory flow rate, with an average 
slope of 4.8 mL-sec for the three subjects tested (Ultman and 
Thomas 1979). From this linear behavior, we concluded that 
mixing in conducting airways was due to Taylor dispersion. 
In the current study, we found that a 2 for 0 3 boluses was 
linearly related to respiratory flow, in this case with a slope 
of 14.4 mL•sec (Equation 14). For flow through straight 
tubes, Taylor dispersion theory indicates that the slope of 
the a 2- Vline for a strongly absorbing gas is 11 times greater 
than the slope for an insoluble gas, and for both types of 
gases, the slope is inversely proportional to the diffusion 
coefficient (Dayan and Levenspiel1969). Because the diffu
sion coefficient of 0 3 is about 2.5 times larger than that of 
sulfur hexafluoride, the expected ratio of the a 2- V slopes 
for these two gases is 4.4 (11/2.5), which is reasonably close 
to the ratio of 3.0 (14.4/4.8) that was measured in conducting 
airways. 

VARIABILITY OF DATA 

The variance components analysis performed for the 
baseline experiments indicated that for A, VB, and a 2 alike, 
the within-subject variability (SDw) was about the same as 
the between-subject variability (SDb) (Table 7). Moreover, 
SDw and SDb did not change in a systematic manner be
tween Vp increments. Because SDw was similar to SDb, it 
was equally important to replicate measurements on in
dividual subjects and to include a sufficient number of sub
jects in the study. 

As was the case in the baseline experiments, the SDw and 
SDb values were always similar to each other in the flow, 
oral-nasal, and concentration experiments (data not shown). 
The variability of A, as characterized by either SDw or S~, 
was comparable under all experimental conditions. On the 
other hand, the SDw and S~ associated with VB and a 2 

tended to increase with increasing V; the specific increases 
in variability were directly proportional to the increases in 
VB and a 2 that also occurred as V was elevated. A decline 
in the peak inhaled 0 3 concentration also increased the 
SDw and SDb associated with VB and a 2 , but a switch from 
oral to nasal breathing did not affect the variability of the 
data. 

To better understand the source of SDb, the possibility 
that 0 3 absorption is influenced by differences between the 
lung geometries of those people being tested was explored. 
In particular, the FVC that was available from the spiromet
ric screening tests was viewed as a surrogate for total lung 
volume, and the anatomic dead space (VD), computed by 
Fowler's method (Fowler 1948) from the expired C02 data, 
was used as an estimate of the conducting airway volume. 
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Table 7. Components of Variance for Baseline Experiments 

Number Number 
Absorbed Fraction 

Vp of of SDb/ VBa 
(mL) Subjects Tests A a SEb s~ SDw SDw (mL) 

20 5 11 0.064 0.022 0.038 0.041 0.9 45 
30 9 38 0.163 0.018 0.036 0.071 0.5 61 
40 9 42 0.262 0.015 0.039 0.046 0.8 70 
50 9 42 0.367 0.015 0.037 0.054 0.6 78 
60 9 53 0.435 0.015 0.041 0.047 0.8 87 
70 9 54 0.500 0.018 0.051 0.054 0.9 91 
80 9 65 0.599 0.023 0.067 0.043 1.5 94 
90 9 51 0.659 0.030 0.087 0.058 1.5 100 

100 9 55 0.728 0.024 0.071 0.038 1.8 104 
110 9 51 0.728 0.020 0.056 0.043 1.2 106 
120 9 54 0.831 0.021 0.061 0.035 1.7 108 
130 9 58 0.872 0.014 0.041 0.033 1.2 108 
140 9 51 0.904 0.013 0.039 0.023 1.6 108 
150 9 35 0.931 0.008 0.020 0.028 0.7 109 
160 8 30 0.943 0.009 0.024 0.012 2.0 103 
170 8 22 0.955 0.009 0.019 0.024 0.7 105 
180 4 16 0.959 0.013 0.023 0.018 1.2 103 
190 2 4 0.950 0.004 0.000 0.007 0.0 119 
200 2 3 0.958 0.011 0.000 0.018 0.0 118 

a Overall sample mean. 
b Standard error of individual measurements about the overall sample mean. 

Moreover, the value of Vprequired to achieve A = 0.8 dur
ing oral breathing at a respiratory flow rate of 250 mL/sec 
was defined as a characteristic absorption volume, (Vp)ao%· 

Performing a linear least-square regression of (Vp)ao% 
against V D and against FVC led us to the conclusion that 0 3 
absorption is positively correlated with conducting airway 
volume but is uncorrelated with total lung volume (Figure 
17). The coefficient of determination of r2 = 0.69 for the Vv 
regression suggests that 69% of the variation in absorption 
between subjects may be due to differences in their con
ducting airway volumes. In fact, considering that C02 mea
surements by the slower-responding capnometer probably 
overestimates the dead space relative to the faster-respond
ing mass spectrometer, it is possible that the dependence of 
03 absorption on dead space is even stronger than por
trayed by these data. 

Our explanation of these results is that men with large 
conducting airways have a small local surface:volume ratio 
and therefore a small cumulative surface at a particular 
penetration volume within the anatomic dead space. Be
cause 0 3 uptake is proportional to cumulative surface, men 
with a large conducting airway volume require a greater 
penetration volume to absorb a specified fraction of inhaled 
0 3 relative to men with a small conducting airway volume. 
The same argument cannot be made for vital capacity. That 
is, it is possible to observe large differences in vital ca
pacity due to variations in respiratory airspace anatomy. 
This would have little influence on (Vp)ao%• however, as 
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Breakthrough Volume Dispersion 

SEb s~ SDw S~! 0 2 a SEb 

r!~J SDw S~! 
(mL) (mL) (mL) SDw (mL2) (mL2) (mL2) SDw 

2 4 4 0.8 1,340 120 000 380 0.0 
3 8 5 1.5 1,910 240 700 360 1.9 
2 7 4 1.8 2,020 200 570 370 1.5 
2 6 5 1.2 2,060 220 630 440 1.4 
2 5 4 1.3 2,370 210 590 490 1.1 
1 3 4 0.7 2,180 160 450 430 1.0 
1 3 4 0.7 2,210 210 600 570 1.0 
1 3 5 0.5 2,280 200 550 590 0.9 
1 5 5 1.0 2,310 180 520 410 1.2 
2 5 5 1.0 2,370 240 650 660 0.9 
2 6 7 0.8 2,420 210 560 790 0.7 
3 9 7 1.1 2,310 220 580 790 0.7 
2 7 10 0.7 2,080 170 440 600 0.7 
2 4 9 0.5 2,000 150 230 720 0.3 
5 15 9 1.5 2,000 250 610 670 0.9 
3 7 11 0.7 1,900 200 250 770 0.3 
4 4 12 0.3 1,760 540 1,010 620 1.6 
1 1 2 0.6 2,810 280 240 400 0.5 
1 0 2 0.0 2,090 450 610 240 2.4 

these airspaces lie distal to the region where 0 3 absorption 
occurs. 

SAFETY CONSIDERATIONS 

Because of limitations in the resolution of the chemilu
minescent analyzer, we implemented the bolus measure
ment with peak inhaled 0 3 concentrations of about 3 ppm. 
As this is much higher than the National Ambient Air Qual
ity Standard (NAAQS) of 0.1 ppm for a one-hour exposure, 
it is important to compare the 0 3 doses acquired by lung 
tissue during bolus inhalation and during continuous inha
lation. In the absence of actual measurements, we devel
oped a mathematical simulation to serve this purpose (see 
Appendix A). 

The simulation incorporates both longitudinal and lat
eral diffusion of 0 3 as it flows through a symmetrically 
branched model of the airways and airspaces. The chemical 
reactivity of mucus and of surfactant lining layers is taken 
into account when computing the 0 3 delivery to underly
ing epithelial cells. Two alternative exposure scenarios, 
both at a respiratory flow rate of 250 mL/sec and at a tidal 
volume of 600 mL, were considered: continuous inhalation 
at a constant concentration of 0 3, and inhalation of 0 3 with 
a concentration pattern typical of that produced by our 0 3 
bolus generator. In Table 8, the results of the simulations are 
lumped into five sequential tissue regions: the upper air
ways, trachea, and primary and secondary bronchi (region 
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Figure 17. Influence of differences in dead space {top) and vital capacity 
(bottom) on the characteristic volume of 0 3 absorption in different men. 
Each data point represents a different subject. Data points were obtained 
with C02 measurement by a mass spectrometer using the mouthpiece as
sembly with a gradually tapering constriction as in Figure 3 (open circles), 
or were obtained with C02 measurement by an in-line cap no meter using the 
mouthpiece assembly with an abrupt constriction as in Figure 4 (solid cir
cles). The? value was obtained by applying a linear regression to all the 
data points. 

1); bronchial generations 3 through 9 (region 2); bronchial 
generations 10 through 16 (region 3); the transitional air
ways (region 4); and the respiratory zone (region 5). 

