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ABSTRACT

MILLER, FREDERICK JOHN. A Mathematical Model of Transport and . Removal
of Ozone in Mammalian Lungs. (Under the co-direction of HENRY L.
LUCAS and ROBERT J. MONROE).

A unified approach fbr evaluating the pulmonary toxicity of ozone
(03) is formulated which involves experimental laboratory animal
studies and mathematical modeling analyses. The applicability of the
model is illustrated by examining the similarity between man and
laboratory animals in regional pulmonary deposition of 03.

The experimenta] phase of this investigation concerned the deter-
mination of nasopharyngeal removal of 03 in rabbits, guinea pigs, and
rats. Experimental estimates of nasopharyngeal pollutant removal
serve to determine boundary conditions, when using convective -
diffusion equations to model pollutant gas transport in the lung.

The tracheal 0, concentration in anesthetized rabbits and guinea

3
pigs was markedly similar and was linearly related to the concentration

0f703 (196 - 3920 pg/m3) drawn through the isolated upper airways of
these animals. Exposures of guinea pigs to O3 concentrations between
3920 and 5880 ug/m3 showed that, at these higher concentrations,
relatively more of the pollutant is removed by the nasopharynx.
Investigations on the isolated upper airways of rats were not success-
ful.

A Tower airway mathematical model was developed which incorporates
species anatomica] differences and chemico-physical properties of 03 as
parameters. Chemica1,reactions 0f703 with various components of mucus

were included in an analysis which allowed for the effects on gas



transport of convection, aﬁfal Qiffusion, and radial diffusion. The
effects_of bqth moigcu]ar diffusion and eddy diffusivity were
considered. .Rgspiration was assumed to be sinusoidal.

After examining the biochemical composition of mucus and surfac-
tant, spécific components of the mucus layer were identified which -
undergo an irreversible instantaﬁeous reaction with 03. The airway
Tumen O3 concentration was found to determine the Tocation in the
mucous layer of the reaction plane between 03 and the mucous reaction
components. This led to characterizing the removal of 03 from an
airway by considering three reaction regimes. These regimes were:

1) surface-controlled, 2)1nner—regimé with réaction plane located
within the mucus, and 3) inner-regime with penetration of 03 to the
tissue. The model formulation for airways lined with surfactant
considered no chemical reactions between 03 and surfactant.

The predicted pulmonary 03 dose curves obtained by model analysis
of the transport and removal of O3 in thé lungs of guinea pigs,
rabbits, and man indicate a general similarity exists between these
species in the shape of the dose curves. The model predicts that the
respiratory bronchioles receive the maximum 03 dose. For exposures
corresponding to tracheal 03 concentrations greater than 100 pg/m3
(0.05 ppm), the predicted respiratory bronchiole dose for rabbits was
found to be twice that for guinea pigs and 80% of that -for man. - The
ro]gs of inspiratory duration and tidal volume in the determination
of703 uptake in man were also examined.

Model.sensitivity analyses, with respect to the average rate of
production per unit area of mucous reaction components and the thick-

ness of the mucous layer, show that considerable differences in the



data base are needed to affgct.the.mode] prediCted doses. ‘Even then,
only the relative 1ocatioﬁ on the dose-axis and the shape of the
conducting airways portion of the dose curyes would be changed.

The consistency and similarity of the dose curves for the three
species lend strong support to the validity of extrapolating to man

the results obtained on animals exposed to this pollutant.
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..Abstract

In estimating po]]utant.concentrations<responsib1e for observed
pulmonary effects, nasopharyngea1.rgmova1 of the pollutant must be
taken into account. Experimental estimates of nasopharyngeal removal
provide boundary conditions for mathematical models which examine
pulmonary transport and removal of_03. The nasopharyngeal removal of
ozone (03) in anesthetized rabbits of both sexes, male guinea pigs, and
male rats was determined by drawing 03 through the isolated upper
airways at a constant flow rate which approximated the animal's respira-
tory minute volume. The tracheal 03 concentration in rabbits and
~guinea pigs was markedly similar and was linearly related to the

chamber concentration of O3 (196 - 3920 pg/m3).

Regression analyses
showed that 03 removal in the nasopharyngeal region is approximately
50% in both species. Both rabbit sexes responded similarly over the
concentration range studied. Exposures of guinea pigs to 03 concen-
trations between 3920 and 5880 _ug/m3 showed that, at these higher
concentrations, relatively more 03 is removed by the nasopharynx.

Investigations on the isolated upper airways of rats were not success-

ful.



Introduction

The degree to which environmental air pollutants can directly
affect the lung is a function of the amount of pollutant and reac-
tion products reaching thé Tower airways. Removal of the pollutant
in the nasal-pharyngeal region serves to lessen the insult to the
lung. Thus, in estimating pollutant concentrations responsible
for observed pulmonary effects, upper airway (nasal-pharyngeal)
removal must be taken into account.

Various factors influence the rate of removal of foreign
material in the upper airways and lead to differences between pollu-
tants in the major location of action or absorption. Among these
factors are: 1) the chemical aﬁd physical properties of the pollu-
tant, 2) the route of breathing, 3) the depth and rate of airflow,
4) the nasal geometry of the animal, and 5) the biochemical compo-
sition and amount of mucus present. Previous upper airway studies
on ozone (03) (6,7,11,15,18), sulfur dioxide (502) (2,3,14,17),
and nitrogen dioxide (N02) (17) are illustrative of these factors.

Utilizing a theoretical approach, their own empirical data,

" and information available from the literature (2,18), Aharonson

et al. (1) examined the effect of respiratory airflow rate on nasa]
removal of soluble vapors. They demonstrated conclusively that the
uptake coefficient (R), which defines the average flux of soluble
vapor 1nto the nasal mucosa per gas-phase unit partial pressure,
increases with increasing airflow rate, provided the rate of

uptake is proportional to the pressure of the vapor in the gas



phase. When comparing uptake at different flow rates, not expressing
retention data on the basis of R has led to overlooking this flow-
dependent relationship (2,4,5,7) or to incorrect conclusions for

the relationship between uptake and flow (18).

The geometry of the upper airways is very complex. The air
deflecting channels of the posterior nares cause impaction of large
airborne particles and create turbulent air flow conditions, making
mathematical modeling of local transport and removal of air pollu-
tants 1in the nasopharyngeal region correspondingly difficult.
Although determination of the average uptake coefficient of gaseous
pollutants in the upper airways is straight-forward, the tracheo-
bronchial tree at present is relatively inaccessible to the local
measurement of uptake of highly reactive gases, such as 03.

Experimental estimates of nasopharyngeal pollutant removal
serve to determine boundary conditions, when using convective-
diffusion equations to model pollutant gas transport in the Tower
airways. Extensive lower airway morphometric data on human Beings
(16), guinea pigs, rabbits, and rats (10) and the technical inability .
of obtaining local Tower airway O3 uptake data for‘these speciés,
make mathematical modeling the method of choice for examining O3
uptake in the deep lung. Therefore, the combination of upper airway
empirical studies and lower airway mathematical models provides a
unified approach to evaluating the toxicity of environmental air
pollutants, such as 03. Towards that goal, this study examines

the nasal-pharyngeal removal of 03 in rabbits and guinea pigs over a



concentration range of 196 - 3920_ug'03/_m3 (0.1 - 2.0 ppm_03).
Similar investigations of the isolated upper airways of rats were

not successful.

Methods

Anesthesia and Surgical Preparation of Animals

ope

Guinea pigs and rats were obtained from Charles Rivers Breed-
ing Laboratories, Wilmington, Mass., and rabbits from Pel-Freez
Farms, Rogers, Ark. The average weight of the guinea pigs (male,
Hartley strain) was 0.425 kg with a standard error (SE) of 0.005
kg. Uptake experiments on rabbits (New Zealand, white) utilized
both sexes, with an average weight of 2.784 kg + 0.075 SE. Male

R cpR (SD)BR) weighing 0.217 kg + 0.01 SE were also

“rats (COBS
used.
Rabbits were anesthetized by intravenous injection into the
marginal ear vein of a 36-40Amg/kg body weight dose of sodium pento-
barbital (Nembutal, Abbott Labs, Chicago, I11.). Some animals required
a supplemental dose (3.5-11.1 mg/kg body weight) to allow completion
of the surgical procedure and effective restraint in the exposure
chamber. A respiratory frequency of 27.5 breaths/min + 1.7 SE
was observed under anesthesia.
An 1ntrémdscu1ar‘(IM) injection of 0.88 ml/kg body.weight
of droperidol-fentanyl (Inovar-Vet, Pitman—Moofe, Washington
Crossing,vN.J.) was used initially to anesthetize the guinea pigs

(12), and this was followed 15 min later by an intraperitoneal

(IP) injection of pentobarbital sodium (12.5 mg/kg body weight



dose). The droperidol-fentanyl provided the desired state of
anesthesia and analgesia, while the sodium pentobarbital prevented
the rigidity usually associated with droperidol-fentanyl. After
surgical preparation of the guinea pigs, a 0.1-0.15 m1 supplemen-
tal injection of droperidol-fentanyl was given. Respiratory fre-
quency averaged 14.8 breaths/min + 0.6 SE. |

Using the doses given by Garcia et al. (8), rats were anes-
thetized in the same manner as guinea pigs. First an IM injection
of 0.45 ml/kg body weight of droperidol-fentanyl was given. Fifteen
minutés later, the animal received IP sodium pehtobarbita] (15 mg/kg
body wt.). A supplemental injection of 0.04-0.07 ml droperidol-
fentanyl was given following completion of the operative procedure.
With this anesthetic procedure, the average respiratory frequency
of the rats was 59.8 breaths/min + 3.7 SE.

An anesthetized animal was placed ventral side-up on a stain-
less steel rack, and its limbs were secured using strips of Teflon
tape. The animal's head was held in place by means of a Teflon strap,
which had been sutured to the underside of the chin. Before operating
on the rabbits, the fur was trimmed around the incision area. Then
the trachea was exposed and elevated slightly by placing a small
tube underneéth it. An incision was made towards the distal end'
of the trachea to allow insertion of a tube to ventilate the lungs.
Another incision was made towards the proximal end of the trachea
and a glass tube inserted to a position just caudal to the distal

end of the larynx. The glass tube was siliconized with a 1% solution



of siliclad (Clay Adams, Parsippany, N.Y.) to reduce surface tension
and aid in draining any condensation that might form. Tests showed
these treated tubes did not react with 03. In order to prevent any
airflow through the buccal cavity, the 1ips were tightly sutured using
sterile surgical gut (Ethicon, Chromic 4-0, Somerville, N.d.).

Exposure System

3 stainless steel

A1l O3 exposures were conducted in a 0.322 m
chamber (9). The chamber flow rate was equal to one chamber volume/
min. Oxygen at a flow rate of 1.0 1/min was partially converted to
O3 in a neon tube ozonator. By varying the voltage applied to the
electrodes, the 03 concentration was adjusted to the desired level.

A schematic diagram of the method used to expose the isolated
nasal-pharyngeal region is given in Fig. 1. The rack on which the
animal was secured, was inclined on a chamber shelf at an angle of
20° for rabbits, 30° for rats, and 30-45° for guinea pigs. Inclina-
tion assisted drainage of secretions and condensation and reduced
tension on the upper tracheal cannula by allowing for the ané]e at
which the trachea entered the chest cavity in these species. Teflon
tubing was connected to this cannula, and this line was extended to
a trap, which removed any secretions and prevented excessive mois-
ture from being drawn into the line leading to the 03‘ana1yzer
(Fig. 1). The volume of the trap was 155cc for rabbits and 40cc
for guinea pigé and rats.

Teflon tubing led from the trap to a three-way glass and

Teflon stopcock. A chamber sampling 1ine was connected to the



‘second port of the stopcock. The remaining stopcock port attached

a Teflon line from the chemiluminescent 03 analyzer (Bendix, Model

| 8003, Ronceverte, W.Va.). Proper positioning of the stopcock
permitted monitoring of the chamber 03 concentration or the animal's
tracheal 03 concentration, but not both simultaneously (Fig. 1).

The flow rate of the air pulled through the animal's nasal-
pharyngeal region (1.0 1/min for rabbits, 0.16 1/min for guinea
pigs, and 0.1 1/min for rats) was approximately equal to the
respiratory minute volume for the given species. A mass flowmeter
(Technology/Versatronics, Model NL-01-2P, Yellow Springs, Ohio) was
used to maintain the proper airflow. A1l tubing connections were
wrapped with Teflon tape to prevent leaks in the gas flow system.
The transnasa]rpressure drop was monitored in some guinea pigs using
a magnehelip differential pressure gage (Dwyer, Model 2001, Michigan
City, Ind.).

Experimental Regimen

At the beginning of any given exposure, the animal was placed
in the chamber and the O3 concentration monitored until it stabil-
jzed at the desired pre-selected concentration. The time to
stabilization was a function of 03 concentration, flow rate, and
exhaust load.of the exposure facilities, but the time required to
stabilize the chamber 03 concentration never exceeded 15 min. Then
the stopcock was positioned so that 03 was drawn in through the
animal's nares and exhausted from the animal via the upper tracheal

cannula. Exposure of the nasal-pharyngeal region was continued



until a constant tracheal 03 concentration was maintained for
approkimate]y 15 min. Completion of this phase of the regimen
required from 25-50 min., depending upon the chamber 03 concentra-
tion. After the nasopharyngeal removal profile was obtained, the
03 generator was shut off and the chamber 03 concentration moni-
tored until an ambient level was reached. The animal was then
removed from the chamber and sacrificed.

The effect of secretions and condensation in the tracheal
cannula upon the removal ofO3 between the larynx and the 03
analyzer was assessed. 03 was again generated and the chamber con-
centration of 03 (C) allowed to stabilize at a level slightly
greater than was monftored as the nasopharyngeal equilibrium value
(E). Then 03 was drawn through the animal tubing system (now minus
the animal) and the concentration determined (A).