The "equivalent constant exposure" is that concentration 
of continually inhaled 0 3 required to produce the same 
epithelial 0 3 dose as is produced by the inhalation of a 
3-ppm bolus. The simulations indicate that in the penetra
tion volume range of 0 to 200 mL relevant to our studies, the 
equivalent exposure is always 0.2 ppm or below. This at
tenuation in the potency of 0 3 peak concentration is due to 
the short contact time between a bolus and any particular 
point on the gas-liquid surface as well as to the protection 
afforded to underlying epithelium by the scavenging action 
of the mucous layer. Although 0. 2 ppm is above the NAAQS, 
this 0 3 level causes only modest and reversible changes in 
pulmonary function (McDonnell et al. 1983). Moreover, our 
protocol requires that a subject take several cleansing 
breaths of room air after each bolus test breath, and this sub
stantially reduces the time-averaged 0 3 dose. In testing a 
total of 23 healthy subjects with the bolus method (Table 1), 
we did not observe any respiratory symptoms associated 
with the 0 3 bolus exposure. 

SUMMARY AND CONCLUSIONS 

It is becoming increasingly apparent that to extrapolate 
0 3 exposure-response data from animals to humans, from 
high concentrations to low concentrations, and from non
susceptible to susceptible populations requires a better un
derstanding and improved quantification of the inhaled 
dose that is delivered to target tissues. In this study, a bolus
response method of noninvasively determining the longitu
dinal distribution of 0 3 absorption in intact, previously 
unexposed human lungs was developed, and measure-

Table 8. Simulations of Ozone Dose to Tissue After Inhalation of a 3-ppm Ozone Bolus 

Region 1a 

Generations of Bronchi 0-2 
Region volume (mL) 95 

Penetration volume 
(mL) 

50 0.12 
100 0.23 
200 0.16 
300 0.14 
400 0.14 

a Upper airways, trachea, and primary and secondary bronchi. 
b Bronchial generations 3 through 9. 

c Bronchial generations 10 through 16. 

d The transitional airways. 
• The respiratory zone. 

Region 2b Region 3c Region 4d Region 5e 

3-9 10-16 17-19 20-23 
14 56 158 2,360 

Equivalent Constant Exposure 
(ppm) 

0.00 0.00 0.00 0.01 
0.15 0.02 0.00 0.01 
0.19 0.21 0.20 0.18 
0.17 0.20 0.22 0.23 
0.17 0.20 0.22 0.23 
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ments were carried out on healthy male subjects at alterna
tive respiratory flow rates ranging from 150 to 1,000 mL/sec, 
at peak inhaled 0 3 concentrations ranging from 0.5 to 4.0 

ppm, and during oral as well as nasal breathing. 

We conclude from these studies that the large majority of 
inhaled 0 3 does not reach the respiratory zone during 
quiet breathing. However, an elevated respiratory flow con
comitant with exercise does deliver 0 3 to the alveolar re
gion. Moreover, because the nose is more efficient at 0 3 

uptake than the mouth, oral breathing results in a deeper 
penetration of 0 3 than nasal breathing. During diffusion 
through the mucous blanket, while en route to underlying 
epithelium, 0 3 undergoes a chemical reaction with bio
chemical substrates; the rate constant of this reaction is on 
the order of one million reciprocal seconds. Because of this 
very rapid rate, the diffusion resistance through mucus is 
relatively low, and the larger diffusion resistance through 
the respired gas boundary layer is an important deter
minant of 0 3 absorption rate. Finally, we conclude that the 
intersubject variation of 0 3 absorption in the conducting 
airways is due in part to corresponding variations of the 
anatomic dead space. 
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APPENDIX A. Mathematical Simulation 

To develop a computer simulation of the bolus measure
ment, the lung is viewed as a symmetrically branching 
structure in which the longitudinal distributions of ozone 
concentration and absorption are the same along all possi
ble airway paths from the airway opening to the alveolar 
sacs. Moreover, it is assumed that 0 3 reacts so rapidly in 
mucus and tissue that its absorption rate is proportional to 
the local gas phase concentration of 0 3 . The transport of 
0 3 can then be described by the gas-phase species conser
vation equation (Ultman 1988). 

__ 3 +- __ 3 =-- DeffA __ 3 - KaFo' aF0 v aF0 1 a ( aF0 ) 

at A ay A ay ay 3 

(A.1) 

where Fo
3
(y;t) is the mole fraction of 0 3 , which is a func

tion of time, t, and longitudinal distance from the airway 
opening, y; V(t) is respiratory flow; A(y) is the cross-section 
available for flow; Deff is the longitudinal dispersion coeffi
cient; K is the overall mass transfer coefficient for absorp
tion between the gas and mucous or surfactant liquid-lining 
layers; and a is the local surface:volume ratio of the inter
face between gas and liquid layers. 

Such a mathematical model was used previously for the 
lower respiratory tract (McJilton et al. 1972; Miller et al. 
1978) and was extended to include absorption in the nasal 
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passages (Hannah et al. 1989). Without exception, the pur
pose of this previous work was to simulate the dose distri
bution resulting from continuous inhalation of 0 3 . Our in
tention, on the other hand, was to develop a computer 
simulation that can be applied to the bolus inhalation 
method. In our mathematical model, the lower airways are 
represented by Weibel's anatomic model ''Pl.' (Weibel 1963) 
scaled to a total volume of 2.65 L, and the upper airways are 
represented by an equivalent cylinder whose length, mean 
cross-section, and mean hydraulic diameter are matched to 
the actual oropharyngeal path (Fredberg et al. 1980). 

To solve Equation A.1, an initial condition as well as con
ditions at two boundaries are required. At the start of a test 
breath, we assumed that no 0 3 was present within the 
lungs. At the lips, a specific 0 3 concentration pattern was 
prescribed during inspiration, and the gradient of 0 3 con
centration was assumed to be zero during expiration. At the 
distal end of the lung, the diffusional flux of 0 3 was 
equated to a local value of KaFo

3
• 

Simulations were implemented with a numerical tech
nique, orthogonal collocation on finite elements, that is 
fully described elsewhere (Hu et al. 1992). This technique 
is not subject to the computational instabilities inherent in 
the finite difference techniques that were previously used 
to integrate Equation A.l. Also, the technique self-selects 
optimal grid positions, and this decreases the computer 
time necessary to complete a simulation. In specifying in
put parameters, the longitudinal distribution of a was cal
culated from the anatomic data described above, literature 
values of mucous- and surfactant-layer thicknesses were 
used (Miller et al. 1985), and Deff was equated to the molec
ular diffusion coefficient of 0 3 in air. Values of K were esti
mated using the equations formulated by Miller and associ
ates (1985). 
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ABBREVIATIONS 

a surface:volume ratio 

CA lower conducting airways 

CAD lower conducting airways, distal 

CAP lower conducting airways, proximal 

C02 carbon dioxide 

FEF25_75 forced expiratory flow from 25% to 75% of 
the vital capacity 

FEV 1 forced expired volume in one second 

Fco
2 

C02 volume fraction 

Fo
3 

0 3 volume fraction 

FRC functional residual capacity 

FVC forced vital capacity 

K overall mass transfer coefficient 

1/K overall mass transfer resistance 

Ka mass transfer coefficient representing the 
absorption rate normalized by the 
concentration driving force and the volume 
of the gas-filled conduit 

lfkg individual mass transfer resistance of 
gas-boundary layer 

A 0 3 absorbed fraction, or amount of 0 3 

absorbed during a single breath relative to 
the amount in the inhaled bolus 

A, equilibrium partition coefficient 

A.lk£ individual mass transfer resistance of 
liquid-lining layer 

NAAQS National Ambient Air Quality Standard 

Oz oxygen 

0 3 ozone 

ppm parts per million 

i2 coefficient of determination 

RA respiratory airspaces 

SDb standard deviation between subjects 

SDw standard deviation within subjects 

to time during inspiration when a nonzero 
value for F03 first appears 

tE time during inspiration when a nonzero 
value for Fo

3 
last appears 

UA upper airways 

UAD upper airways, distal 

UAP upper airways, proximal 

V volumetric gas flow 

VB breakthrough volume 

Vv dead space volume 

Vp penetration volume, or the airway volume to 
which an inspired bolus would penetrate if 
there were no absorption 
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INTRODUCTION 

The Health Effects Institute (HEI) has had a long-standing 
interest in supporting the improvement of methods to mea
sure the amount of ozone absorbed by target sites within the 
respiratory tract. One aspect of HEI's activity in this area has 
been the support of basic research to develop biological 
markers of ozone exposure. Another was a focused research 
program to develop personal ozone samplers (Hackney et 
al. 1994; Koutrakis et al. 1994; Yanagisawa 1994) and nonin
vasive procedures for measuring ventilation (McCool and 
Paek 1993; Samet et al. 1993). A related project was pro
posed by Dr. James Ultman and colleagues of Pennsylvania 
State University in 1987 when they submitted a preliminary 
application to HEI with two objectives: (1) to develop an ap
paratus and methodology to obtain single-breath measure
ments of ozone concentration, and (2) to measure regional 
uptake and distribution of ozone in the lungs of human 
volunteers. The HEI Health Research Committee approved 
a pilot study in 1988 to address the first objective, the 
results of which were published in HEI Research Report 
Number 39. The study was extended in 1990 to address the 
second objective. The two-year project began in July 1990, 
and total expenditures were $256,646. The Investigators' Re
port was received in September 1992, and was accepted for 
publication by the Health Review Committee in October 
1993. 