Since all components of the sampling line were Teflon or glass,
any 03 loss between the larynx and the 03 analyzer was presumed due
to secretions or condensation present in the line. The concéntra—
tion of O3 that the trachea would have received, had the cannula
been absent, was determined as

T = CE/A
Regression analysis was then used to examine the relationship
between the inspiréd 03 concentration and the resulting tracheal
concentration.

A complete record of the 03 concentrations for the various

phases of the experimental regimen was obtained using a strip



chart recorder (Hewlett Packard, Model 680, Pasadena, Calif.).
The chamber temperature and relative humidity during the exposure
of rabbits averaged 24.9°C + 0.4 SE and 58.3% + 1.3 SE respec-
tively. For guinea pigs, these same parameters averaged 25.2°C

+ 0.2 SE and 65.2% + 1.1 SE.

Results

Of the 35 rabbits exposed to 196 - 3920 ug 03/m3 (0.1-2.0
ppm 03), there were 14 females and 19 males, while the sex of
2 rabbits was not recorded. Condensation and secretions did not
substantially contribute to the removal of 03 in the tracheal
sampling line (i.e. T/C = 0.87 *+ 0.02 SE, where 1.0 represents
complete absencé of any secretions or condensation). The nasal-
pharyngeal removal of 03 was examined using a regression model
which considered the chamber 03 concentration and sex of rabbit as
independent variables, with the dependent variable being the tracheal
03 concentration.

The results of this analysis are presénted in Table 1. There
is a highly significant linear relationshiﬁ between the 03 concen-
tration drawn in through the nares (chamber concentration) and the
concentration. of 03 observed at the trachea. Both sexes responded
similarly over the concentration range studied, as indicated by
"sexﬁ not being significant in Table 1. Hence, sex was ignored

in obtaining the regression shown in Fig. 2.



This 1inear regression model accounted for 88% of the varia-
bility inherent in the data. The model's adequacy for character-
izing the nasopharyngeal removal of O3 is demonstrated by the
nonsignificance of the test for "Model lack of fit" (Table 1).

Exposure of guinea pigs to O3 concentrations as high as 5880
ug 03/m3 (3.0 ppm 03) were conducted. However, in conjunction with
comparing the responses of guinea pigs with those of rabbits, linear
regression analysis of the data.on guinea pigs was restricted to
the same concentration levels as those for rabbits. The results
of this analysis are given in Table 2.

The Tinear dependence of the tfacheal concentration of 03 on
the inspired 03 concentration is, again, highly significant (p=.0001).
Approximately 93% of the total variation about the average tracheal
concentration was explained by the regression, and the test for
the Tack of fit of the model was not significant (Table 2). The
prediction equation and the 95% confidence intervals for the mean
tracheal concentration, for a given chamber"O3 concentration; are
~given in Fig. 3. Comparison of Fig. 2 and 3 reveals that tracheal
03 values predicted in guinea pigs and rabbits are markedly similar
for exposures to 196 - 3920 ug 03/m3, as evidenced by a slope of
0.478 and 0.492 for guinea pigs and rabbits, respectively. '

The data resulting from exposures of guinea pigs to 03 concen-
trations betwéen 3920 and 5880 ug 03/m3 (2.0 and 3.0 ppm 03) are
_given in Table 3. 0Ozone tracheal concentrations were consistently

10 - 15% below those that would be predicted using the regression
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equation given in Fig. 3. This result suggests that, with exposure
to higher levels of 03, there is relatively more of the gas removed
by the nasopharynx. To characterize the dependence of tracheal con-
centrations upon inspired concentrations between 196 - 5880 ug 03/m3
(0.1 - 3.0 ppm 03), a quadratic regression equation (V = -.052 + 0.543
X -0.041 X2) was sufficient to explain 95% of the total variation.

Removal of O3 in the tracheal sampling line by condensation
and secretions resulted in an average trachea to chamber sampling
line concentration ratio of 0.82 + 0.02 SE for guinea pigs. The
transnasal pressure change averaged 0.635 cm HZO + 0.13 SE. There
was no correlation between transnasal pressure changes and the concen-
tration of 03 measured at the trachea.

Attempts to expose the isolated upper airways of anesthetized
rats were notlsuccessfu1, due to "serous 1ike" secretions occluding
the end of the tracheal cannula. A wide variety of methods, all
unsuccessful, were used to attempt to block or reduce these secre-
tions. Among these were: 1) injection by various routes ofiatro-
pine sulfate, atropine methyl nitrate, and scopolamine over a wide
concentration range,.Z) different combinations of initial and supple-
mental dosages of the aforementioned agents, 3) alterations in the
positioning of the animal in the exposure chamber, and 4) extending
the tongue from the mouth and suturing the tongue to the lips to
facilitate better drainage of the secretions.

The secretions were nonspecific to O3 exposure, since animals

exposed only to filtered air gave a similar response. However,



exposure of a dead animal was successful without the use of secre-
tion inhibiting drugs and yielded a tracheal 03 concentration which
was lower than the concentration observed with anesthetized rabbits

- and guinea pigs.

Discussion

With a constant flow rate, removal of O3 in the nasopharyngeal
region of rabbits and guinea pigs was markedly similar over a con-
centration range 196 - 3920 ug 03/m3. The tracheal 03 concentra-
tion in these anesthetized animals was linearly related to the con-
centration of 03 drawn through the isolated upper airways. This
implies that the absorption of O3 into the nasal mucosa is propor-
tional to the partial pressure of 0, in the air. Hence, the data
conclusively show that 03 satisfies the condition necessary for
using the theoretical model approach'of Aharonsen et al. (1), when
studying the effect of respiratory airflow rate on removal of 03 by
the upper airways.

Frank and co-workers (7) found that removal of 2620 ana 26,200
_ug/m3 (1.0 and 10.0 ppm) of radioactive sulfur dioxide (35502) by
the upper airways of dogs was nearly complete when administered
nasally at a continuous flow of 3.1 1/min; uptake dropped only
slightly when flow was increased 10-fold. At comparable concentra-
tions, uptake by the mouth exceeded 95% at a flow of 3.5 1/min, but
decreased to less than 50% when flow was increased 10-fold.

Studies on rabbits (3) and humans (14) also indicate that SO2 is

removed to a greater extent when breathing nasally, as compared

11
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to orally. Also, the nasal uptake of SO2 has been shown to exceed
that of NO, (17).

Vaughan et al. (15) exposed the isolated upper airways of
beagle dogs to 03 at a continuous flow of 3.0 1/min and collected
the gas just below the larynx in a plastic (Mylar) bag. They found
essentially 100% uptake of 03 for concentrations below 784 ug 03/m3
(0.4 ppm 03). However, in a similar study where the tracheal gas
was sampled directly through Teflon tubing, Frank et al. (6)
observed 60-70% uptake by the upper airways. In a subsequent study
on the respifatory uptake of 03 in dogs, Yokoyama and Frank (18)

" repeated the procedure of Vaughan et al. (15) and found that some
03 was lost due to adsorption on the bag wall, even if the bag had
been "pre-conditioned" with 03.

From a modeling viewpoint, the results of Moorman et al. (17)
on the decomposition of ozone in the nasopharynx of acutely versus
chronically exposed dogs are pertinent. Dogs chronically exposed
(18 mo) to 1960 - 5880 ng 03/m3 (1-3 ppm 03), using various aaily
exposure regimens, were shown to have significahtly higher mean
tracheal concentrations of 03 than animals tested after one day of
exposure to the corresponding regimens. These investigators postu-
lated that the differences were 1ikely due to physiochemical alter-
ations of the mucosal 1ining in the chronically exposed animals.

Between énima]s chronically exposed to 1960 .ug 03/m3, those
exposed for 8 hrs. per day had significantly lower tracheal values

than those continuously exposed. However, the acutely exposed
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animals' average concentration was not different from the 8 hr/day
chronic exposure group, but was significantly different from the
24 hr/day chronic group (19.6 vs 44.1 ug 03/m3). Accounting for
the sensitivity of the Mast ozone meter used to measure the respon-
ses, this latter difference would not represent a significant treat-
ment difference, unless the Mast ozone meter had been modified.
Moorman et al. (11) did not state what modifications, if any, were
performed.

Nevertheless, in view of the small difference observed with
exposure to 1960 ug 03/m3 (1.0 ppm 03), it is 1ikely that chronic
exposure to lower levels would not result in tracheal O3 boncentrations
significantly greater than those observed with acute exposure. Thus,
at lower concentrations it is probably reasonable to use the results
of acute exposure studies on nasopharyngeal removal of 03 when
modeling lower airway transport and removal. However, the investiga-
tions of Moorman et al. indicate that modeling lower airway chronic
exposures to higher concentrations should account for greatéf concen-
trations of O3 reaching the trachea.

A major goal of environmental toxicological studies on animals
involves the eventual extrapolation of the results to man. The
validity of such extrapolations is largely a function of the extent
to which the animal species studied}mimic the human response. The
1ikelihood thét the human response is mimicked will be much

~greater if the animal metabolizes and detoxifies the test substance



14
in the same way as does man, and if the route of exposure and the
efféctive dose delivered to the target site are similar.

The inf1uehce of particle size upon respiratory dust retention
in guinea pigs, monkeys, and man was examined by Palm et al. (12).
Total respiratory retention and the relative proportion of retained
dust deposited in the upper respiratory tract and in the alveoli
changed markedly with particle size. A particle size of Tu was found
to be most favorable for alveolar deposition in guinea pigs and
monkeys, a result comparab]é to that for man. Also, the alveolar
percentage deposition was similar for the three species. Increased
upper respiratory retention caused alveolar deposition to decline
more abruptly in the guinea pig than in man when particle size was
increased above Tu.

The degree of similarity of aerosol particle deposition in
the lung between guinea pigs, rabbits, rats, and man was examined
by Kliment (10). Respiratory tract morphometric data and physicé]
characteristics of the species and of the aerosol particles were
combined by means of a dimensional analysis td obtain non-dimen-
sional similarity criteria. Kliment showed‘that fhe degree of
similarity is high (analogous to a correlation coefficient of 0.81
- 1.0) and aT]oWs the'transfer of deposition information when |
comparing these species.

In view of Kliment's work on aerosol deposition, there is a

need for the same type of analysis applied to the factors affecting
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gaseous deposition. It is 1ikely that such an analysis for non-
reactive gases would yield analogous results. Possible species
differences in mucous thickness and composition of possible reaction
components could lead to a lack of similarity of respiratory tract
deposition and removal for highly reactive gases, such as 03.

However, results for the nasopharyngeal removal of 03 obtained in
this study lead one to speculate on the possible similarity between

these species and man.
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Figure 1. Schematic diagram of the method used to expose
the isolated nasopharyngeal region.
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Abstract

Difficulty in assessing.the pulmonary effects of qzqne.(oa)
centers around the problem of comparing experimental results obtained
using different animal species and pollutant concentrations and of
extrapolating these results to man. A mathematical model for the
uptake of Oy in the Tung is presented. Species anatomical differences
and chemico-physical properties of 03 are incorporated as model
parameters in an analysis based upon the b%nary convective-diffusion
equation for gas transport in the lung. Chemical reactions of 03 with
components of the mucous layer are incluaed. Model solutions are
obtained using a multi-step procedure involving mass balance expres-
sions in finite difference form. Convection is simulated by instan-
taneously moving a small gas volume during each time step. The effects
on axial diffusion of both molecular diffusion énd eddy diffusivity
are considered by reiating, in each airway generation at any given
time, the diffusion coefficient to the mean axial gas velocity.
Radial diffusion is coupled with a scheme for incorporating chemical

reactions to account for the removal of 03 from the airway lumen.



Introduction

During the past twenty years many studies have been conducted on
the toxicity of ozone (03), a major air po11utant in many sectors of
the world. References cited in photochemical oxidant documents by
the Environmental Protection Agenéy (1970), NATO (1974), and the
National Research Council (1976) attest to the wide range of concen-
trations, exposure regimens, animal species, and bio]ogfca1 parameters
which have been examined. Environmental toxicologists are confronted
with the formidable task of interpreting the manifold results and
assessing their relevance and implications concerning pollutant
Tevels to which human beings are exposed. They must also design new
studies to fill gaps in the current data base so that mechanism of
action hypotheses may be formulated and tested.

Currently, the major restriction in assessing the pulmonary
effects of O3 centers around the problem of comparing experimental
results obtained using different animal species and pollutant con-
centrations and of extrapolating these results to man. While the
nasal-pharyngeal removal of 03 has been experimentally determined in
several species (Yokoyama and Frank, 1972; Vaughan et al., 1969;
Moorman et al., 1973; Miller, 1977), the Tower airways are presently
inaccessible to the measurement of pollutant uptake. This paper
-describes a mathematical model for.the uptake of 05 in.the lung
which allows a unified approach to.eva]uating'03 toxicity. Species
anatomical differences are accounted for yia morphometric input
parameters. Chemical reactions of 03 with the mucous lining are

included in an analysis based upon.the binary convective-diffusion



equation for gas transport in the lung. A brief description of the
physical model on which the mathematical model is based follows.

With respect to assessing gaseous pollutant exposure effects, it
is reasonable to hypothesize that the extent of damage or injury
observed at any particular Tevel fn the Tung is a function of the
rate of delivery and of the cumulative pollutant mass per unit sur-
face area transported to the tissue. The amount of pollutant acting
on a given level of the lung is reflected by its airway concentration
at that level. Of course, the pollutant does not immediately strike
the airway wall, but rather, must first come in contact with the
mucous or surfactant 1ayér lining the airway, depending upon which
level of the Tung the pollutant has reached. The gas must then
diffuse through this layer in order to reach the tissue. Chemical
reactions with cbmponents in these layers may occur, thereby increas-
ing the total absorption of the gas, but may also reduce the quantity
of pollutant reaching the tissue. Thus, the biochemical composition
of the mucous and surfactant layers dictate the manner in which the
model should account for chemical reactions.