During the review of the Investigators' Report, the Review 
Committee and the principal investigator had the opportu
nity to exchange comments and to clarify issues in the 
Investigators' Report and in the Review Committee's Com
mentary. This commentary is intended to highlight the 
strengths and limitations of the research findings and to 
place the Investigators' Report in perspective as an aid to the 
sponsors of the HEI and to the public. 

REGULATORY BACKGROUND 

The U.S. Environmental Protection Agency (EPA) sets 
standards for criteria pollutants under Section 202 of the 
Clean Air Act, as amended in 1990. Section 202(a)(1) directs 
the Administrator to "prescribe (and from time to time re
vise) ... standards applicable to the emission of any air pol
lutant 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 an
ticipated to endanger public health or welfare:' Sections 
202(a), (b)(1), (g), and (h), and Sections 207(c)(4), (5), and 
(6) impose specific requirements for reducing motor vehi-

cle emissions of certain oxidants (and other pollutants) and, 
in some cases, provide the EPA with limited discretion to 
modify those requirements. 

As further outlined in Section 202(a) of the Clean Air 
Act Amendments, the EPA Administrator shall determine 
whether emissions of any unregulated pollutant present an 
unreasonable risk to the public health, welfare, or safety. 
One approach used by the EPA to estimate the likelihood 
that pollutants will produce adverse health effects is risk as
sessment. This mathematical approach characterizes and 
quantifies potential detrimental effects that may result from 
exposures to harmful agents in the environment. One phase 
of the risk assessment process is exposure assessment, 
which estimates the magnitude, frequency, duration, and 
route of exposure to a pollutant. Exposure assessment is 
critical for appropriately interpreting an association be
tween an individual's exposure to a pollutant and the 
amount of the pollutant potentially reaching its target site 
in the body and producing a biological effect. Studies that 
lead to improvements in exposure assessment methodol
ogy, such as the one discussed in this report, can improve 
assessments of the potential adverse health effects of ex
posure to ozone. 

SCIENTIFIC BACKGROUND 

Ozone is a ubiquitous pollutant in the form of an irritant 
gas that reacts with biomolecules, and thus can be toxic to 
humans, animals, and vegetation. It is a major constituent 
of photochemical smog, which is produced from oxides of 
nitrogen and volatile organic compounds emitted by mo
bile and stationary combustion sources, and by natural 
sources (Finlayson-Pitts and Pitts 1993). The National Am
bient Air Quality Standard (NAAQS)* for ozone, which is 
designed to protect sensitive individuals, is a one-hour 
maximum concentration of 0.12 parts per million (ppm), to 
be exceeded only one day per year. Global ozone concentra
tions are commonly 0.03 to 0.05 ppm, and appear to be ris
ing. However during the summer in heavily populated areas 
such as southern California, the Northeast corridor, and 
other metropolitan areas worldwide, ozone concentrations 
can often exceed 0.12 ppm. Furthermore, a person living in 
these regions can readily be exposed to high ozone concen
trations for several hours (Rombout et al. 1986). 

These elevated levels are of concern because several con
trolled human exposure studies (reviewed by Lippmann 

• A list of abbreviations appears at the end of the Investigators' Report. 
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1989, 1993) have shown that, in subjects who are exercising, 
short-term exposure to ozone causes dose-dependent de
creases in lung function (decreased forced expiratory flow 
and increased airway resistance), increases in airway re
activity in response to inhaled nonspecific agents, and 
increases in markers of inflammation in bronchoalveolar 
lavage fluid (elevated levels of proteins, mediators, inflam
matory cells, and enzymes released from lung tissues) 
(McDonnell et al. 1983, 1991; Folinsbee et al. 1988; Koren 
et al. 1989; Devlin et al. 1991). In fact, significant changes 
in both lung function and lung fluid content were found at 
0.08 and 0.10 ppm, which are below the NAAQS (Devlin et 
al. 1991; McDonnell et al. 1991). 

Although the changes in lung function may be viewed as 
transient and reversible, the biochemical and cellular 
changes are consistent with a picture of ozone-induced in
flammation in the lower lung. This is of concern because 
they are not readily reversible and could lead to permanent 
changes in lung tissue. Experiments in laboratory animals 
indicate that ozone can injure several types of cells in many 
regions of the lungs. Because of its low solubility in water, 
ozone can penetrate to the deep lung. As a result of chronic 
exposure, a characteristic focal lesion develops in the re
gion of the lung where the airways covered with mucus 
meet the gas-exchange tissues, which are covered with sur
factant (Stephens et al. 1974; Schwartz et al. 1976; Mellick 
et al. 1977; Plopper et al. 1978; Castleman et al. 1980; Barry 
et al. 1985; Chang et al. 1992). 

EXPOSURE, DOSE, AND RESPONSE RELATIONS 

To establish from a rigorous toxicological perspective the 
health hazard that ozone poses to humans, regulators need 
to determine the relations among ozone exposure, dose to 
the tissues of the respiratory tract, and the subsequent bio
logic responses. First, one would analyze ozone exposure 
in terms of ozone concentration, breathing parameters, and 
duration. On the basis ofthese parameters one would calcu
late the amount of ozone that entered the respiratory tract. 
Second, one would want to know the actual dose to the re
spiratory tissues. By knowing the percentage of inhaled 
ozone absorbed by the respiratory tract (known as the ab
sorption efficiency or, simply, absorption), one could then 
multiply this percentage by the amount of ozone entering 
the respiratory tract to calculate the mass of ozone that 
reacted with the mucus, fluids, and cells that line the air
ways and pulmonary gas-exchange regions. Dose could be 
expressed in various ways: the total mass of ozone absorbed 
by the total respiratory tract or specific regions within the 
respiratory tract, or the amount of ozone absorbed per unit 
of lung surface area, volume, or target cell. Dose also can 
be usefully calculated in terms of an absorption rate, which 
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is related to the diffusion rate of ozone to the respiratory 
tract surface and the chemical reaction rate between ozone 
and the constituents of the surface. Third, one would define 
the health effects for each level of ozone exposure and dose. 
Such an analysis would identify the initial cellular, bio
chemical, and neurological responses; the damage to the 
tissues; and then the more global impairments on lung 
function and airway reactivity. One would also explore the 
possibility that the exposure, dose, and response relations 
are modified by the subject's characteristics such as age, 
gender, activity patterns, and health status. 

DOSE: CALCULATED DOSES 

Although some data relate ozone exposure to biologic re
sponse, the critical relations between exposure and dose, 
and dose and response are less well defined. This is primar
ily because it has been problematic to quantify ozone dose 
accurately. One approach has been to calculate dose based 
solely upon exposure parameters, neglecting ozone absorp
tion by the respiratory tract. One such calculated parameter 
is the cumulative dose, which is useful for animal studies 
because it is based upon the product of ozone concentration 
and exposure time (Gelzleichter et al. 1992). Another pa
rameter is the effective dose, which is more accurate be
cause it accounts for breathing pattern. Effective dose is ex
pressed either as the product of ozone concentration in the 
air being breathed, volume of air inhaled in one minute of 
ventilation (minute ventilation), and exposure time (Silver
man et al. 1976), or as a mathematical function that gives 
these factors different weights (Folinsbee et al. 1978; Adams 
et al. 1981). Minute ventilation is included in these calcula
tions because, given the same ozone concentration, greater 
health effects have been demonstrated in human subjects 
who are exposed to ozone while exercising than in subjects 
at rest (Bates et al. 1972; DeLucia and Adams 1977; Folinsbee 
et al. 1978). Presumably, the larger inhaled volumes and 
faster breathing frequencies associated with exercise in
crease the dose of ozone to the lower I ungs, and also replace 
ozone reaction products at a faster rate (DeLucia and Adams 
1977; Miller et al. 1985; Grotberg et al. 1990). Of the three 
factors (concentration, ventilation, and time), ozone con
centration appears to be more related to decreased lung 
function than minute ventilation, which, in turn, is more 
related than time (Silverman et al. 1976; Folinsbee et al. 
1978; Adams et al. 1981; Hazucha 1987). Two notable limita
tions of both cumulative and effective dose are that (1) they 
cannot account for intersubject differences in response to 
ozone (Adams et al. 1981), and (2) they ignore the absorp
tion of ozone in the respiratory tract. Thus, these dose esti
mates cannot address differences in ozone uptake either 
among individuals or among different regions of the respi-
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ratory tract. For example the nose and mouth remove sub
stantial amounts of inhaled ozone and thus reduce the con
centration of ozone entering the lungs (Gerrity et al. 1988). 