Numerous studies have been conducted on the qualitatiye and
quantitative properties of mucus. Potter and co-workers (1963)
showed that human pulmonary secretions contain approximately one -gram
each of 1ipid, protein, and carbohydrate per 100 grams of secretion.
Characterization of the 1ipid fraction in human bronchial mucus by
Lewis (1921).showed yariab]e amounts of neutral 1ipids and a more

constant amount of phospholipids. Previously, Baxter et al. (1968)
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analyzed the lung phospholipids in a variety of vertebrates and found
remarkably similar composition. In lung surfactant, Bondurant and
Miller (1962) found predominately phosphatidyl choline (lecithin)
among phospho]ipids of which dipalmitoyl lecithin (DPL) is thé
dominant species (Brown, 1962; ABrams, 1966).

In comparison to the detailed quantitative data available on the
1ipid composition of tracheobronchial secretions, the data on carbo-
hydrate and protein composition is sparse, and when present, more
qualitative in nature. The glycoproteins of mucins have been reviewed
by Marshall (1972), who points out that normal human tracheobronchial
secretions are difficult to obtain because intubation causes inflam-
mation.

The amino acid composition of human nasal mucus has been charac-
terized by Hilding and co-workers (1973). They found, compared to
other types of mucus, a relatively high proline content and a rela-
tively low content of threonine and serine. Earlier, Levine et al.
(1969) quantified the amino acids present in human parotid glyco-
protein, as well as some of the sugars. Proteins in human bronchial
mucus have been identified and characterized using crossed immuno-
electrophoresis (Laine and Hayem,.1976). However, the techniques
they employed did not allow retention of acid mucins. --The carbohy-
drate constituents of sputum from persons with chronic bronchitis were
examined by Atassi et al. (1959). Also, they qualitatively examined

the amino acids present in the mucoprotein fraction.



Current knowledge and,theories,regardingV03.chgmica1umechanisms
of action in biological systems have.been unified by.Menze1.(1976).
The data available on the composition.of mucus and surfactant, in
conjunction with these chemical mechanisms_of,action, can be combined
to estimate the concentration of 0, reactants present in the protec-
tive layers (mucus and surfac;;nt). The rate of production of these
reactants for a given animal species can be estimated from data on
mucous flow rates. Reactions of 03 with the protective layer reaction
components are shown to be irreversible and instantaneous.

To date, McJdilton et al. (1972) are the only investigators who
have proposed a model to predict ozone uptake in the lung. Their work
was presented at the American Industrial Hygiene Conference in San |
Francisco in May, 1972, but has never been published in the open
literature. Therefore, a general description of their approach
follows.

Their model uses mass balance expressions in finite difference
form for convective and diffusion components of fluid flow in conjunc-
tion with the general equation which describes the spacial and
temporal concentration of a gas 1in ah airway. Using their technique, .
Weibel's (1963) airway system was partitioned into 25 finite segments.
Airway dimensions were assumed fixed throughout each time step of a
sinusoidal breathing cycle. Othgr.majqr assumptions involyed asérib-
ing to mucus.ﬁhe chemical and physical properties of water. Chemical
reactions were not considered and diffusional back-flow from the

tissue was assumed to be negligible.



Sincernonreactivity ofVO3 with the mucous layer was assumed,
Mcdilton et al's. model is really more useful for estimating Tower
airway uptake of water soluble and relatively water insoluble gases
that are nonreactive with the mucous layer than it is for estimating
the uptake of 03. Thus, the Mch]ton et al. model probably under-
estimates conducting airway uptake of 03 and overestimates respiratory
airway uptake.

Dubois and Rogers (1968), on the other hand, developed a differ-
ent model for estimating the rate of.uptake of inhaled gases. Using
Weibel's (1963) morphometric data on the human lung, the rate of
absorption for each generation of the conductihg airways was expressed
as a function of the partial pressure of the gas in the lumen, the
diffusion coefficient of the gas in tissue, solubility of the gas in
blood, the rate of blood flow, and the thickness of the air-blood
barrier. The objective in their study was to examine the role of
respiratory factors in determining the tissue concentrations of
inhaled toxic substances. From their analyses, Dubois and Rogers
concluded that, unless the inhaled substance is extensively altered
in the tissue, respiratory‘factors are not important after long
periods of inhalation.

In view of the Timited previous work concerning uptake models for
~gaseous pollutants, it would seem appropriate to include a review of
research which has examined such topics as: gaseous convection and
diffusion in the'airways, approximating the lung with various geometri-

cal models, pulmonary gas transport, and incorporating morphometric and



chemico-physical data in analyzing pulmonary responses. As such,
this review is not intended to be an exhaustive one. Instead, the
objective is an elucidation of the factors affecting the uptake of
~gases in the lung.

Several research workers haQe examined the role of gaseous diffu-
sion in the airways of the human lung in an attempt to resolve con-
flicting theories regarding the slope of the alveolar plateau in the
single-breath nitrogen washout test. In this test a subject takes a
deep breath of pure oxygen and then exhales steadily. The alveolar
plateau refers to the gradual rise in the concentration of nitrogen
associated with the latter portion of expired air. Krough and Lind-
hard (1914) thqught that gas mixing was slow enough to produce a
~gradient of nitrogen within the lungs after inspiration, and hence,
that the alveolar plateau was due to stratified inhomogeneity.

This view was widely held until Rauwerda's (1946) investigations
into the rate of gaseous diffusion showed that diffusion in the lungs
was sufficiently rapid as to rule out a measurable concentration
~gradient within a terminal airways unit one second after establishment
of the gaseous interface. Later, Otis et al. (1956) proposed regionaf
inhomogeneity as an alternative explanation for the shape of the
alveolar plateau.

Cumming et al. (1966) criticized Rauwerda's models since they
were closed at both ends, while the terminal airways of the lung are
open proximally. They examined seven geometrical models in conjunc-

tion with various boundary conditions and solved the appropriate
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diffusion equations. Among.the mode]s-eXamined.were a finite,cy]inder ,
and conical segments of a hollow sphere and of a hollow cone. As a
result of their studies, they postu]atgd.that,the single breath test
measures mainly stratified inhomggeneity, whi]e:the nitrogen clearance
curve measures mainly regional inhomogeneity.

La Force and Lewis (1970) examined this same problem using finite
difference techniques in a dichotomously branched model of the human
lung. They considered only the last 13 of the 23 generations des-
cribed by Weibel (1963). Possible radial diffusion contributions
were ignored so that the problem could be treated as a one-dimensional
one. Their analysis led them to the conclusion that no significant
concentration gradient exists between gas in the terminal bronchioles
and gas distal to this point during normal respiration.

Prior to 1971, the inclusion of flow simu1taneous1y with longi-
tudinal diffusion had not been attempted. Then Cumming et al. (1971)
published work where they solved the classic static diffusion equation
approximating convective flow by instantaneously moving an interface
100 ml1 after every 150 msec period during which diffusion occurred. -
Paiva (1972, 1973) and Scherer et al. (1972) also considered this
problem. In deriving a differential equation for simultaneous diffu-
sion and convection, they treated the alyeoli as reservoirs through
which no diffusion occurrgd. A]]Aof.thesg.researchers gxamined.the
gxistencg,of éoncentratiQn stratifiéation and its possib]e contribu-
tion tq,thevslqping.alveolar.plateau.

Chang and Farhi (1973)’reviewed.the work .of Rauwerda (1946),
Cumming et al. (1966, 1971) and La Force and Lewis (1970). Based on



the physical model and its mathematical representation, . the jwethod of
solution, and the results obtained, comparisons were made among.these
various analyses.. These authors also carefully examined the seyen
assumptibns common to these models: 1) rigid airways with constant
volumes, 2) neglecting the flux aﬁross the alyeolar wall, 3) ignoring
conyection with respect to gas mixing in the alveolar region, 4) sta-
tionary diffusion front, 5) an initially uniform concentration over
the cross section of the diffusion front, 6) only axial diffusion
significant, and 7) a binary diffusion process.

The same authors (Chang et al., 1973) conducted a model study of
~gas diffusion in alveolar sacs in which individual alveoli were repre-
sented and radial diffusion included. Their analyses led them to the
conclusion that stratification of alveolar air during quiet breathing
is a definite possibility.

Simulation of single-breath nitrogen washout was conducted by
Baker et al. (1974) using finite difference solutions of the differ-
ential diffusion equation. Simultaneous diffusion was incorporated
and an exponentially varying equation for inspiratory and for expira-
tory flow was employed. Of major'interest in their work were the .
effects of variations in conducting airway geometry upon the washout
data. The volumgs of generatiqns 18-23 were.]umped tOgether into a
single alveolar cqmpartment,.which was asSumed-to.be.we11<mixgd.,AThe
conducting airways were assumed to.be non-distensible, and conyective
mixing processes were ignored.

_.Thgir modél estimatevof 270um1 for anatomic.dead space is

considerably greater than experimentally determined values .which



range from 140 ml (Shepard et.al., 1957) to 190 .m1 (Bartels et al.,
1954). Agreement with trends in existing data was obtained when
physiological conditions were varied. Also, model simulations, which
varied airway geometries,}predicted no contribution to gas transport
in the first four generations by iongitudinal diffusion. However, in
the Tower 13 airway generations, longitudinal diffusion was signifi-
cant.

A consideration of the influences of convection and diffusion in
the equations governing gas transport was presented by Wilson and Lin
(1970) in a discussion of the design of airway_géometry. Utilizing
two diménsion]ess parameters, pure convection was shown to be the
dominate mechanism of gas transport through the 7th generafion of
branching in the human lung. Between the 8th and 12th generations,
the main transport mechanism is Taylor diffusion (Taylor, 1953).
Thus, radial diffusion and axial convection are coupled to produce an
effective block flow with axial diffusion. Block flow convection with
axial diffusion dominates in generations beyond the 12th. The human
bronchial tree was sﬁawn to be nearly optimal for providing a given
alveolar ventilation with minimum metabolism of the respiratory
muscles.

The work of Davidson and Fitz-Gerald (1974) on the-transport of
0, through the respiratory region of the Tung represents the most
complete mathematical modeling of the relative importance of diffusion
and convection in the alyeolated airways that has thus far.been

attempted. They modeled a typical pathway by a cylinder, closed at
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one end, having a Tength of 5 respiratory units.placed in series, with
partitions defining individual alveoli. Pedley's (1920) one-
dimensional trumpet model was used to connect the conducting airways
to this model pathway. The numerical solution for the nondimensional
velocities in an expanding respiratory unit is given. Davidson and
Fitz-Gerald's analysis showed that with normal respiration, convection
is only about 0.4% as important as diffusion in the alveolar regions.
Even with a flow rate 10-15 times greater than that needed for normal
respiration, convection is merely 12% as important as diffusion.

Most gas transport models assume fully developed laminar flow in
the lungs, although it is well known that turbulence is present in
larger airways during certain periods of the respiratory cycle and
with increased ventilatory rates. Using large scale symmetrical
models of typical junctions of the human bronchial tree, Schroter and
Sudlow (1969) studied a wide variety of flow patterns and rates. For
both inspiration and expiration and irrespective of entry profile
form, they observed secondary flows at all flow rates in their single
bifurcation model. | _ |

When a second bifurcation was added a short distance downstream
of the first, the entering flow profile was found to influence the
resulting flow patterns. Also, different results were obtained
depending upon the plane in which the second bifurcation was located,
relative to the first bifurcation. After examining conditions neces-
sary to assume quasi-steady state flow, they concluded that their
steady state findings can be applied to the unsteady flow situation

in the lungs.
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Yu (1975) examined longitudinal diffusion in gas transport models
which consider the airways as a variab]é-cross-sectiqna],channel along
which the gas moves in and out. Nonhamogeneous ventilation distribu-
tions in the lungs and the interaption of nonuniform velocity and
concentration profiles necessitate adding an apparent longitudinal
diffusion term to the usual molecular diffusion term.

Although explicit knowledge of individual airway velocity and
concentration profiles is required to determine this apparent diffu-
sion coefficient, the author introduced certain assumptions for
concentration and velocity profiles. These assumptions permitted an
analysis of the relative contribution to gas transport in the conduct-
ing airways of Taylor diffusion and of apparent longitudinal diffusion.
Yu's results clearly show that apparent diffusion due to nonhomogen-
eous distribution of ventilation is everywhere much larger than both
molecular diffusion and Taylor diffusion, and hence, dominates the
diffusion process in the upper airways.

The work of Séherer et al. (1975) provides experimenta1'measure-
ments for the effective axial diffusivity for laminar flow of a gas in
the bronchial airways. They analyzed benzene vapor dispersion in a |
five-generation glass tube model of the bronchial tree which maintained
. geometric similarity Qith.Weibel's (1963).1ung morphqmgtric data;
Separate equations for inspiration and expiration are derived.which
‘relate 1inear1y,gfféctiye axjal diffusiyity.and the.mean,axiaT'gas
‘velocity. Increased radial mixing at bifurcations during expiration
is postulated as the reason that diffusivity .during expiration is

about one-third of that for inspiration. Modeling applications of
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their results, obtained using steady flows, requires the assumption of
quasi-steady flow. Such can be considered the case in human airways,
provided the flow rate is greater than 0.1 1/sec (Jaffrin and Kesic,
1974).

Diffusion in the Tungs has élways been assumed to be binary in
the mathematical development of gas transport models, although, in
fact, diffusion in the Tungs normally involves at least oxygen, carbon
dioxide and nitrogen. Ternary diffusion in the Tung has been examined
by Chang and co-workers (1975), who used a simple gas film model to
compare differences  between binary and ternary diffusion.

The behavior of ternary gas mixtures was shown to involve three
diffusion phenomenon: 1) diffusion barrier - when a component gas
diffusion rate is zero even though its concentration grad1ent is not
zero, 2) osmotic diffusion - when a component gas diffusion rate is
not zero even though its concentration gradient is zero, and 3)
reverse diffusion - when a component gas diffuses against the gradient
of its concentration. Their results indicate that for air breathing
under normal conditions, gas transport diffusion problems in the Tungs
may be examined using binary laws. However, their ternary diffusion .
model studies suggest that significant errors may occur, if binary
laws are used to examine diffusion involving gases, such as helium, or
high pressures. |

Various investigators, such as Mead (1961), have proposed lung
models in which conducting airways are considered resistance elements

and alveoli are identified as being mainly compliant in order to
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examine various pulmonary function measurements. This model approach
yields the usual types of resistance - capacitance (R-C) networks and
the corresponding circuit equations which govern them. Flow and
pressuré can be identified with the computed time response of current
and potential, respectively. |

Blesser (1969) expanded this model approach.to include three
types of elements: 1) resistance elements to represent the upper
airways with low extensibility, 2) resistors with intermediate
capacitors to represent the more flexible lower airways, and 3)
capacitors to represent the elastic single port elements, the alveoli.
This model was extended by Trezek (1973) to consider the-separate
pathways after the carina.

It should now be evident that a variety of approaches have been
used in examining transport and uptake of gases in the lung. The real
physical model is extremely complex and requires making various assump-
tions to translate the phenomenon governing gas transport into a
mathematical model. The development of better models hopefully will
1éad to a greater understanding and insight about the biological
mechanisms and anatomical functional relationships present in the 1un§
and indicate areas in which additional experimental research is needed.

General Gas Transport Equation

The mammalian Tung represents an interface between an animal's
internal homeostatic processes and the environment in which it Tives.
As such, the main functions of the Tungs are to provide sufficient

oxygen to the circulatory system and to eliminate carbon dioxide.
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Inspired gas enters the lung through the trachea and is tranqurtgd
through a varying number of generations of branching.tubular airways,
depending upon.thg species of animal, before reaching the alyeolar
region of the lung, where gas exchange occurs. Convection and diffu-
sion processes combine to faci1it§téwgas transport.

The composition of inspired air normally involves nitrogen,
oxygen, carbon dioxide, and other trace gases, but environmental pollu-
tion can result in ozone, as well as other gases, being present.
Previous gas transport models have simplified this multicomponent
system and have dealt with binary diffusion only. The validity of
this assumption was studied by Chang et al. (1975), who concluded
that binary laws may be used for normal respiration, unless gases such
as helium are used or high pressures are studied. Thus we shall
examine the transport of O3 in the lung utilizing the binafy |

convective - diffusion equation

1 L iv - (e = D_qVZC + S*

at ol
where the concentration of 03 is C, time is t, the bulk f]ow'velocity
vector is U, the vector operator fde]f (Hildebrand, 1962) is v, the
molecular diffusion coefficient of 03 in air is Dmo]’ and the source
term in the mass balance equation is S*. Basically, eq. (1) states
that conygctfqn»and diffusion of 0, into a given vq]uméﬂfrom.neafby
volumes, in cqnjunctiqh>with.the ratg_of prqduétiqn or Toss of_O3 due
to.chemical reactions, are responsible for.the rate of change of C.
For modeling purposes, the volumes undef consideratioh will.refer to

the sequence of individual airway generations or to partitions of . them.
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The components of the velocity vector are not known eyerywhere in the
lung, and as noted by Chang and Fahri (1973), even if they were known,
implementation of eq. (1) for mammalian systems is not practical.
Further assumptions or modifications are necessary to render the
problem more tractable. ‘

The flow rate in most of the conducting airways is low because
the total air flow is divided among thousands of tubes. However,
eddy formation may occur at bifurcations (Schroter and Sudlow, 1969),
with the resultant pressure required for flow being approximately the
same as for turbulent flow. Eddy dispersion occurs when air is mixed
by turbulence. Under these conditions, the flux is generated by
individual fluid elements transporting the gas.

Convection (bulk fluid motion), represented in eq. (1) by the
term involving UC, can be decomposed into the physically separable
processes of advection and eddy dispersion (Butcher and Charlson,
1972). This involves treating the velocity vector as the sum of an
average velocity and a random variable (the deviation from the average
velocity) and treating concent;ation in a similar manner:

u=10+U"
C

C+cC!

After simplification, the average flux density becomes:

(2) uw=0C+0UC"

where the terms on the right hand side of eq. (2) represent advection
and eddy dispersion, respectively. In many atmospheric diffusion

problems, dispersion has been effectively represented as:
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Q) e = 7Dedv¢-
where Deg represents.the diffusion coefficient associated with this
phenomehon (Pasquill, 1974). This form will also be used here.
Consider T, U, and S* to represent animal species averaged popu-
lation concentration, velocity., ahd source term values, respectively,
in a given airway at a specified location and time. Then eqs. (2) and

(3) may be used to express eq. (1) as
3C e _ J—
TtV (UT -Dedvt) = D 172 C + 5%,
Collecting terms and assuming that Ded is constant within a given

airway yields

+ S*,

<
o
B
=)
)
a
g
<
N
o

Equation (4) is a general equation in vector form and is valid in any
coordinate system.

Calculation of Ded sti1l requires more information on the velocity
and concentration profiles in individual airways than is available.
By including only molecular diffusion, previous Tung models have
greatly underestimated diffusional effects on gas transport in the
conducting airways (Yu, 1975). Based upon the work of Scherer et al. .
1(1975), the net effects of Dy, and D, can be estimatéd. The manner
in which.this was done will be discussed in greater.detail later.

Model Assumptions Inyolying Conyection and Diffusion

Assuming that the effects of turbulence and secondary . flows may
be accounted for by appropriately increasing the diffusion coefficient,

the radial and circumferentia1.ayerage.vé1bcity components are
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considered to be negligible. If the analogy is made that gas trans-
port in the Tung is 1ike that in.tubes, transforming to cyclindrical

coordinates and incorporating these assumptions allows eq. -(4) to be

written as:
=~ »30.C = .o NPT
3C X~ _ 15C 920 , 1 »%C -
() 3t T Tax (Dmo1 tD d) (arz ror Tax T aez) + S

where r, o and x represent the radial, azimuthal, and axial coordinates
respectively, and U; represents the average axial gas velocity.

The axial velocity profiles of Schroter and Sudlow (1969) show
that even within four diameters of a bifurcation, the change of axial
velocity with distance is small (Pedley et al., 1970). The length to
diameter ratio is usually less than four in the conducting airways of
humans, rats, rabbits, and guinea pigs (Weibel, 1963; Kliment, 1973).
Thus, U; will be assumed constant within an individual airway. If, in
addition, the usual assumption of symmetry about the x-axis is invoked,

then T does not depend on © and eq. (5) reduces to

E —E_ 32C . 13T, 82C
(6) 3t * Uax T (D1 * Deg) (5_7'+ r ar taxd)
Equation (6) will be used to study the transport and uptake of 05 in

the lung, as a function of convection, axial and radial diffusion, and’
chemical reactions.

Structure of the Mathematical Model L

A model which predicts the absor‘pﬁon,of_o3 in each,gengration of
.the tracheobronchia1 tree is desired.,,The_mode1 formulatiqn.requires
extensive use of lung morphometric data, such as is.available for
‘humans (Weibel, 1963) and for rabbits, guinea pigs, and rats . (Kliment,

1973). Airway generations are partitioned to form model.segments and
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a multi-step procedure involying mass balance expressions in finite
difference form is used to obtain solutions of eq. (6).

Convection is simulated by instantaneously moving a small gas
volume during each time interyal. Within each model segment a new
airway concentratioh is obtained for this same time interval. Next,
concentration profile changes due to axial diffusion are determined.
Radial decay follows, during which radial diffusion enables mass
transport of 03 to the fluid layer lining the airway, where its
removal can be increased due to chemical reactions. The airway
concentration is again determined and the entire sequence is repeated
for the next time increment.r Respiration was assumed to be sinusoidal.

Mass Changing by Convection

Convection changes only the position of a gaseous fplugf volume.
The character of the distribution does not change, except to conform
to the physical boundaries of the system. In the n th model segment
during a time interval, At, complete transfer out of the n th model
segment into upstream model segments occurs whenever U;(n)At'= L(n),
where L(n) denotes the length of the n th mode1'segment. Partial
removal of the plug from the n th model segment occurs whenever
Uk(")At < L(n). To preserve mass continuity, a necessarylmodel
restriction is that ﬁ;(n)At neyer be greater than L(n)l" In othgf
words, during any time step the total mass removed cannot exceed that
which was originally present. |

Conygctiqn was simuTatediby instantangqusly mQying a small gas

- volume during each time step. Since a constant volume increment, Vies
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was added during inspiration (removed.during expiration) from.the
beginning of the airway system during each time step, the sinusoidal
flow pattern required using a different time increment for each step
in the breathing cycle. The ratio of the tidal volume, V,, to V|
determines the total number of tfme steps, Ny, needed to simulate
inspiration or expiration.

The gas volume flow rate, Q(t), is defined as:
(7)  Qt) = T g sin (B t) for O<t<T |
where T is the length of the respiratory cycle. The time at which a
volume of gas equal to NVk has been added to the airways, tN’ may be
found by integrating eq. (7) from zero to tN and solving the resulting
equation to give:

(8)  ty=gcos” (1~ %) for N = 1,2,....N,

Thus, the time incremeht needed for the convection phasé during the
N th time step is ty - ty 4.

Using the above scheme, a set of convection equations for
inspiration and another set for expiration were formulated to move
the pollutant plug through the airways. The model segments volumes
exceeded Vk in the respiratory airways and towards the end of the
conducting airways. Thus, some degree of mixing in each model segment
in these regions was assumed to occur during the convection phase.
However, it does appear that mixing occurs in these regions

(A]tshu]er,etAa1., 1959). The bulk of increased lung volume due to

inspired gas is associated with respiratory units. In this study the
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additional gas volume due to_vk was divided equally amqng.the.rgspira-
tory region model segments at each time step.

Mass Changing by Axial Diffusion

Axial diffusion refers to diffusion in.the Tongitudinal (axial)
direction of the airwéy ducts. In thfs study, the model representation
for axial diffusion will consider the airways as an expandinércross-
sectional channel. This approach has been used by a number of other
investigators (Davidson and Fitz-Gerald, 1974; Paiva, 1973; Pedley,
1970; Scherer et al., 1972; Yu, 1975). In this approach, all pathways
from the trachea to the alveoli are combined into one effective pathway
whose cross-sectional area, A(x), is equal to the summed cross-
sectional area of all bronchial tubes at a distance x, with respect
to the trachea. Model parameters needed to characterize this process
are depicted in Fig. 1.

With respect to model segments n and n-1, the concentration
gradient is established over the length between their midpoints,
Lm(n—l, n). The cross-sectional area defining the channel thrqugh
which diffusion can occur is defined by the boundary area between the '
_model segments, Ab(n-l, n. The yolume of the n th model segment,
Vg(n), is the product of its 1gngth, L(n), and midpoint cross-sectional
area, Am(n).' '

_ Thg finite diffgrgnce gxprgssiqn‘qf.mass ba]ance during axial
diffusion 1s§btaihed by cqnsidering thg fo11qwing.. Thg.mass presgnt _
in the n th model segment at time t + At is equivalent to the mass
present in the n th model segment at time t minus the mass exchanged

with model segments n-1 and n+1.. This can be expressed as:
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(9) CXn,t+At)Vg(n) = EKn,t)v (n) - (Dm01 + Ded)Ab(n-1,n)

g
[C(n,t)-C(n-1,t)1at - (D__ + D_,)A (n,n+1)[C(n,t)-C(n+1,t)]1at
L (n-1,n) mol = “ed™b L {m.n#T)

where the airways have been assumed to be rigid. Although during the
breathing cycle there is a diffusional distance change in the 1ﬁng of
épproximate]y 5%, the net effects on gas transport of the above
assumption are not expected to be great (Chang and Fahri, 1973).
Solving for C(n,t+at) in eq. (9) gives:

(10) C(n,t+at) = E(n,t)-(Dm0]+Ded) Ab(n-1,n) [C(n,t) - C(n-1,t)]
vg(n) Ly(n-Tsn)

+ Ab(n,n+1) [C(n,t) - C(n+l ,t)]} At
Lmln,n+1$ '

Usually Am(n) equals Ab(n, n+1) so that eq. (10) could be further
simplified. However, alterations associated with various diseases can
be studied easier using eq. (10).

The use of eq. (10) requires estimating the joint effects of
molecular and eddy diffusivity. Using a five-generation glass tube
model, Scherer and co-workers (1975) have empirically determiﬁed vé]ues

for. effective axial diffusivity, D , for laminar flow of a gas in the

X
conducting airways. Their method of determim‘ng_DX in effect replaces
five generations by a single one which has an average axial velocity
and cross-sectional area equal to those of the initial generation.
Importantly though, the effects of bifurcations, turbulence, and
secondary f]owé are retained. Separate equations for inspiration and

expiration were obtained which relate Dx to the average axial gas

velocity. Their results were:
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(1) Dy =Dy (0 ¥ YNpe) .
where vy equa]sA1.Q8 for inspiration and,0.37 for expiration, and Npe
refers to the Peclet number of that region of the airways where D,
app]ies.v

Since the model segments useﬂ in the current study are partitions
of individual airway generations rather than a characterization over
five-generations, modification of DX is necessary. The method used
was to consider the j th generation as the focal point of these five-
_ generation simplifications by computing an average diffusion coeffic-

ient in the j th airway generation at each time step as:

42 e g e
J'z* 2R(1)T, (1),

mol L.
? j+2 N
=D * _%“123-2 R(1)UX(1)

where R(i) and U%(i) represent the radius and average axial gas

velocity in the i th generation, respectively. Although replacing

(Dmo1
correct, the desired result of increasing the diffusion coefficient

+ Ded) in eq. (10) by D defined in eq. (12) is not precisely

is achieved. As such it represents a substantial improvement over
using only the molecular diffusion coefficient to characterize the
effects of diffusion in the airways. o

Subsequgnt sectiQns characterizgnthe radial diffusion process and
‘then present the mode] deyvelopment associated with 1) the chemical
‘reactions of 04 with the mucous layer Tining the conducting airways,
and 2) the nonreactive surfactant layer 11ning.the transitory and

respiratory airways. A three-compartment structure is employed which
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involves the following: 1) the gas-phase lumen concentration profile,
2) the fluid layer lining the airways, and 3) the tissue surrounding
the airwéys. In contrast to the expanding cross-sectional area
geometry used for axial diffusion, the appropriate geometry to use in
examining radial diffusion is that of the Tumen, which has a decreas-
ing radius proceeding distally from the trachea.