Kleinman (1991) calculated an internal thoracic dose of 
ozone to analyze the relations between ozone dose and 
changes in lung function. The internal thoracic dose ex
tends the concept of effective dose to include the amount 
of inhaled ozone that reaches and is absorbed by the airways 
and the gas-exchange regions of the lung on the basis of 
body weight; it also addresses whether breathing is oral, 
nasal, or combined oronasal. He found that internal tho
racic dose increases with exercise, and is greater on a per
body-weight basis for children under six years of age than 
for older children and adults. Upon applying estimates of 
internal thoracic dose to data from several controlled ozone 
exposure studies with humans, Kleinman concluded that 
internal thoracic dose is linearly related to decreased forced 
expiratory flow rates. 

DOSE: MATHEMATICAL DOSIMETRY MODELS 

In comparison with calculated estimates of dose, mathe
matical dosimetry models offer a more comprehensive ap
proach to defining ozone dose to the respiratory tract tis
sues. These models generally have two components. The 
first is to determine the regional distribution of the inhaled 
ozone in the respiratory tract. Mathematical expressions or 
equations are used to describe the transport of ozone by 
convection (bulk transport), or by longitudinal and radial 
diffusion. With these equations it is possible to analyze 
how ozone is transported within the respiratory tracts of hu
mans and animals, and how its transport is altered by 
changing breathing patterns. The second component is to 
determine how much ozone is absorbed by the mucus in the 
airways and the surfactant in the alveoli, and how much 
then moves by convection and diffusion through these fluid 
layers to react with the underlying respiratory tissues. This 
final quantity is the tissue dose of ozone and is the most 
useful value for exposure-dose-response relations. 

The dosimetric models of Miller and coworkers (1985), 
Grotberg and coworkers (1990), and Hu and coworkers 
(1992) used different approaches to describe ozone trans
port and absorption in an idealized human lung; Hu and 
coworkers were the only ones to include the oral passages. 
The idealized model (Weibel 1963) portrays the lung as a 
symmetrically branching network with 24 "generations" of 
airways. Each generation consists of only one type of airway 
that are all located at the same volumetric depth in the 
lungs. For example, the trachea is generation 0 and the ter
minal bronchioles are at generation 16. Despite their theo
retical differences, all the models predict that for resting 
breathing, the tissue dose increases gradually from the tra-

chea to a maximum value at generation 17, which corre
sponds with the respiratory bronchioles where the mucus
covered conducting airways lead into the surfactant-covered 
gas-exchange tissues in the acinus (i.e., respiratory bronchi
oles, alveolar ducts, alveolar sacs, and alveoli). At deeper 
generations within the acinus, tissue dose decreases mark
edly. At the acinar entrance, the liquid-lining layer is thin 
and the cross-sectional surface area of the lung starts to ex
pand to promote gas transport to the lung surface. Both of 
these factors work to increase the dose of ozone to the local 
tissues. Even though the conducting airways absorb a large 
fraction of ozone fairly evenly over their length, the rela
tively thick mucous layer provides protection to the under
lying airway epithelium. Therefore, the tissue dose in
creases appreciably only where the covering layer becomes 
thinner in the terminal portions of the conducting airways. 
It is significant that the highest tissue dose predicted by the 
models is at the acinar entrance because this region corre
sponds to the primary site of tissue damage found in 
animals exposed to ozone (Stephens et al. 1974; Mellick et 
al. 1977). The three mathematical dosimetry models pre
dicted different patterns and magnitudes of tissue dose in 
humans. Miller and colleagues (1985) and Hu and col
leagues (1992) predicted that a broad region of high tissue 
dose extends from generation 11 (terminal bronchi) to 
generation 18 or 19 (respiratory bronchioles). In contrast, 
Grot berg and coworkers (1990) predicted a sharp peak oftis
sue dose from generation 17 (maximum) to 19, with the 
maximum dose at generation 17 being almost one order of 
magnitude greater than that predicted by Miller and co
workers (1985). 

Overton and Graham (1989) modified the model of Miller 
and colleagues (1985) to examine the influence of age on tis
sue dose and ozone absorption. They used different data to 
describe lung dimensions and different thicknesses for the 
fluid thickness. They also included the airways in the head, 
but assumed they were nonabsorbing. Like Grotberg and 
coworkers (1990) they found that tissue dose peaks sharply 
in the respiratory bronchioles leading into the acini. How
ever, in contrast to Grotberg and coworkers, who attributed 
their tissue dose peak to increased transport of ozone from 
the air to the acinar surface, Overton and Graham attributed 
their tissue dose peak to a sudden transition in the lining 
fluid thickness between the mucus (1.75 J.l.m) and the surfac
tant (0.125 J.Lm). For resting breathing, Overton and Graham 
found that total and regional ozone uptake and tissue dose 
are generally independent of age. The ozone absorption of 
the total lung (omitting the extrathoracic airways) is about 
85%. About 30% of the inhaled ozone is removed in the 
conducting airways, with 23% reacting with the mucus and 
7% managing to reach the airway epithelium; about 55% of 
the inhaled ozone is removed in the acinus, with 54% going 
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to the acinar tissues and 1% being trapped in the surfactant 
and blood. 

When tidal volume and breathing frequency are in
creased to represent exercise, the models predict that tissue 
dose increases dramatically in the respiratory bronchioles 
at the acinar entrance and in the distal acinar generations, 
but that dose to the airway epithelium is either the same as 
resting breathing (Miller et al. 1985; Grotberg et al. 1990) 
or only modestly increased despite a lower absorption per 
breath because of the greater number of breaths taken per 
unit of time (Overton and Graham 1989). Overton and Gra
ham (1989) predicted that, during maximal exercise, ozone 
absorption for the total lung increases with age ranging 
from 87% for 2-year-old children to 93% for adults; there
spective values for acinar absorption are 78% for 2-year
olds and 90% for adults. 

Because ozone is highly reactive, it is important to con
sider the chemical reaction kinetics between ozone and bio
molecules within the mucus and surfactant in order to as
sess tissue dose accurately. For ozone, it may be misleading 
to consider only the portion of the absorbed ozone that may 
escape reacting with substrates and penetrates through the 
mucus and surfactant, as was done in the dosimetric 
models described above. It is possible that ozone reacts par
tially or completely with glycoproteins, unsaturated lipids, 
proteins, and other constituents at the surface of the mu
cous and surfactant layers to form products, such as alde
hydes and hydrogen peroxide, that are themselves reactive. 
These reaction products may, in turn, initiate a cascade of 
chemical reactions that produce other reactive products 
that ultimately come in contact with and damage tissues 
(Pryor 1992). Ozone and its reactive products can react with 
the lipid membranes of cells, causing lipid peroxidation 
and the production of free radicals, which then go on to 
cause further damage. Protection of the tissues from ozone 
also depends upon variations in the thickness and com
pleteness of the fluid layers: the mucus may be 20 J.lm thick 
in the upper airways and decrease to about 0.1 J.lffi in the 
small airways; surfactant may be only 0.1 J.lffi in the alveoli 
(Miller et al. 1985). Where the layers are thin, especially in 
the terminal bronchioles, areas of tissue may be incom
pletely covered by mucus or surfactant. Pryor (1992), using 
conservative assumptions of ozone reaction rates, estimated 
that in regions of the lower lung where the fluid thickness 
is only 0.1 J.lm, all adsorbed ozone would react with sub
strates in the fluid, such as glutathione and unsaturated 
lipids, and thus would not reach the underlying tissues. 
Pryor concluded that in areas completely covered by mucus 
or surfactant, it was the reaction products of ozone that 
could be damaging to the underlying tissues. However, in 
areas with a very thin or incomplete fluid covering, such as 
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in the terminal bronchioles, ozone may lead directly to tis
sue damage. 

DOSE: MEASUREMENTS UNDER EXPERIMENTAL 
CONDffiONS 

The most direct way to assess ozone dose to the respira
tory tract is to measure the amount of ozone absorbed by the 
airways and acini. Such a study is technically challenging 
because of the need for a fast-responding ozone analyzer 
that measures the ozone concentration in each breath. Ger
rity and coworkers (1988) used a modified chemilumines
cent ozone analyzer with a 90% response time of 700 msec 
to measure regional ozone uptake in 18 healthy young men. 
The men breathed known ozone concentrations while in a 
controlled exposure chamber. A sampling tube to the ozone 
analyzer was placed into the posterior pharynx to measure 
how much of the inhaled ozone remained after it had 
passed through the extrathoracic airways (nose, mouth, and 
pharynx) and the intrathoracic airways (larynx, trachea, 
bronchi, conducting airways, and gas-exchange tissues). By 
knowing the amount of ozone entering and leaving the ex
trathoracic and intrathoracic airways, the cumulative ab
sorption (also referred to as absorption efficiency) could be 
computed for each region. Breathing was oral, nasal, and 
oronasal. The only breathing parameter that varied was the 
respiratory rate, which was 12 and 24 breaths/min. The 
tested ozone concentrations were 0.1, 0.2, and 0.4 ppm. 