Radial Diffusion in the Lumen

The time rate of change of C, convective, and axial diffusion
components in eq. (6) are equivalent to providing a source, S, to any

- given model segment. Radial diffusion then is represented as

19 raC=3§

where r is with reference to the radial direction for mass transport.
During the respiratory cycle S may vary, but it is assumed constant
during a given time increment At. Using the center of the lumen as
the radial coordinate origin, eq. (13) may be integrated from zero to
r to represent thé radial rate of change in average 03 concentration
as:

(14) - 55

The solution bf eq. (14) gives a parabolic radial concentration profiie
in each model segment for C as a function of r

(15)  T(r) =T(0) - =3 for 0 <r. <R(n)

where R(n) denotes the radius of the lumen of the n th model segment
and defines the position of the gas-liquid interface.

Radial diffusion accounts for the mass transport of O5 to the

fluid layer 1ining the airways and is reflected by the current, J(r),
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where J(r) denotes the quantity of mass transported per unit area per
unit time. Also, J(r) is a function of the loss of 03 from the lumen
due to either chemical reactions or to physical absorption. Several
expressibns are now given which relate the interfacial current to the
“Tumen concentrations of 03. They.are valid for any model segment, and
hence, reference to a particular model segment is temporarily suspended.
These relationships are Tlater combined with various reaction modes to
obtain solutions to differential equations for the concentration of
03 in the Tumen and in the protective layer lining the airways.

The expression for current is defined by
(16)  a(r) = -0 &
The current at the gas-liquid interface, J(R) can be obtained from
eq. (16) after evaluating eq. (14) at r=R as
7)  am) =

In addition, J(R) can also be represented in terms of T(0) and T(R) by
evaluating eq. (15) at r=R, then introducing J(R) defined by eq. (17),
and so]Ving the resultant expression to yield |

(18) J(R) = kg(EXO) - C(R)) where

- 2D
(19) kg -

Finally, J(R) is also defined as a function of C(0) and E%, where

C; denotes the resuylt of spatially averaging over the values of C(r).

Upon assuming circular cross-sections, E; is determined as

_ R =y | F2
(20) T, = Ly / [€(0) - 7521 2nrdr
| o _

n

_— " 'R2
o) - 2
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Then using eq. (17) and (19), in conjunction with eq. (20), gives
(21) J(R) = 2kg (C(0) - E;) .
Equations (17), (20), and (21) will be used in formulating model
solutions, after establishing the manner in which reactions of 04 with
the protective layer will be treafed.

Biochemical Composition of Mucus and Surfactant

The model framework for incorporating chemical reactions of 03
into the radial decay process must be based upon the biochemical
composifion of the fluid layer lining the airways. Also, the nature
of reactions between these components and 03 must be included. Any
~gaps in this joint data set affect the extent to which the current
model can treat chemical reactions.

On the average, human pulmonary secretions contain the following
non-water constituents per 100 g of secretion: 1.13g ash, 0.03g DNA,
0.95g carbohydrate, 1.00g protein, and 0.84g 1ipid (Potter et al.,
1963). Lewis (1971) has extensively characterized the 1ipid fraction
in human bronchial asthmatic mucus. He obtained the percent composi-
tion of neutral 1ipids and phospholipids, as well as\fhe fatty acid
composition of the major lipid components. Also, Lewis concluded that.
the 1ipid composition of asthmatic mucus appears to be typical of
bronchial mucus, since the same qualitative 1ipid composition was
observed in bronchitic mucus.

As stated previously, the data on carbohydrate and protein compo-
sition of tracheobronchial secretions is sparse and usually qualita-
tive in nature. The amino acids found in human parotid glycoproteins

have,been characterized by Levine et al. (1969). Other mucin sources



for which similar glycoprotein data exists represent still greater
differences in location, with respect to pulmonary secretions. In
view of this, the data of Levine and co-workers was used to approxi-
mate the'amino acid composition of glycoproteins in bronchial mucus.
Also, carbohydrate compositional aata of bronchial mucus is not
sufficiently detailed to permit model analysis.

Although respiratory surface area differs greatly among various
vertebrate species, Clements et al. (1969) showed that the amount of
surfactant correlates well with the amount of dipalmitoyl lecithin
(DPL) in Tung parenchyma and with alveolar surface area. Subsequent
studies on fractional rabbit alveolar lavage fluid have found DPL to
constitute 90-95% of the recoverable 1ipid (Balis et al., 1970;
Hurst et al., 1973). Thus, the alveoli are normally lined with
saturated lecithin and are mostly free of other 1ipids, protein, and
carbohydrate.

Oxidation of Biologically Active Compounds by Ozone

The chemical mechanisms of action of 03 in biological ;ystems
have been extensively reviewed by Menzel (1976). Olefins are
especia]]ylsusceptible to oxidation by 03. In view of available data,.
Menzel postulates that the reaction of Og with olefins involves a
combination of two reactions:

1) an initial reaction of 03 with the olefin to form the

zwitterion (Criegee, 1962), and possibly ozonide, and then

2) a reaction inyolying the peroxidation of the remaining

unreacted olefins. A four-step reaction scheme for the

autoxidation of polyunsaturated fatty acids can be
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formulated which involves an initiator free radical, an
alkyl free radical, a peroxyl free radical, a fatty acid
hydroperoxide, and a phenolic antioxidant.

Thib]s are also easily oxidized by 03. Mudd and co-workers
(1969) examined the reaction of 03 with amino acids in aqueous solu-
tions. The amino acids studied displayed the fo]]owing order of
susceptibility to oxidation by 03: cysteine, methionine, trypotophan,
tryosine, histidine, cystine, and phenylalanine. Oxidation was found
to be pH dependent for tyrosine and histidine. 03 did not affect the
other amino acids found in proteins. Menzel (1971) has shown that
~glutathione and the thiol groups of proteins are oxidized to the
corresponding disulfide and other products.

The initiation of the reactions of O3 with olefins involves a
direct attack of 03 upon the double borids of the fatty acid. This
reaction can be treated as irreversible (Menzel, 1976). Under
ordinary conditions, the reaction of the zwitterion and aldehyde does
not regenerate 03 and can be considered irreversible (Murray and Suzi,
1973). In addition, since the reactions of 03 with olefins and amines
proceed at a diffusion-controlled rate (Menzel, 1976; Criegee, 1962), .
they are characterized by an instantaneous-reaction regime.

The case of absorption accompanied by an instantaneous reaction is
an example of a chemical absorption process for which the concentra-
tion distribution of the liquid-phase reactant influences the overall
absorption rate. Only the 1nstanténeous—reaction.regime allows é

finite absorption rate when the interface value of the absorbing gas



falls to zero (Astarita, 1967). Such 1s.the'case if the resistance
to mass transfer in the gas-phase cannot be neglected.

Since surfactant consists almost entirely of saturated lecithin,
the above formulation dictates that the mathematical model assumes no
chemical reaction of 03 with the surfactant layer. However, various
instantaneous-reaction regimes, which are a function of the gas-phase
partial pressure of 03, must be considered for the reactions of 03
with the mucous 1ining during various stages of the breathing cycle.
Model solutions can now be obtained to complete the characterization
of the radial decay process.

Model Structure for Radial Decay in Transitory and Respiratory Airways

Since surfactant lines the transitory and réspiratory airways, no
chemical reactions occur between 03 and the protective layer lining
these airways. Expressions for the mass flow rate of 03 from the gas
volume into the surfactant layer and from the surfactant layer into
the surrounding tissue are first derived. Then solutions to differen-
tial equations for the concentration of O3 in the lumen and in the
surfactant 1ayer are obtained.

Let X{r) denote the 1iquid-phase concentration of 03, as a
function of r. The model structure for radial decay in the transitory
and respiratqry,airways is illustrated in Fig. 2. For simplicity, a
linear liquid-phase concentration profile was assumed, which is equiva-
lent to assuming a steady-state profile during any given time step.
with respect to the radial direction, the end of the surfactant layer
is denoted by ES, and the surfactant concentration of 03 at the gas-

surfactant interface is given by X(R). Since most experimental
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concentrations of Oj are very low in biological studies, Henry's law
can be used to relate the gas-phase and liquid-phase interfacial
concentrations. That is,

(22) C(R) = HX(R) |
where H represents the Henry's law constant for_03. Since.the solu-
bility of 03 in mucus or in surfactant is not known, the Henry's law
constant for O3 in water will be used.

From Fig. 2 it is obvious that the average 1iquid-phase O3 concen-

tration in the radial direction, X;, is
(23 X, = MRS XES)

a
and that the interfacial current, J(R), expressed as a function of X(R)
and X(ES), is

(24)  I(R) = ky [X(R) - X(ES)]

where k] represents the liquid-phase mass transfer coefficient.
Equations (23) and (24) can be used to obtain

(25) X(R) = Xa + Jé?} ,
and

(26)  X(ES) = X, - %ki]&l

At thé beginning of the radial decay step, the average gas-phase
concentration o'f_O3 in the radial directiqn is assumed equal Po_tﬂ
- Thus, an expression relating the interfacial current to C;.and Xé can
,be'usgd to represent a model segment, with respect to the mass flow
rate_of‘03 in;q.;hg,surfactan; 1aygr. gquationA(18), in conjunction
with eq,.(22)-giyes
(27)  J(R) = kgIC_(O) - HX(R)]
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Using eq. (25) to substitute for X(R) in eq. (27) and co]]ecting.terms
yields
(28) J(R)Ik + Hng k k]IC(O) HX(ES)J

First solving for C(O) in eq. (21), next substituting in eq. (28) for
C(0) and for X(ES), as defined by eq. (26), and then simp1ifying gives
(29)  J(R) = KGI - HX_1,

where

(30) K. = 2Kgky

k] + Hkg

As given in eq. (30), Kg is a function of the gas-phase and liquid-

G

phase mass transfer coefficients, kg (eq. (19)) and k], respectively,
where k1 = DL/rm. Here DL is the iiquid-phase diffusivity of O3 and
rp is the midpoint of the surfactant layer and defines the length over
which the concentration gradient is established between the tissue and
surfactant layer. Since DL for 03 in surfactant is not known, the
diffusion coefficient of 05 in water will be used for D, -

Explicit forms for the mass flow rates relating to the three-
compartment model structure can now be obtained. The mass flow rate
of703 from the Tumen of the n th model segment into the protective

layer is

oM _ _ _
G 5 = ks [T, (0, )-HT, (n,8)3
where As(h) represents the surface area of the n th model segment.
Since Targe amounts of 1ipids are contained in lung tissue, it is
‘reasonable to assume.that 0, is instantaneously converted by chemical

,reaction.when it reaches the tissue.. Thus: the mass.flow rate of O3
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from the surfactant layer of the n th model segment into the surround-
ing tissue is given by
(32) M

ot
In view of the three-compartment structure assumed (airway lumen,

= k]As(n)Ya(n ,t)

protective layer, and tissue), mass is lost from the lumen, while in
. the protective layer, mass is lost to the tissue and gained from the
Tumen. Thus, eqs. (31) and (32) can be used to formulate a general

set of two simultaneous Tinear differential equations for the concen-

tration of 03 in the lumen and in the surfactant layer. They are

oC, (n,t) _ _ oM
(33) aat at1 / Vg(n)

(34) axX._(n,t) aM; aM,
S T e/ ) - /()

where Vg(n) and V](n) represent the gas-phase and liquid-phase volumes,
respectively, of the n th model segment. Since a linear liquid-phase
concentration profile was assumed and since the tissue corresponds to
an infinite Sink, eq. (34) is not needed in this instance. However,
the general solutions of egs. (33) and (34) aré”given in Appendix A
and are necessary if other concentration profiles are examined.

Model Structure for Radial Decay in Conducting Airways

The conducting airways are lined with mucus. Previous sections -
have shown that the model structure for these airways ﬁﬁould be based
upon an inétantaneous-reaction regime. Inhereﬁt in the instantaneous-
reaction scheme is the concept that the absorbing component and the
1iquid-phase reactant cannot coexist in the same region of the Tiquid.

This leads to considering the 1iquid as essentially being comprised of
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two layers (Astarita, 1967). Diffusion of the absorbing component
occurs in the first layer, while diffusion of the Tiquid-phase
reactant takes place in the second layer.. The boundary between these
two layers defines the freaction p]ane.f At the reaction p1aneAthe
concentrations of both the absorﬁing component and the 1iquid-phase
reactant are zero. In this study, O3 is the absorbing component,
while the data on the biochemical composition of mucus can be used to
assess collectively the available liquid-phase reactants.

| Three cases, which are a function of the Tumen 03 concentration,
are needed to characterize radial decay in the conducting airways.
These various cases, illustrated in Fig. 3, result in establishing
the reaction plane, ), anywhere from the gas-mucus interface to a
position equivalent to 03 penetrating to the tissue. At the reaction
plane, the diffusional fluxes of 03 and the liquid-phase reactants
must satisfy the stoichiometry of the reaction. This requirement can
be expressed as
35) ooy Al -, 2{r)
where D] is the diffusion coefficient of O3 in mucus, D2 is the diffu-.
sion coefficient of the mucous reaction components, X(r) is now the
concentration of'O3 in the,mucus, Q(r) is thg cqncentratiqn,qf the
mucous reactfqn compqhgnts, and q is thg.number,qf4qu¢§ of mucous
reactants consumed per mole QfA03,(Astarita, TQﬁZ). Dy for 05 in
mucus is nq;wg11.d¢fingd, but is prqbab]y.]ess.than.that for.03~in
water. However, ciliary actiyity effectively increases the diffusion .

coefficient, and SO'D] will be assumed to be that of_O3 in water.
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Let K. denote an effective rate of production per.unit area at

the airway wall of the components of mucus with which 05 will . react.

Using eq. (35) and the appropriate boundary conditions, it can be
shown (Appendix B) that the location of the reaction plane in the
mucous layer is

(36) a=R+21XR),

K
while the mucous radial concentration profiles ofAO3 and of the

reactants are, Y‘GSPEC'HVE]‘Y,
- K
(37) X(Y‘) = ‘q‘wl (R-Y‘) + X(R) . for r<

(38) B(r) = §E (r-2) for rs\

The different instantaneous-reaction regimes evolve when determining

whether A is Tocated at the gas-mucus interface or somewhere beyond
the interface.

The concentration of mucous components that will react with 03
may far exceed the interface concentration of 03, so that the rate-
controlling step is the diffusion of these components towards the
interface. This corresponds to when resistance to 03 mass transfer
_ the Tumen (gas-phase) can not be neglected. The current, J(r), can
bg,dgfingd in terms of the Tiquid-phase 03 concentration as

(39)  9(r) =D, %%‘).

in

After eyaluating the first derivative of eq. (37) at r=R, substitution

in gq..(39) yields
(1) IR =



o *
After solying for C(O) in eq. (21) and:substituting.this,resu1;,in
eq. (18), the 1nt§rfacia1 current is also given by
(41)  3(R) = 2k,IT, - T(R)] "
The greatest gas-phase mass transfer of 05 occurs if the interface
concentration ofVO3 becomes zero (Astafita, 1967). Thus, from eqs.
(40) and (41), it is apparent that 2k C; > K/q 1s necessary for the
reaction plane to be located within fhe mucous layer. In terms of E;
this is
(42) t& > ?Eé"
case a: surface-controlled regime, A=R

If ﬁ; is such that eq. (42) does not hold, the reaction is surface

controlled and radial decay can be depicted by case a in Fig. 3. Then

CT(R)=0 and the absorption rate expressed by eq. (41) reduces to
(43) J(R) = 2kgﬁg

The rate of change of 0 concentration in the lumen of the n th model

segment is thus
ot T oot

/-Vg(n) = -Zkgwﬁg
where
(45) o = Asln)
A s C
A The,so]utiqn_qf eq. (44),and gxpressiqns fqr,thg_mass 1qst tq.the
Jwucus and tissue érg given in Tab]e,]. |
case b: inner-regime, r s,X < EM
If the Tumen concentration is sufficiently large such that eq.

(42) holds, thg gas-phase is able to transfer enough mass to meet the



35
requirements of chemical absorption, and so the reaction plane is no
longer located at the gas-mucus interface. Case b, as illustrated in
Fig. 3, represents when A is located within the mucus layer, but not
at the end of this layer (EM).

Henry's law has been assumed to relate the gas-phase and liquid-
phase interfacial concentrations of 03. Equation (41) defines the
relationship between C; and the gas-phase interfacial 03 concentration.
As long as the liquid-phase interfacial concentration of O3 is such
that R <A < EM, the current is given by eq. (40), and there can be no

03 transferred to the tissue. Hence, it follows that
ot ot g q
Table 1 gives the solution of eq. (46), as well as the mass lost to

the mucus for this reaction regime.
case ¢: inner-regime, A=EM

‘When the concentration of 03 in the lumen is such that it imp]ieé.
that A is beyond the end of the mucous layer, penetration of O3 to the
tissue results. This sftuation is depicted in Fig. 3 by caée c. The
dashed 1ine indicates where the reaction plane would be using eq. (36),
if the mucous layer were deep enough. However, the solid line is
imposed by the restriction that 03 is instantaneously converted by
tion must bevzero at the tissue surface and solA=EM).

It is clear from Fig. 3 that in this case eq. (39) leads to

(47)  IR) = -0, A&



36
Using eq..(22) to first substitute for X(R), and. then using eq. (41)
to eliminate CKR) a]]oWs eq. (47) to be written as

(.48) J(R) _'(‘—y (C zqu)

For this regime, the rate of change of_O3 concentration in the Tumen

of the n th model segment is then

3C_(n,t) aM g
(49) — = 1 / Vg(n) = -aly(nst) + 8
where
~ (50) = e and = Ko
® = [EM-RY 8 Zaky

The solution of eq. (49) and expressions for the mass lost to the

mucus and tissue may be found in Table 1.

Summary of Model

’The mode] developed in the previous sections characterizes the
transport and uptake of 03 Within model segments that are partitions
of individual airway generations. The effects on gas transport of
convection, axial diffusion, and radial diffusion are included in the
model, as well as the chemical reactions of 03 with various components
in the fluid layer lining the ajrways. A multi-step procedure involv-.
ing mass balance expressions in finite difference form was presented
which can be used to exam1ne the transport and remova] of 0 Respira-
t1on was assumed to be sinusoidal.

Conyection was simulated by 1nstantaneousiy<mqying a small gas
volume .during each time step. With this scheme, the sinusoidal Flow
pattern required determining a different time increment for each step.

Eddy diffusivity and molecular diffusion were included in describing



37
the effects of axial diffusion in the airways.. This was done_by
relating, in each airway generation at any given time, the diffusion
coefficient to the mean axial gas velocity. Radial diffusion was
coupled with a scheme for incorporating chemical reactions to account
for the removal of 03 from the 1uﬁen,of an airway.

After examining the bjochemical composition of mucus and surfac-
tant, specific components of the mucous layer were identified which
undergo an irreversible instantaneous reaction with 03. Within a
~given airway, the Tumen 03 concentration was found to determine the
location of the reaction plane between 03 in the mucous layer and the
reaction components of the mucus. This led to characterizing the
removal of 03 from the airway by considering three reaction regimes.
These regimes were: 1) surface-controlled, 2) inner-regime with
reaction plane located within the mucus, and 3) inner-regime with
penetration of 03 to the tissue. The appropriate model formulation
for airways lined with surfactant considered no chemical reactions
between 03 and surfactant.

A computer program has been written which utilizes all features
of the mathematical model to study the transport and removal of 03’1n '
the Tungs of human beings, rabbits, and guinea pigs. Specific details
cqncerningﬁumber,of model segments and time steps, conyection volume
increments, etc. wii] be presented in other papers forthcoming, which
will 111ustratgvthe app]icabi]ity,qf,the‘mode] and its usefu]ness in

s_tudyi,n_gO3 toxicity.
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(for iHustration, one model segment per generation).
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Figure 2. Radial decay in transitory and respiratory airways.
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Appgndix A
Model Solutions for Airways Lined with.Surfactant
we present here the details of the general solutions of egs. (33) and
(34). Using eqs. (31) and (32), a matrix-form representation of egs.

(33) and (34) is

G, (not)]  [-kgAg(n)  HKGAG(n) ] e,
T ot .Vg(n) yg(n)
(A1) -
. axg(n,t) KGAS(n) _(KGAS(n) + k]AS(n)) Y;(n,t)
I at ] _ Vl(n) V] V-I ]
To simplify notation we define the following variables
K A(n)
KA gy e N85 and Fe-(EH + 450
(A-2) A=_W V-l (n) 1
Using eq. (A-2), we have eq. (A-1) as
af;(n,t) - - - .
—F—— A B C,(n,t)
(A-3) =
3X_(n,t)
a —
—'—a:E——- -E F J -Xa(n ,t)

Define the 2 x 1 vector comprised of Eg(n,t) and X;(n,t) as P(t) and
the right-hand side 2 x 2 matrix of constants in eq. (A-3) as W. With

this notation eq. (A-3) can be represented as

(a-4) 2L - yp(e

The solution of the differential equation represented by eq. (A-4) is

well known and is given by

(-t )

(A-5) P(t) =e .



where P(to) = PO defines the initial conditions. We let At = t-to and
evaluate etV by using eA=d0+d1A, where.A is an eigenvalue of the matrix

AtW. Thus, we have

A |
(A'G) - e = OLO + a’-l}"l

Ao
S I L

This solution for'do and d1 in the set of equations defined in eq.

(A-6) can be shown to be

A Aq

oy =€ @ - —_—
(A-7) Ao A
. = 8 2]

Next we determine eV = agl +'a1w as

(A_g) ew= [OLO 0] . {d] A (X-I BJ - [(10"'0.] A 0«] B]
E F E antaqF
0 o el * 0™

%0
From eq. (A-8) it can thus be seen that eBtW 4
. ALH (oc0+oc-l /-\)eAt oy Belt
(A-9) e = At At
aqEe (u0+a]F)e

Since the initial conditions can be expressed as

P C.(n,t
(A-10) P(t)) = | '] = a(m-%o)

P, Xa(n,to) ,
the product of equations (A-9) and (A-10) yields the general solution
as
(A-11)  P(t) =



Appendix B
Characterization of the Instantaneous Reaction Inner-regime
We present here the details needed to obtain eqs. (36)-(38),
which characterize the instantaneous reaction inner-regime. At the
reaction plane, X, the diffusional fluxes of the two reactants must

satisfy

21) -qp. 2X(r) _ p 3B(r)
(B-1) qD] ar D2 ar

Since the liquid-phase reactant is being produced at the rate K, it

follows that when r=EM
(B-2) D2 ar K

The Tinear profiles of X(r) and B(r) can be expressed as

(B-3) B(r)

A]r + A2

and

(B-4) X(r) = A3r + A4

where Ai’ i=1,2,3,4 need to be determined for the appropriate boundary
conditions. Evaluating (B-4) at the gas-mucus interface and solving
for A, yields '

(B-5) A4 = X(R) - A3R, ‘

Differentiating eq. (B-4) gives

_g) X(r) .
(B-6) T A3 “ N _
and so eq. (B-1) may be rewritten using eq. (B-6) and eq. (B-2) to give
.k |
(B-7) A3 9

Equation (B-7) can be used to substitute for A3 in eq. (B-5) so that

= KR
(B-8) A, = X(R) + ﬁﬁ{



Then eqgs. (B-7) and (B-8) can be used to substitute for A3 and A4,

respectively, in eq. (B-4) to give

(B-9)  X(r) = =~ (R-r) + X(R)
. qD.I
which verifies eq. (37).
Now since 3B(r)/ar equals A1, eq. (B-2) implies

- K
(B-10) A-l = —DZ

Also, since B(r)=0 at the reaction plane, r=x, it follows from eq.
(B-3) and (B-10) that

: - K
(B-11) I-\2 = -poA

2
Equations (B-10) and (B-11) now can be used to rewrite eq. (B-3) as
(B-12) B(r) = £ (r-2)

2 ‘
which verifies eq. (38). Since X(r)=0 at the reaction plane, evaluat-
ing eq. (B-9) at r=x and solving for A gives

Dy

(B-13) A =R +q R—-X(R)

which verifies eq. (36).
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Abstract

Predicted.pu]monary ozong.(03) dosg curyes obtained by mode]
analysis of the transport and removal of 03 in the lungs of guinea
pigs, rabbifs, and man indicate a general similarity exists between
these species in the shape of thé dose curves. An overview is
presented of the major features of the Tower airway mathematical
model utilized. The model predicts that the respiratory bronchioles
receive the maximum O3 dose. For exposures corresponding to tracheal
O3 concentrations greater than 100 pg/m3 (0.05 ppm), the predicted
respiratory bronchiole dose for rabbits was found to be twice that
for guinea pigs and 80% of that for man. Sensitivity analyses are
presented for model parameters relating to the treatment of the
chemical reactions of 03 with the mucous layer. The roles of
inspiratory duration and tidal volume in the determination of pulmonary
uptake of 03 in man is examined. The consistency and similarity of the
dose curves for the three species lend strong support to the validity
of extrapolating to man the results obtained on animals exposed to

this pollutant.
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Introduction

The assessment of adverse human health effects associated with
exposure to environmental air pollutants involves the toxicological
evaluation of results obtained from epidemiologic, clinical, and
animal studies. One of the strong points of epidemiologic and clinical
studies is that the information obtained is directly related to the
human experience. Also, sub-groups of the general population can be
selected for study which correspond to sensitive individuals. Likewise,
industrial workers represent a group for étudy who are routinely
exposed to pollutant levels significantly greater than those found in
the ambient air. Inability to control exposure levels, the mobility of
the population, and difficulty in accurately determining previous
exposure history and important concomitant variables are uncertainties
in epidemiologic studies.

In human clinical trials exposure levels can be adequately con-
trolled, but the types of biological parameters which can be studied
must usually be Timited to those for which non-invasive measurement
techniques are available. As a result of these limitations, and others,
the vast majority of toxicological studies are conducted using labora-
tory animals. In contrast to clinical studies, animal experimentation
offers the choice of a wide range of concentrations, exposure regimens,
animal species, chemical agents, and bio]ogicaiiparameters that can be
examined. From.these studies, the environmental toxicologist must make
judgments concernihg the validity of extrapolating the results to man.
In addressing the 1ikelihood that the animals studied mimic the human -

response, an important consideration must be to estimate the effective
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dose delivered to the target organ. Differences between man and
experimental animals in the ratio of effective dose to exposure
concentration must also be considered.