These investigators found that the overall mean absorp
tion for the extrathoracic region was about 40% and for the 
intrathoracic region was 91%. The total absorption of ozone 
in the entire respiratory tract was about 95%. In general, the 
effects of breathing mode, breathing frequency, and ozone 
concentration upon ozone uptake in each region were 
small, changing the measurement of ozone uptake by less 
than 5%. The nose was less effective at removing inhaled 
ozone than the mouth: The absorption was 36% for nose 
breathing, 40% for oral breathing, and 43% for oronasal 
breathing. Increasing the breathing frequency had little ef
fect on uptake: At 12 breaths/min extrathoracic ozone up
take was 41%, whereas at 24 breaths/min it was 38%. For 
intrathoracic uptake at the two breathing rates, the respec
tive values were 93% and 89%. The greater absorption at 
the slower frequency was probably due to the longer time 
available for ozone absorption to occur. The authors ac
knowledged that due to systematic errors the absorption 
values were accurate only to within 5% to 10%. 

Direct measurements of ozone uptake also have been 
made in several animal species. To measure uptake in the 
nasopharynx, many studies recorded flow only on inhala
tion with a sampling tube inserted into the pharynx via a 
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tracheostomy. All studies were done with slow-responding 
ozone analyzers. In rabbits and guinea pigs, Miller and col
leagues (1979) found about 50% of inhaled ozone (0.1 to 2 
ppm) was removed in the nasopharynx. In dogs, Yokoyama 
and Frank (1972) found the nasopharynx removed from 27% 

to 72% of inhaled ozone (0.3 to 0.8 ppm), with a greater per
centage being removed at the lower flow rate (approximately 
5 versus 40 Llmin) and lower concentration (0.3 versus 0.8 
ppm). When the ozone was inhaled orally, ozone uptake 
was only about 40% of that for the nose. To measure absorp
tion in the lungs, the ozone was inhaled and exhaled 
through a tracheostomy tube, and was found to be about 
82%; ozone concentration and flow rate had little influence 
on absorption. The absorption for the entire dog lung while 
breathing quietly was at least 90%, which compares well 
with measurements in spontaneously breathing dogs (Moor
man et al. 1973). However in rats breathing spontaneously 
through the nose, ozone uptake in the entire respiratory 
tract was only 40% (Wiester et al. 1987). 

Another newer experimental approach that has the poten
tial to measure absorbed ozone dose is to perform inhala
tion exposures with ozone labeled with the stable isotope 
tso (Hatch et al. 1989). After exposure, the 180-labeled 
ozone can be recovered by lavage in humans and then ana
lyzed; in animal studies, the labeled ozone can be recov
ered by homogenizing the lungs after necropsy. 

In terms of relating ozone exposure to subsequent health 
effects, it has been well documented that people having the 
same exposure can have different responses. For example, 
McDonnell and coworkers (1983) exposed healthy young 
subjects to 0.40 ppm ozone for 2.5 hours and found 
decreases in forced expiratory flow rate ranging from 3% to 
48%, and cough severity from "none" to "severe:' Those at 
increased risk are individuals who exercise or engage in 
moderate to strenuous work; the increased breathing in
volved with these activities increases the risk of adverse ef
fects (Lippmann 1989). 

One could think that intersubject variations in ozone ab
sorption would explain some intersubject variation in de
creased lung function; however current data indicate only 
about 6% of the variation can be explained on the basis of 
ozone uptake (Gerrity and McDonnell 1989; McDonnell 
1991). Thus, it may be that intersubject differences in the in
trinsic properties of the lung tissues may account for the ob
served variation in responses to ozone. This idea is sup
ported by the large variations in the susceptibility of 
different strains of mice and rats to ozone toxicity (Klee
berger et al. 1990; Henderson et al. 1993). Some of these 
differences may be due to variations in the ozone uptake of 
the upper airways (Kleeberger et al. 1993), or the biochemi-

cal profile of the liquid-lining layers or the target tissues 
(Paquette et al. 1993). 

Another interesting factor in assessing response to dose 
is the possibility of adaption. People tend to have very re
producible responses when ozone exposures are separated 
by weeks (McDonnell et al. 1985). When the exposures are 
on successive days, lung function decreases on the first and 
second days of exposure; however, on the following days, 
lung function recovers. This indicates that people can adapt 
to ozone exposure, at least in terms oflung function changes 
stimulated by acute exposure (Hackney et al. 1977; FoHns
bee et al. 1980). 

IMPORTANCE OF KNOWING DOSE REVISITED 

In summary, there are at least three features of ozone tox
icity that emphasize the importance of knowing the dose of 
ozone to the target tissues within the respiratory tract in or

, der to predict adequately the health hazards associated with 
breathing a given concentration of ozone. First, studies 
using controlled human exposures show that the alterations 
in lung function, airway reactivity, and inflammation are 
related to dose. Second, animal studies show that a major 
site of injury is the bronchiole entrance to the acinus. Other 
regions of the lung are exposed to ozone, but there appear 
to be unique characteristics of the acinar-entrance region 
that increase its susceptibility. Dosimetric models suggest 
that a large transfer of ozone to the tissues occurs in this re
gion and that the protective layer of mucus is insufficient 
to withstand injury. Third, the intersubject variation in re
sponse to ozone indicates that either some people receive 
higher doses of ozone delivered to sensitive tissues than 
other people, or that the tissues differ in susceptibility 
among people. 

The dose of ozone to the target tissues in the respiratory 
tract is dependent on several factors: (1) the ambient ozone 
concentration; (2) the amount of ozone inspired into there
spiratory tract during exposure; (3) the amount of ozone ab
sorbed in the mouth, nose, and in airways upstream of the 
target tissues; (4) the amount of ozone absorbed in the lower 
airways and acini; (5) the amount of ozone that reacts with 
the mucus and surfactant overlying the target tissues; and 
(6) the amount of ozone and reactive products that ulti
mately reach and react with the target cells. The first two 
factors currently can be quantified with reasonable ac
curacy. The challenge has been to accurately quantify the 
latter four factors. Among these, accurate measurements of 
the regional distribution of ozone absorption within the re
spiratory tract has remained a challenging but critical step 
in determining the dose of ozone and any of its reaction 
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products to the vulnerable tissues of the airway epithelium 
and acinus. 

RATIONALE FOR THE STUDY 

Better methods are needed to provide quantitative data on 
human exposures to automotive emissions and their con
stituents. In his original application to HEI, Dr. Ultman and 
coworkers proposed to develop a fast-responding ozone an
alyzer that would continuously monitor ozone concentra
tions in air inspired and expired by human subjects who in
haled a bolus of ozone of varying concentrations. The ozone 
analyzers available at the time of the investigator's original 
proposal were limited in their application to human studies 
because of their slow response time and their requirement 
for relatively large samples of gas for analysis. In the pilot 
study, Dr. Ultman and his collaborators (1990) designed and 
constructed two instruments essential for noninvasively 
measuring respiratory absorption of ozone in human sub
jects: (1) a fast-responding ozone analyzer capable of con
tinuously monitoring ozone concentrations during the four
second period of a normal breath, and (2) a small-scale 
ozone bolus generator suitable for producing boluses of 
specified volume and concentration. The logical next step 
was to test the application of the instruments in human sub
jects under conditions of varying ozone exposure concen
trations and levels of exercise. 

OBJECTIVES AND STUDY DESIGN 

The goal of this study was to make noninvasive measure
ments of ozone absorption (also called the efficiency of 
ozone absorption) among different regions of the human re
spiratory tract for various breathing conditions and ozone 
concentrations. These particular variables were chosen to 
mimic a range of potential human exposures so that dose
response relations could be established. Pertinent dose
response measurements would include the doses that cause 
damage to respiratory epithelial cells, inflammation, and 
alterations in lung function and airway reactivity. To this 
end, Dr. Ultman and colleagues previously developed and 
validated an ozone analyzer with a response time that was 
fast enough (90% step-response time of 110 msec) to sample 
the inhaled and exhaled ozone concentrations of single 
breaths (Ben-Jebria and Ultman 1989; Ben-Jebria et al. 1990; 
Ultman and Ben-Jebria 1990), and an associated ozone
bolus generator (Ultman and Ben-Jebria 1990; Ben-Jebria et 
al. 1991). Dr. Ultman and colleagues also have developed a 
bolus-response method to measure the regional distribu
tion of inhaled gases (Ultman et al. 1978; Ben Jebria et al. 
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1981). While a subject breathes a 500-mL tidal volume from 
functional residual capacity, a 10-mL bolus of gas such as 
ozone is introduced into the inhaled air at a predetermined 
volume. The penetration volume (Vp) refers to the volume 
of air that follows the mean of the ozone bolus into the respi
ratory tract, and thus allows absorption to be described lon
gitudinally. To probe the upper airways (20 mL< Vp< 70 
mL), the bolus is introduced later in the breath; to probe the 
lower airways and gas-exchange region (Vp> 70 mL), the 
bolus is introduced earlier in the breath. The absorption of 
ozone at a given V p is calculated from the integral of ex
pired to inspired ozone concentration. Thus, the term "ab
sorption'' represents the cumulative uptake efficiency of the 
airways through which the bolus passes as it is inhaled to 
and exhaled from a certain Vp. 

The specific aims of the proposal were: 

1. To incorporate the previously developed ozone bolus 
generator and analyzer into a computer-controlled bolus 
inhalation system; 

2. To measure the longitudinal distribution of ozone ab
sorption in the respiratory tract during quiet breathing 
at a flow of 250 mL/sec (baseline measurements); 

3. To evaluate how changing the respiratory flow rate from 
150 to 1,000 mL/sec affects the longitudinal ozone ab
sorption (flow experiments); 

4. To evaluate how inhaling ozone either through the 
mouth or the nose affects longitudinal ozone absorption 
(oral-nasal experiments); and 

5. To evaluate how altering the peak inspired ozone con
centration from 0.5 to 4 ppm affects longitudinal ozone 
absorption (concentration experiments). 

In specific aim 1, the computer-controlled bolus system 
was to be assembled for human inhalation studies. This sys
tem had to be capable of (1) delivering a well-defined ozone 
bolus to a human subject breathing via either the mouth or 
the nose, (2) measuring respired flow rate and volume, (3) 
providing feedback to the subjects so they could follow a 
prescribed breathing pattern, (4) measuring rapidly chang
ing inspired and expired ozone concentrations, (5) measur
ing expired carbon dioxide concentrations, and (6) acquir
ing all input signals and matching them with respect to 
time. The ozone analyzer had to be calibrated and character
ized in terms of its sensitivity, step-response times, and its 
susceptibility to interference from exhaled carbon dioxide 
and water. (These factors were part of the initial project to 
develop the ozone analyzer [Ultman and Ben-Jebria 1990].) 
The carbon dioxide analyzer had to be calibrated and char
acterized in a similar manner. Because the signals from 
each analyzer had to be matched with respect to time, it 
was also necessary to characterize and correct for the delay 
times of each analyzer. 
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In specific aims 2 through 5, the ozone bolus inhalation 
system was to be used to measure the distribution and ab
sorption of an inhaled 10-mL ozone bolus as a function of 
the Vp in the respiratory tract of 23 healthy adult men. The 
subjects had a mean age of 29 ± 5 years, had normal lung 
function as assessed by spirometry, were current nonsmok
ers, and had no history of allergies or asthma. Subjects 
participated in only some of the experiments: different 
combinations of nine subjects took part in the baseline mea
surements, flow experiments, and oral-nasal experiments. 
Six subjects took part in the concentration experiments. For 
each measurement, a single bolus was introduced into the 
inspiration at a predetermined point in order to reach a 
desired Vp in the respiratory tract. For each experimental 
condition, boluses were delivered to levels of Vp between 
20 and 200 mL in 10-mL increments, so that a total of 19 lev
els of Vp were tested. In an attempt to relate the Vp of the 
inhaled bolus to the actual anatomic region of the respira
tory tract that the bolus reached, the investigators created 
an anatomically based lung compartment model. The up
per airway compartment, which encompassed the volume 
between the mouth or nose to the larynx, was designated as 
Vp between 20 and 70 mL, the lower conducting airway 
compartment was at a Vp between 70 and 180 mL, and the 
respiratory airspace compartment was at a V p greater than 
180 mL. 

In specific aim 2, the bolus inhalation system was to be 
used at an inhaled and exhaled flow rate of 250 mL/sec. The 
data from specific aim 2 were to provide baseline data from 
which the investigators could then study how longitudinal 
ozone distribution and absorption were affected by flow 
rates from 150 to 1,000 mL/sec (specific aim 3), oral versus 
nasal breathing (specific aim 4), and ozone concentrations 
from 0.5 to 4 ppm (specific aim 5). In specific aims 3 and 
5, the flow rates were to be fixed at 250 mL/sec and the 
breathing was oral. To characterize the longitudinal distri
bution of the bolus in aims 2, 3, 4, and 5, the investigators 
were to use a "mathematical moment analysis" similar to 
their previously developed bolus-response analysis design 
(Ultman et al. 1978). 

An additional feature of the study was the development 
of a mathematical model of the kinetics of ozone absorption 
in various compartments of the respiratory tract, which 
could then be used to formulate regional dose-response re
lations. The measured absorption reflects the cumulative 
efficiency of ozone uptake and thus by itself relates little 
about regional or local dose. However by assigning each Vp 
to an anatomical compartment, and within each compart
ment computing the rate of change of absorption with Vp 
(the plot of the slope of the absorption versus Vp), the in
vestigators could obtain a local absorption rate of ozone in 
each compartment. The local absorption rate of ozone was 

characterized by a combined parameter Ka (sec - 1), where 
K is the mass transfer coefficient (i.e., absorption rate nor
malized by local ozone concentration and tissue surface 
area), and a is the local surface-to-volume ratio that accounts 
for differences in regional geometry. The investigators as
sumed that the value of K depended upon the diffusional 
transport of ozone through the gas boundary layer, and the 
diffusional transport and chemical reactions within the 
liquid-lining mucous and surfactant layers. Once at the cell 
surface, the ozone would react rapidly and completely with 
cell surfaces so that there would be no further ozone trans
port. The investigators thought this latter assumption was 
justified based upon estimated reaction rates between ozone 
and biomolecules in the respiratory tract (Pryor 1992). By 
determining the sensitivity of absorption to flow rate, the 
investigators could gauge how absorption was affected by 
transport of ozone molecules in the gas-exchange region 
(dependent on rate of flow) and in the liquid-lining layers 
(independent from rate of flow). 

TECHNICAL EVALUATION 

ATI'AINMENT OF STUDY OBJECfiVES 

This was an excellent bioengineering study. The objec
tives were clear, the measurements were carefully and syste
matically performed, and the report was of high quality. 
The bolus inhalation system was able to deliver reproducible 
boluses to human subjects using different breathing pat
terns. The dynamic characteristics and delay times among 
the ozone analyzer, carbon dioxide analyzer, and pneumo
tachograph were successfully corrected so that the trans
port of ozone and carbon dioxide could be directly related 
to respired volume. Furthermore, the ozone analyzer signal 
was reliably corrected for interference from exhaled carbon 
dioxide. As it turned out, both the effects of dynamic distor
tion and carbon dioxide interference were small. With this 
system, the investigators have met their overall objective to 
make noninvasive measurements of the distribution and ab
sorption of ozone among different regions of the human re
spiratory tract for various ozone concentrations and breath
ing conditions representative of subjects at rest to subjects 
engaged in light activity. 

Among the few limitations of the study was that the 
ozone absorption at breathing levels simulating moderate 
and strenuous levels of exercise could not be mimicked be
cause the dynamic response of the ozone analyzer was too 
slow to provide reliable data at flow rates above 1,000 
mL!sec. It had been one of the original objectives of this 
study to have the dynamic response of the ozone analyzer 
be fast enough to provide data at 2,000 mL/sec, but this goal 
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could not be met. Similarly the ozone analyzer had limited 
precision to detect the exhaled boluses for the lowest in
haled concentration of ozone tested (0.4 ppm). The current 
bolus-response system was thus limited to using ozone con
centrations considerably higher than those found in the 
ambient air. 

METHODS AND STUDY DESIGN 

The investigators did an excellent job of attaining their 
goals and describing the data upon which they based their 
conclusions. By studying a range of flow rates and the 
results of breathing, they mimicked the ozone exposure of 
people at rest and engaged in light activity. As mentioned 
above, the investigators originally sought to make measure
ments at flow rates of 2,000 mL/sec, which would have mim
icked heavy exercise. Exercise is known to heighten the 
physiologic responses caused by ozone exposure and to 
stimulate these responses at lower ozone levels. Unfortu
nately, limitations in the performance of the ozone analyzer 
prevented a thorough study of ozone absorption during ex
ercise. 

Because the investigators were primarily focused on de
veloping the bolus-response methodology to measure ozone 
absorption in humans, they wanted to eliminate any con
founding sources of variation from the study population. 
Therefore they limited the study population to a standard 
group of 23 healthy male adults of varying ethnic back
ground (Caucasian, Asian, and Indian) and broad age range. 
Thus, the results may not be applicable to women, chil
dren, the elderly, or persons with lung disease. In the fu
ture, the investigators plan to measure ozone absorption in 
women, and may include people of varying ages. 