To achieve these objectives, greater emphasis must be placed upon
developing mathematical models fof pollutant target organs. These
models should incorporate species anatomical differences and chemico-
physical properties of the pollutant as parameters and should be based
upon the physical laws which govern transport and removal of the pollu-
tant. McJilton et al. (1972) have proposed a model for predicting the
uptake of ozone (03) in the lung. Since chemical reactions of 03 with
cdmponents of the mucods.1ayer were not included, their model under-
estimates conducting airway uptake of 03»and overestimates respiratory
airway uptake. Thus, the model of McJilton et al. is more useful for
determining the uptake of nonreactive gases than it is for estimating
the uptake of 03.

An approach for evaluating 03 toxicity has been presented which
empirically accounts for nasopharyngeal removal of 03 and mathemati-
cally models the chemical reactions associated with the transport and
. removal of 03 in pulmonary airways (Miller, 1977). This model has been.
utilized to examine the similarity in regional pulmonary deposition

of 03 between -man and laboratory animals.
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Materials and Methods

Transport Equation for Ozone in a Lower Airway Model

Since a detailed account of the mathematical model used in this
study is presented elsewhere (Miller, 1977), only a summary of the
major features of the model will be given here. The transport and
removal of 03 in the lung was studied using the binary convective-

diffusion equation

€, walC _ 92C , 18T | 37T, , =
(1) 7+ Ugs= O *0y) G+ vy * 5@ +5°

where C, U;, and S* represent species averaged population concentra-
tion, velocity, and source term values, respectively, in a given air-
way at a specified location and time. In eq. (1) x and r represent
distance 1in the axial and radial directions, respective1y, t represents
time, the molecular diffusion coefficient of 03 in air is Dmo]’ and
Ded represents the diffusion coefficient associated with the phenomenon
of eddy dispersion. Simply stated, eq. (1) asserts that the tranéport
and removal of 03 in the lung is a function of convection, axial and
radial diffusion, and chemicallreactions. |

The amount of 03 acting on a given level of the lung is reflected -
by the airway lumen concentration at that level. Ozone does not
contact with the mucous or surfactant layer lining the airwgy, depend-
ing upon which level of the lung the gas has reached. Chemical reaé-
tions with components in these layers may occur, thereby increasing
the total absorption of 03, but may also reduce the amount of 03

reaching the tissue. Thus, it is clear that the biochemical
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composition of the mucous and surfactant layers dictate the manner in
which chemical reactions should be treated.

Biochemical Composition of Mucus and Surfactant

C]eménts and co-workers (1969) showed that, among various verte-
brate species, the amount of surféctant correlates well with the
amount of dipalmitoyl 1ec1thiﬁ~(DPL) in lung parenchyma and with
alveolar surface area. DPL constitutes 90-95% of the recoverable lipid
in fractional rabbit alveolar lavage fluid (Balis et al., 1970; Hurst
et al., 1973). Hence, the alveoli are normally lined with saturated
lecithin and are mostly free of other lipids, protein, and carbohydrate.

The Tipid fraction in human bronchial asthmatic mucus has been
extensively characterized by Lewis (1971). Since the same QUa11tatiVe
1ipid composition was observed in bronchitic mucus as was found in
asthmatic mucus, Lewis concluded that the 1ipid composition of
asthmatic mucus is typical of bronchial mucus. Potter et al. (1963)
determined the non-water constituents per 100g of human pulmonary
secretions as: 1.13g ash, 0.03g DNA, 0.95g carbohydrate, 1.00g protein,
and 0.84g lipid. To date, detailed biochemical analysis has not been
performed on the protein and carbohydrate components of bronchial
mucus.

Model Treatment of Chemical Reactions e

Recently, Menzel (1976) reviewed the chemical mechanisms of action
of 03 in bio]ogical systems. OQlefins are especially susceptible to
oxidation by 03. The reaction of 03 with olefins 1ikely involves an
initial reaction with the olefin to form the zwitterion (Criegee,

1962), and possibly ozonide, and then a reaction involving the
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peroxidation of the remaining unreacted olefins. Mudd et al. (1969)
have determined the order of susceptibility of amino acids in aqueous
solutions to oxidation by 03.

A direct attack of O3 upon the double bonds of the fatty acid is
involved in the initiation of the'reaction of 03 with olefins. This
reaction is irreversible (Menzel, 1976). Moreover, since the reactions
of O3 with amines and olefins are diffusion controlled (Criegee, 1962;
Menzel, 1976), they can be characterized by an instantaneous-reaction
regime.

Basic to the instantaneous-reaction scheme is the concept that the
absorbing component, .in thjs instance 03, and the Tiquid-phase reac-
tant cannot coexist in the same region of the liquid. Hence, the
" 1iquid can be considered as essentially being comprised of two layers
(Astarita, 1967). In the first layer, diffusion of O3 occurs, while
diffusion of the 1iquid-phase reactant takes place in the second layer.
The reaction plane, x, is defined to be the boundary between the two
layers. At the reaction plane the concentrations of both O3land the
liquid-phase reactant are zero.

It can be shown (M111ér, 1977) that three cases are needed to
characterize removal of 03 via chemical reactions in airways lined by
mucus. These-cases are a function of the Tumen 03 concentration and
are depicted in Fig. 1. .As the Tumen 03 concentration in a given
airway rises and falls during the breathing cycle, the reaction plane
may be established anywhere from the gas-mucus interface (case 1) to a
position equivalent to Og penetrating to the tissue (case 3). The

dashed Tine in case 3 indicates where the reaction plane would be if
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the mucus layer were deep enough. However, the solid line is imposed
by the restriction that 03 is instantaneously converted by chemical
reactions when it reaches the tissue.

In the lung, the conducting airways are lined with mucus, while
the transitory airways,(respiratofy bronchioles) and respiratory
regions are lined with surfactant. Since surfactant consists almost
entirely of saturated lecithin, no chemical reactions of 03 with the
surfactant Tayer were assumed. Hence, chemical reactions with the
layer 1ining the airways were considered only for conducting airways.

The data of Lewis (1971) was used to determine the number of mole
equivalents represented by the double bonds of the unsaturated fatty
acids of the major 1ipid components of human bronchial mucus (Table 1).
- The amino acids found in human parotid glycoproteins were used to
approximate the amino acid composition of glycoproteins in bronchial
mucus (Levine et al., 1969). Of the amino acids present, histidine was
the'only one susceptible to oxidation by 03 (Mudd et al., 1969).  For
histidine, the number of mole equivalents of 03_given'in Table 1 can be
determined using Table 6 (for the moles of histidine/mole glycoprotein)
from Marshall (1972) and the estimate of 1.0g protein/g mucus from '
Potter et al. (1963). Hence, the concentration of 03 reactants present
in mucus are collectively assessed_by the data in Table-1.

Structure of the Model

The model formulation requires extensive use of lung morphometric
data. For man, the regularized dichotomously branched lung data of

Weibel (1963) was used, while for rabbits and guinea pigs, the
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morphometric data was based upon the work of Kiiment (1973). Each
airway generation or morphometric zone was partitioned to form a
sequence of model segments, and a multi-step procedure involving mass
balance eXpressions in finite difference form was used to obtain solu-
tions of eq. (1). Respiration wa§ assumed to be sinusoidal.

Convection was simulated by instantaneously moving a small gas
volume (approximately 1/200th of the normal tidal volume) during each
time interval. Within each model segment a new lumen concentration was
obtained for this same time interval. Changes in the Tumen profile due
to axial diffusion were determined next, followed by radial decay,
during which radial diffusion accounted for mass transport of 03 to the
fluid layer lining the given model segment, where removal of O3 from
the airway occurs. The Tumen concentration was again determined and
this entire sequence repeated for the next time increment. The number
of model segments for each species and the use of 200 time steps for
numerical analysis were obtained as a result of convergence testing.
The data which characterizes the model segments used for each species
are given in Tables A.1 - A.3 of Appendix A.

The joint effects of molecular and eddy diffusivity, (Dmo1 + Ded).
of eq. (1), were estimated based upon a modification of the results of
Scherer and co-workers (1975). These investigators determined empiri-
cally values for effective axial diffusivity, Dx,.for Taminar flow of a

~gas in the cohducting airways and obtained

(2) D, =D

mo1(] + N

pe) y
where y equals 1.08 for inspiration and 0.37 for expiration, and Npe

refers to the Peclet number of that region of the airways where Dx
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~ applies. By definition, Npe = 2RU¥/Dm01, where R is the airway radius.
The method used to determine DX effectively replaced five generations
by a single one which had an average axial ve1oc1ty and cross-sectional
area equai to those of the initial generation. However, the procedure
of Scherer et al. retained the effects of bifurcations, turbulence,
and secondary flows.

Since predictions of O3 absorption in each generation of the
tracheobronchja] tree were desired in the current model study, DX was
modified by considering the j th generation as the focal point of

these five-generation simplifications. An average diffusion coefficient

was computed in the j th airway generation at each time step as
j+2 2R(1)U¥(i)

(3) D=D_ .(1+L
mo S i=3-2 Do
2y 2
=D . +5L .V R()U (1)
mo1l 5 i25-2 X

where R(i) and U;(i) represent the radius and average axial gas
velocity in the i th generation, respectively. Although reptacing
(Dmol + Ded) in eq. (1) by D defined in eq. (3) is not precisely
Vcorrect,vit represents a substantial improvement over previous models
which considered only molecular diffusion in characterizing the effects
of diffusion in. the airways.

The model structure for radial decay in the conducting airways
involves the effective rate of production per unit area, at the airway

wall, of the components of mucus with which 0, will react (Miller, 1977).

3
 Since the morphometric data for rabbits and guinea pigs is only avail-

able by "zone," while the data for man is given by dichotomously



Model for Pulmonary Deposit{on of 03 - Miller 9
branched generation, "mucous production zones" were formed for humans

by considering which generations had drained the same percentage of
mucus-1ined ajrway surface area as had a given morphometric zone in
rabbits and guinea pigs (Appendix A, Table A.1). Goblet cell density,
expressed as number of gob]et,ce1is per 5 high-power microscopic fields,
has been shown in rats to decreaserbetween the trachea and distal air-
ways (Reid, 1970). In the present study, the effective rate of produc-
tion of mucous reaction components per unit area was assumed to decrease
linearly, with respect to mucous zone, from a maximum value at the
trachea to zero at the beginning of the respiratory bronchioles (see

Appendix B).

_ Results
'Using the model approach described in previous sections, transport
of 03 in the lungs of man, rabbits and guinea pigs was studied. Subse-
quent sections illustrate physiological and toxicological comparisons
that can be obtained and examine the sensitivity of the results with
respect to some of the parameters of the model.

Predicted Dose Curves with Normal Respiration

Model estimates for the dose of 03 delivered to the tissue in
various generat1ons of the human lung are shown in Fig. 2 Independent
of the inhaled trachea1 concentration of 03, the model pred1cts that
the first generation of respiratory bronch1o]es (generation 17) receives
the maximum dose of 03. While the model predicts uptake of 03 by
respiratory airway tiséue for all tracheal concentrations studied, pene-
tration of 03 to the tissue in airways lined by mucus (generation 16

and above) is not predicted for inhaled tracheal concentrations less



Model for Pulmonary Deposit{on of 03 - Miller 10
than 125 pg/m3 (0.06 ppm). Presumably, at these low exposure Tevels,
the concentration of 03 reactants and the thickness of the mucous layer
combine to deplete all of the 03 absorbed in the conducting airways.
However,vas the inhaled tracheal concentration is increased from 250 to
4000_ug/m3, the tissue deposition'pattern in the conducting airways
becomes smoother, greater in magnitude, and includes more airways.
Irrespective of tracheal concentration, alveolar (generations 20-23)
03 doses decline sharply with increasing generation number, due in large
part to the tremendous increase in surface area. |

Corresponding to Fig. 2, the relative contributions of mucus, con-
ducting airway tissue, and respiratory airway (surfactant lined) tissue
to total uptake are depicted in Fig. 3. As thé tracheal concentra-
tion of 03 increases, the percent uptake of 03 by mucus declines
sharply and assumes an approximately constant value of 7-9% for inhaled
tracheal 03 concentrations exceeding 750 _uglm3 (0.38 ppm). The uptake
of 03 by respiratory tissue is, on the other hand, almost a mirror
image of that of mucus. Respiratory airway uptake increases rapidly
as the concentration of inhaled 03 increases and plateaus at about 46%.
The model predicts that the contribution of conducting airway tissue
doses to the total uptake of O3 is slight (less than 8% for all concen-
trations). - - : S

Tissue dose patterns of 03 in the lungs of rabbits and guinea pigs
are presented in Figs. 4 and 5, respectively. As for man, the respira-
tory bronchioles (model zone 6) are predicted to receive the maximum
dose in both animal specfes. Although several human airway generations

may correspond to a morphometric zone in rabbits and guinea pigs, a
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~general similarity is evident between the three species in the shape of
the predicted dose curves. The predicted doses for alveolar ducts and
sacs exhibit a greater difference in rabbits, as compared to guinea
pigs. Also, Figs. 4 and 5 show that with exposure to a tracheal 03
Tevel of 1000 ug/m3, penetration 6f 03 to the tissue occurs in the
trachea of guinea pigs, but not until the second order bronchi are
reached in rabbits.

The relationship between respiratory bronchiole dose and the
inhaled tracheal 03 concentration is given in Fig. 6. For tracheal
concentratjons exceeding 100 ung 03/m3 (0.05 ppm 03), this relationship
is 1inear-on a logarithmic scale for all three species. From regrésé
sion analysis applied to the data in Fig. 6 for tracheal O3 concentra-
tions between 100 - 4000 ug/m3, the respiratory bronchiole dose of 03
over this range is proportional to the tracheal concentration raised
to the 1.0 power for guinea pigs and rabbits and to the 1.07 power for
man. For any given tracheal 03 concentration greater than 100 pg/m3,
the predicted respiratory bronchiole dose for rabbits is twice that for
~guinea pigs and is 80% of that for man.