To characterize the longitudinal distribution of the bolus 
in aims 2, 3, 4, and 5, the investigators were to use the bolus
response analysis methods they had developed previously 
(Ultman et al. 1978). To appreciate the considerations that 
go into the bolus-response analysis, it is helpful to under
stand the phenomenology of bolus transport in the respira
tory tract. As the ozone bolus is inhaled, it predominately 
travels by convective flow (bulk transport) in the airways, 
and then predominately by diffusion in the gas-exchange 
regions (Ultman 1985). Furthermore at the first airway bi
furcation (the carina) the bolus divides into two, and then 
continues to divide at each successive bifurcation so that at 
the end of inspiration the initial single bolus has divided 
into thousands of tiny ozone packets (Heyder et al. 1988). 

Upon exhalation, these tiny packets then reassemble at 
each bifurcation to form the exhaled bolus. If the transport 
of the ozone molecules within the respiratory tract were 
perfectly reversible and there were no absorption, then the 
exhaled bolus would have the exact same shape and size as 
the inhaled bolus. However, this situation is not the case. 
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As the ozone molecules pass through the air passages, they 
undergo irreversible mixing via convection and diffusion 
with air molecules from adjacent ozone-free air. Ozone mol
ecules are also absorbed into the respiratory tract surface 
and not exhaled. As a result of mixing and absorption, the 
exhaled ozone bolus has a much different shape and size 
than the inhaled bolus. 

In comparison to the inhaled bolus, typical characteris
tics of the exhaled bolus are that (1) it is spread or dispersed 
over a greater volume of air, which reflects longitudinal 
mixing, (2) it has a smaller area under the curve due to ab
sorption in the respiratory tract, and (3) the mean volumet
ric position of the exhaled bolus may or may not have 
shifted with respect to the Vp. If the mean exhaled volu
metric position always equalled Vp, then the lung would be 
ventilating homogeneously in a first-in, last-out manner. 
This matching could be expected for nonabsorbing gases, 
but not necessarily for ozone (see Figure 7 in the Investiga
tor's Report). A shift in the mean position of the exhaled bo
lus toward the mouth may reflect greater ozone absorption 
in the portions of the ozone bolus that travel deeper in the 
lungs in comparison to the portions that only travel to shal
low depths. In essence the deeper portions are "eroded" 
away so that the bulk of the ozone bolus remaining airborne 
is located at a shallower depth. Shifts in the mean exhaled 
position could also be due to diffusion of the ozone gas to
wards the mouth (Reisfeld and Ultman 1988). 

The objective of the bolus-response analysis was to mea
sure the inhaled and exhaled bolus in terms of area, mean 
volumetric position, and dispersion. These parameters 
were calculated from the first three mathematical moments 
of the inhaled and exhaled ozone concentration versus 
time/volume data (Ultman et al. 1978). The difference be
tween the areas under the curves (zero moments) of the in
spired and expired boluses was used to compute absorp
tion, A. The mean position (first moment) of the inspired 
bolus was the penetration volume, Vp; and the mean posi
tion of the expired bolus was the breakthrough volume, Vs. 
The difference in the variances (second moments) of the in
spired and expired curves was a measure of longitudinal 
bolus mixing, which is referred to as dispersion, a 2. This 
type of analytical plan was entirely appropriate for this 
study and provided the pertinent data to understand ozone 
bolus transport and absorption in the respiratory tract. Fur
thermore, the absorption data was doubly valuable in that 
it could be used to calculate the rate of ozone absorption 
within specified respiratory tract compartments. 

One disadvantage of expressing the distribution of bolus 
absorption as a function of Vp is that the true anatomic 
regions that absorb the ozone remained unknown. Because 
the bolus divides at each bifurcation, it is possible that the 
bolus may distribute itself asymmetrically, especially if it 
divides unevenly at any of the major bifurcations due to in-
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stantaneous differences in the ventilation in the down
stream regions. Another example is comparing oral to nasal 
breathing. The volumes of the nose and mouth may differ 
so that the V p to a given lung region would be different in 
these two instances. Considering the problems associated 
with verifying the regional distribution of the bolus with an 
alternative strategy, such as boluses of radioactive gas, the 
use of an anatomically based compartmental model is cer
tainly justified and appropriate for this study. 

Another consideration is that the bolus-response method 
is for single breaths. Because the ozone reacts with lung 
fluids, it is possible that continual breaths of ozone would 
lead to saturation of more proximal lung fluids and thus 
cause the distribution of absorption to eventually shift dis
tally. 

Each experiment consisted of two sets of analyses. The 
first was to make the experimental bolus-response mea
surements and to test for significant effects of flow rate, 
mode of breathing, and ozone concentration on the bolus
response parameters. The second analysis used the ex
perimental ozone absorption data to compute the dose rate 
of ozone to each respiratory tract compartment. For this 
analysis, the data for ozone absorption at a given Vp were 
converted into data for absorption within a given respira
tory tract compartment using the anatomical compartment 
model. Then the investigators employed the ozone absorp
tion model to estimate the local rate of ozone absorption Ka 
within each compartment. The investigators tested both 
four- and seven-compartment models. 

STATISTICAL METHODS 

The statistical analyses were appropriate and highly 
satisfactory. These analyses tested hypotheses that flow rate, 
mode of breathing, and ozone concentration significantly 
alter the relations of Vp to ozone bolus absorption, break
through volume, and dispersion. Data on absorption, break
through volume, and dispersion were averaged at each V p. 

When subjects' responses had been measured for multiple 
parameters at a given V p, the analysis incorporated mea
surement-to-measurement variation for each subject and 
subject-to-subject variations. From these variations, the stan
dard errors of the mean values for absorption, breakthrough 
volume, and' dispersion were calculated at each Vp. The 
overall sample mean and standard error values at each Vp 
then were used to test each hypothesis (see Tables 5 and 6 
in the Investigators' Report). 

RESULTS AND INTERPRETATION 

Ozone Absorption 

The investigators found that ozone absorption increased 

with increasing Vp. With quiet oral breathing (250 mL!sec), 
about 50% of the ozone was absorbed in the upper airways 
and the remainder was absorbed by a Vp of 180 mL. When 
the flow rate increased from 150 to 1,000 mL!sec, the 
absorption-V p relation shifted distally; less ozone was ab
sorbed in the upper airways, and more reached and was ab
sorbed by the distal conducting airways and the acini. 
Thus, although the investigators were unable to make mea
surements for flow rates corresponding to moderate or 
heavy exercise, the range of flow rates that were tested was 
sufficient to reveal that exercise leads to increased acinar 
dose, which means that these results agree with those 
predicted by dosimetric models. With quiet nasal breath
ing, the absorption-V p relation shifted proximally from its 
position with quiet oral breathing. About 50% of the in
haled ozone was absorbed by a Vp of 30 mL, and 80% was 
absorbed by the end of the upper airways. Thus the nose, 
due it its greater surface-to-volume ratio and its creation of 
tortuous airflows, protects the deeper regions of the lung. 
The investigators examined the possibility that if these oral
nasal differences were in some way attributable to artifacts 
introduced by different breathing fixtures used to deliver 
the ozone to the nose versus the mouth. They convincingly 
showed that the breathing accessories were not involved. 

Increases in ozone concentration, within the range 
tested, caused no change in the absorption-Vp relations. 
This means that the efficiency of ozone absorption is inde
pendent of ozone concentration, and that the chemical 
reactions and diffusional processes underlying ozone ab
sorption are linear. However, these results can be applied 
only to ozone concentrations between 1 and 3.5 ppm. Evalu
ation oflower concentrations was hampered because at 0.42 
ppm ozone, the exhaled bolus was at a concentration too 
low to be detected accurately by the ozone analyzer. 

Local Rate of Absorption 

To evaluate how local absorption rates within defined re
spiratory tract compartments could be expressed best, the 
investigators had to determine how many compartments to 
use. For oral breathing they found it was adequate to use a 
four-compartment respiratory tract model, which consisted 
of the upper airways (20< Vp< 70 mL), proximal conduct
ing airways (70<Vp<120 mL), distal conducting airways 
(120< Vp< 180 mL), and respiratory airspaces (180< Vp< 
250 mL). Unfortunately, the Ka values calculated for there
spiratory airspaces were uncertain because, in most situa
tions, the concentration of ozone exhaled from this depth 
was below the detection limit of the ozone analyzer. 

The oral-nasal studies revealed that, during quiet breath
ing, the nose is a more effective absorber of inhaled ozone 
than the mouth. With nasal breathing, the local ozone ab
sorption increased so rapidly with V p that absorption was 
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complete by a Vp of 130 mL, compared with 180 mL when 
breathing was oral. For nasal breathing, the investigators 
found the seven-compartment model, which subdivided 
the first three airway compartments into six, provided sig
nificantly more resolution about the local distribution of 
ozone absorption than the four-compartment model. In the 
seven-compartmental model, the value for Ka for the most 
proximal upper airway region (20< Vp<45 mL), which in
cluded the nose, was 70% greater than the Ka for compara
ble mouth compartment. The important implication here is 
that the lungs are better protected from ozone when breath
ing through the nose. In contrast to the findings here, Ger
rity and coworkers (1988) found that absorption in the nose 
was slightly less than in the mouth. The investigators have 
addressed possible reasons for this discrepancy, one of 
which could be the slower-responding ozone analyzer used 
by Gerrity and coworkers. 

With increasing flow rates during oral breathing, a clearly 
associated increase in Ka was noted in all compartments 
(see Table 3 in the Investigators' Report), and a trend for Ka 
to increase with V p. These data show that even modest ex
ercise, which entails both oral breathing and flow rates of 
1,000 mL/sec, increases the absorption rate to the entire re
spiratory tract and, in particular, increases the rate of ab
sorption in the lower airways and gas-exchange tissues by 
more than a factor of 3. With more strenuous exercise, it is 
likely that the absorption rate to the lower lung regions 
would be even greater (see Figure 13 in the Investigators' 
Report). 

One strength of using the mass transfer coefficient K is 
that it can reveal the mechanisms at the air-lung interface 
that affect ozone transport from the inhaled air to the target 
tissue surface. To be absorbed and then reach the epithelial 
tissues, ozone molecules must first diffuse through the 
layer of air between the bolus and the respiratory tract sur
face, and then through the layer of mucus or surfactant on 
the respiratory tract surface. By calculating Ka for various 
flow rates, the investigators could discern the relative resis
tance that the two layers offered to ozone transport. The re
sistance of the gas-boundary layer would be dependent on 
flow rate, and the resistance of the liquid-lining layer would 
be independent of flow rate. They found that Ka was highly 
dependent upon flow rate, indicating that the major im
pediment to ozone absorption was the ability of an airborne 
molecule of ozone to cross the gas-boundary layer to the re
spiratory tract surface. Further modeling analysis revealed 
that the mucous layers closest to the mouth undergo the 
most reaction with absorbed ozone, and that those in the 
deeper lung are less reactive. 

Breakthrough Volume and Dispersion 

Breakthrough volume (VB) and dispersion were analyzed 
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to understand the transport of an absorbing gas in the respi
ratory tract. An interesting finding was that VB did not 
equal V p, as would have been expected for a nondiffusing 
gas. At intermediate V p, VB was less than V p, which the 
investigators attributed to the bolus diffusing appreciably 
mouthward because of the expanding cross-section of the 
bronchial tree. In addition, the greater Ka of the distal lung 
could "erode" the distal bolus and cause a proximal shift in 
the VB of the remaining bolus. At deeper Vp, both of these 
factors could contribute to the observed leveling of the VB -
V p relations. The extent of erosion was made very apparent 
by comparing the exhaled boluses of ozone with those of ar
gon, a nonabsorbing gas. Another interesting finding was 
that the bolus dispersion was generally independent of V p. 

Conversely, with boluses of insoluble gases or aerosol parti
cles, dispersion increases with Vp (Ultman et al. 1978). The 
investigators attributed this finding to the "eroding" of the 
distal tail of the ozone bolus. 

lntersubject Variability 

Differences in ozone absorption were noted among sub
jects. In an attempt to account for these differences, the in
vestigators tested the possibility that the extent of absorp
tion was related to intersubject differences in vital capacity 
which is closely related to total lung volume, or to differ
ences only in the volume of the conducting airways (ana
tomic dead space volume), which they could measure from 
the profile of exhaled carbon dioxide. They found that the 
Vp needed to absorb 80% of the inhaled bolus was greater 
in subjects with larger airway volumes. To explain this, they 
reasoned that larger airway volumes are associated with 
smaller local surface-to-volume ratios; therefore, relatively 
less surface would be available to absorb ozone at a given 
V p in people with larger airway volumes than in people 
with smaller airway volumes. 

IMPLICATIONS FOR FUTURE RESEARCH 

This successful application of the bolus-response meth
od to ozone absorption and transport in the respiratory tract 
opens many exciting possibilities for future study. Some of 
these can be addressed with the current system, others 
would require further modification of the ozone analyzer. 
This study necessarily focussed on a rather homogeneous 
male population. Future studies should involve a wider 
range of subjects involving females and people of different 
ages, races, and health status. Such studies are planned. It 
would be of particular interest to examine subjects, such as 
the elderly and people who smoke, who are reported to 
have blunted lung function changes in response to ozone 
inhalation. Such studies would determine ifthe blunted re-
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sponses are due to alterations in absorption or to the in
trinsic properties of the lungs. Conversely, people with 
heightened responses to ozone could be studied, such as in
dividuals with asthma. With a faster-responding ozone ana
lyzer, it would be valuable to revisit the issue (first addressed 
by Gerrity and McDonnell 1989) of whether intersubject 
differences in response to ozone exposure (e.g., decreased 
lung function and increased airway reactivity) are related 
to ozone absorption. Furthermore, extended exposures to 
ozone are known to cause some degree of lung adaptation. 
Bolus-response measurements could be done before and af
ter extended exposures to assess if adaptation is related to 
changes in ozone absorption. People often breath oronasally, 
so measurements during oronasal breathing should also be 
done. Two of the primary applications of the ozone absorp
tion data are to validate and further refine dosimetric models 
and to validate dose extrapolations from animals to humans. 
The present system is readily adaptable for bolus-response 
measurements in large animals such as dogs. Similar mea
surements in smaller animals, such as rats, would require 
appreciable miniaturization of the system. Furthermore, 
adapting the system for animal studies would make it pos
sible to study other toxic gases and possible interactions 
among gases. 

By modifying the ozone analyzer to have a faster response 
time and lower limit of detection, human studies could be 
done that cover a wider range of activity levels, from rest to 
heavy exercise, as was the original intent of the study. Such 
studies would require that the ozone analyzer be capable of 
providing reliable data at flow rates up to 2,000 mL/sec. A 
lower limit of detection would provide ozone concentration 
data at environmentally relevant concentrations. 

To examine if the sensitivity to ozone is greater in differ
ent regions of the respiratory tract, several boluses of ozone 
could be successively delivered to one volumetric depth. 
This would concentrate the dose to a known volumetric re
gion of the respiratory tract, and the biologic responses of 
interest could be measured. By altering the depth, different 
respiratory regions could be tested. 

CONCLUSIONS 

The investigators developed a fast-responding ozone ana
lyzer and incorporated this instrument into a computer
controlled bolus generation system to measure inhalation 
parameters. Using an analytical method previously devel
oped to analyze bolus-response data, they met the objec
tives of this project by noninvasively measuring the re
gional distribution of ozone absorption in the respiratory 
tract of healthy adult males. To mimic different exposure 
scenarios, the subjects breathed ozone at different flow rates 

and by mouth or nose. Ozone concentration also was var
ied. To estimate local dose to different regions of the respi
ratory tract, they used the measured absorption-V p rela
tions to compute the ozone absorption rate within different 
respiratory compartments. 

The investigators found that, with quiet mouth breathing, 
ozone absorption is essentially complete within the con
ducting airways. With modest increases in flow rate, the 
absorption-V p relation shifts distally so that the distal air
ways and acini receive a larger ozone dose per breath. Both 
ofthese results are in agreement with the results oftheoreti
cal dosimetric models. With nasal breathing, the absorp
tion-V p relation shifts proximally, indicating that the nose 
protects the lung from ozone exposure. The theoretical ab
sorption rate of ozone is 70% greater for the proximal part 
of the nose than for the comparable region of the mouth. 
The data also show that, with only modest exercise, which 
entails both oral breathing and flow rates of 1,000 mL/sec, 
the absorption rate to the lower airways and gas-exchange 
tissues was more than three-fold that for rest. Even higher 
absorption rates could be expected with more strenuous ex
ercise. Ozone absorption was independent of ozone con
centration, showing that the mass of ozone absorbed in
creases in proportion to ozone concentration. Drs. Ultman, 
Ben-Jebria, and Hu suggested that differences in ozone ab
sorption among subjects was related to intersubject varia
tions in the surface-to-volume ratio of the conducting air
ways, such that persons with larger airway volumes have 
less ozone absorption at a given V p. 

Due to limitations of the ozone analyzer, studies could 
not be done at flow rates in excess of 1,000 mL/sec, so the 
effects of moderate to heavy exercise on ozone absorption 
were not evaluated. In addition, the relatively high limit of 
detection meant that only relatively high peak ozone con
centrations (greater than 0.5 ppm) could be studied. 

Overall, the investigators made substantial advances in 
the methodology to measure noninvasively the distribution 
of ozone absorption in the respiratory tract. Their efforts 
provide a valuable research tool for ozone dosimetry 
studies, and their results advance our understanding of 
ozone uptake by the respiratory tract of humans. These 
studies have important applications for future studies that 
relate the dose to target tissues for ozone as well as other in
haled pollutants. 
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