With pollutant exposures corresponding to less than 100 ug 03/m3
at the trachea, the predicted respiratory bronchiole dose curve in man
is markedly different than the curve for rabbits and for guinea pigs
(Fig. 6). As the tracheal 03 concentration decreases from 100 pg/m3,
there is a moré gradual decline in the dose curve for rabbits and

~guinea pigs than there is in the dose curve for man.
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Model Sensitivity Analyses

Basic to the model structure for radial decay in the conducting
airways is the treatment of the production of the components of
mucus whibh will react with 03. Obtaining estimates of these
production rates (Appendix B) 1nv61ved Kg, the average rate of produc-
tion per unit area of reaction components. The question arises as to
how sensitive are the model estimated doses to the value of Kb.

Model analyses were conducted in which Kb was varied between
100x smaller and 100x larger than the value of Kb(standard) used to
obtain the figures presented previously. The predicted respiratory
bronchial dose in rabbfts as a function of Kb.is shown in Fig. 7. The
tracheal O3 concentration studied, 325 ug/m3, corresponds to an
inhaled ambient concentration of 490 pg/m3 (0.25 ppm), after accounting
for nasopharyngeal removal of 03 (Miller, 1977). Alveolar region
effects of 03 have been shown in rabbits exposed to this level (Hurst
et al., 1970) and provide a means whereby the biological implications
of different predicted doses can be evaluated.

If Kb(standard) represents up to a 100-fold overestimation of the
correct value, there is no difference in the predicted respiratory ‘
bronchiole dose (Fig. 7). Also, a 10-fold underestimation of the correct
value of Ks yields no appreciable change in respiratory-bronchiole
dose. Only if the correct value has been underestimated at least
25-fold, does the model predict significantly different O, doses for
the respiratory bronchioles.

Although ‘not presented, even with a 25 to 100-fold underestima-

tion of Kb, the general shape of the dose curve for the respiratory
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regions is still the same. Only the relative Tocation on the dose-axis
and the shape of the conducting airway portion of the curve are changed.
In the conducting airways, decreasing Kb allows penetration of O3 to
the tissue higher in the respiratory tract, but the doses obtained
sti1l do not approach in magnitudé those predicted for the respiratory
bronchioles. Increasing KB results in less penetration of 03 to con-
ducting airway tissue.

The dose of 03 delivered to conducting airway tissue can also be
decreased by increasing the thickness of the mucous layer (Fig. 8). A
comparison of Fig. 8 and Fig. 2 reveals that a 25% increase in the

thickness of the mucous layer is not sufficient to alter the predicted

- dose of 04 to the respiratory regions in man. However, in the conduc-

ting airways the dose dropped only slightly for higher tracheal 03
concentrations, but dropped significantly at the lower concentrations
studied. There may also be a shift in the prediction of the earliest
airway generation in which 03 penetrates to the tissue (i.e. generation
14 with increased mucous thickness as compared to generation 12 for a
tracheal concentration of 500 ug/m3).

Relationship of Inspiratory Duration and Tidal Volume to Deposition

As an example of the respiratory parameters which can be studied
using the model, the roles of inspiratory duration and tidal volume in
the determination of 03 uptake in man were examined. For a tidal
volume of 500 bc, as the duration of inspiration increases from 1.0
sec to 4.0 sec, the conducting airway dose increases, due to the
increased transit time (Fig. 9). However, the respiratory region 03

dose remains essentially the same.
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The % uptake of 03 in the human lung by mucus and airway walls, as
a function of tidal volume, is shown in Fig. 10. An inspiratory time of
2.0 sec was used for tidal volumes of 1250 cc or less, while increased
respiratory rates associated with a tidal volume of 1500 cc and 1750
cc were accounted for by using inspiratory times of 1.64 and 1.48 sec,
respectively (Vander et al., 1970). Figure 10 shojg that for a tracheal
concentration of 750 ug 03/m3, as tidal volume increases over the range
from 500-1750 cc, the percent uptake of 03 by respiratory airway
tissue doubles from 46% fo 92%. There is a gradual decline in the
percent uptake of 03 by mucus and conducting'airway tissue as tidal
volume increases. Over the range of tidal volumes studied with this
- tracheal concentration (750 ung 03/m3), the percent uptake of 03 by
mucus and by conducting airway tissue did not exceed 11% and 5%,
respectively.

Table 2 gives additional data concerning the effects of tidal
volume on respiratory airway uptake of 03. There is a plateau in the
total 03 removed in the first generation of respiratory bronchioles as
tidal volume increases. However, when considering the uptake of all
respiratory areas, the plateéu is not present, indicating that a]veo]af
region O3 doses continue to increase as tidal volume increases. The
model predicts a 7-fold increase in the quantity of 03'removed in

the respiratory regions of the lung for a 3.5-fold increase in tidal

volume (Table 2).
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Discussion

The 03 dose curves obtained in this study by model analysis of
the transport and removal of 03 in the lungs of guinea pigs, rabbits,
and man indicate that the-respiratory bronchioles receive the maximum
dose. The model results are in good agreement with experimental find-
ings in various animal species. Stephens et al. (1973) showed that in
rats the Type 1 epithelial cells 1lining the alveoli immediately beyond
the terminal bronchioles are particularly sensitive to 03 exposure.
These cells were severely damaged or removed from large areas with as
Tittle as 2 hrs of exposure to 980 ug 03/m3 (0.5 ppm). -After 6-10 hrs
of exposure, necrotic ciiiated cells were 6bserved free in the lumen of
the terminal bronchiole.

In subséquent studies designed to analyze ultrastructural changes
and the sequence of events leading to destruction of the Type 1 cell,
Stephens et al. (1974) reported that, as the distance from the point
of maximal effect increased, the observed damage rapidly decreased,
until only mild mitochondrial and cytoplasmic swelling were observed.
These investigators concluded that the threshold -exposure level in
rats is below 980 ug 03/m3 for 2 hfs. |
(1975) reported that the most obvious and consistent pu{honary
. lesions were found in respiratory bronchioles. .With exposure to 392

ug 03/m3 (0.2 ppm), the lesion was primarily observed in the proximal
generation of respiratory bronchioles. The damage extended to include

some proximal portions of alveolar ducts when the 03 exposure level was
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1568 pg/m3 (0.8 ppm). Emphysematous lesions, characteri;ed by the
apparent loss of alveolar walls and the clubbing of their ruptured
extremities, and disruption of the epithelial lining in some bron-
chioles were found in rabbits eqused to 784 ug 03/m3 (0.4 ppm) over a
10 month period (P'an et al., 1972). Also, a significant mural thick-
ening of small pulmonary arteries was observed.

There is also evidence from human clinical studies that the
respiratory bronchioles are the primary target for 03. Bates et al.
(1972) detected significant changes in the following pulmonary function
parameters, as a result of 2 hr exposure to 1470 ug 03/m3 (0.75 ppm):
1) a reduction of the maximum static elastic recoil pressure of the
lung, 2) an increase in pulmonary resistance, and 3) a fall in flow
rate at 50% of the actual vital capacity. Even more pronounced changes
were observed on various pulmonary function parameters when subjects
alternated 15 min periods of exercise and rest.

The level of exercise employed was sufficient to increase minute
ventilation from 8-10 1/min to 18-20 1/min. If nasopharyngeél removal
of 03 in man should prove to be similar to that for rabbits and guinea
pigs, the exposure level used by Bates et al. (1972) would correspond .
to a tracheal concentration of 03 of approximately 750 pg/m3 (Miller,
1977). With this concentration and a tidal volume of 1250 cc
(sufficient to increase minute ventilation to 18-20 1/min), the model
doses given in Table 2 predict that the first generation of respiratory
bronchioles receive a 2.39-fold increase in dose, compared to
normal respiration. Also, the to.talAO3 removed by all respiratory

regions is more than 4-fold greater.
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One should be cognizant that the pulmonary doses presented in
.this paper were not experimentally determined, but rather were obtained
using a mathematical model which fncorporates morphometric and
chemico-physical data in an analysis of the convective-diffusion
equation governing transport and removal of 0, in the lung. Species
differences in nasopharyngeal removal of 03 must be taken into account
before making comparisons on the effective dose of 03 to various
- regions of the lung. The best available biological data has been used
in this study. Additional information in such areas as, thickness of
the mucous layer in man, production rates of reaction components in
mucus, and effective axial diffusivities in guinea pigs and rabbits
are needed before a more precise prediction can be made of absolute
differences in dose between species. However, based upon the model
sensitivity analyses that were performed, considerable differences in
the data base are needed before the model predicted doses would be
affected. Even then, only the relative location on the dose-axis
and the shape of the conducting airways portion of the dose curves
would be changed.

Previously, Kliment (1973) showed a high degree of similarity of
aerosol particle deposition in the lung between guinea pigs, rabbits,
rats, and man, suggesting that deposition data may be compared between
these species. Of particular importance in the current study is the
simi]arityvbetWeen guinea pigs, rabbits, and man of the shape of
the predicted dose curves associated with exposure to Oj. - With
exposures yielding trachea].03 concentrations greater than 100 pg/m3

(0.05 ppm), the predicted respiratory bronchiole dose for rabbits
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was found to be twice that for guinea pigs and 80% of that for man.

The consistency and similarity of the dose curves for the three species
lend strong support to the validity of extrapolating to man the

results obtained on animals exposed to this pollutant.
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Table 1

Mole Equivalent Concentrations of 0, Reactants Present

in Human Bronchial MuCus

23

a Fatty | .+ s | moles 7{ mole equivalents 7
Source acid Weight % < x 10 o3 x 10

Free fatty acids | 16:1 4.0 0.450 0.450
(18.1%) 18:1 30.7 3.100 3.100
18:2 8.0 0.810 1.620
Triglycerides 16:1 0.6 0.138 0.138
(39.0%) 18:1 8:0 1.660 1.660
18:2 1.1 0.230 0.460
20:2 1.8 0.344 0.688
Cholesterol 16:1 8.0 0.056 0.056

esters 18:1 . 26 .4 0.178 0.178 .

(2.8%) 18:2 37.7 0.255 0.5710°
18:3 0.9 0.006 0.018
Phosphatigyl 16:1 1.2 0.053 0.053
choline 18:1 22.2 0.972 0.972
(11.0%) 18:2 9.2 0.403 0.806
Phosphatidy1l d 16:1 1.2 0.025 0.025
ethanolamine™? 18:1 22.2 0.468 0.468
(5.0%) 18:2 9.2 0.194 0.388
Lysophosphatidyl | 16:1 1.2 0.011 0.011
choline and d 18:1 22.2 0.205 0.205
sphingomyelin 18:2 9.2 0.085 0.170
Histidine 5.800
Total 17.776

3p11 data derived from Lewis (1971), except for histidine (Leviné
et al., 1969; Marshal, 1972; Mudd et al., 1969; and Potter et al.,

1963)

by of total 1ipid weight

CThe current study assumes both fatty acids on this phospholipid are

the same.
d

same as that of phosphatidylcholine.

The current study assumes the weight % of this phospholipid is the
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A CASE 1: REACTION PLANE, ), AT GAS-MUCUS INTERFACE
LUMEN ,\'.tg. MUCUS o emnme TISSUE
—_ MUCOUS-
e REACTANTS
(03]
\ > .
0=(CENTER OF LUMEN) A _
A CASE 2: REACTION PLANE WITHIN THE MUCOUS LAYER
A A
—= [03] MUCOUS
=) REACTANTS
(03]
D . : A > r
A_CASE 3: REACTION PLANE AT MUCUS-TISSUE INTERFACE
AN~ A
[04]
S \\
(03] N
A \L> '

Figure 1. Oz-mucus reaction cases.
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Figure 8. Predicted tissue deposition of ozone in the human Jung associated
with a 25% increase in thickness of the mucous layer.
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Model for Pulmonary Deposition of 03 - Miller
Appendix B
Production Rate of 03 Reaction Components in Mucus

To implement the mathematical model, estimates must be obtained
for K, the effective production rate at the airway wall of the com-
ponents of mucus with which 03 will react. In view of the type of
data in the literature, K was assumed to decrease linearly between the
trachea and the terminal bronchioles. The following notation will be

useful in examining how estimates of K were obtained:

Kj = for the j th mucous zone, the effective production (current)
at the airway wall of the components of mucus which will
react with 03 (mo]es/cmz-sec)

Sj = total airway surface area (cmz) of the j th zone

a = total airway surface area (sz) from the terminal bronchioles
(zone 5) to the trachea (zone 0) |

Qo = total flux of mucous reaction components out of the trachea
(moles/sec)

Kb = average rate of production per unit area of reaction

components (mo]es/cmz-sec)

With the above definition of terms, it is immediately apparent that
) g
(B-1 a. =. S,
0 520 J

and

L

(B-2) K =22 ‘3
B-2 K =-2=2— 7 K.S.
°© 3 3 4= I

The assumption that the relationship between morphometric zone and
production of mucous reaction components will be considered linear

yields



Model for Pulmonary Deposition of 03 - Miller
Appendix B (continued)
(B-3) Kj = o + BJ j=0,1,...,6
Since there is no production of mucus in the respiratory bronchioles,

(B-4) K6 =0
Using eqs. (B-3) and (B-4) to subgtitute for Kj in eq. (B-2) yields
K =L § (s,
° 3 j=0 J
=ﬁ—.§ s.+§—.§ 3S.
% j=0 I % 370 9
- B 5 .
(B-5) K0 =0 + 5S'jzo JSJ

Toremalm (1960) measured total tracheal production of mucus in
laryngectomized patients as 10 m1/24 hr (i.e. 6.944 x 10'3 cm3/m1n).
Since velocity x area equals volume/unit time, a production rate of
6.944 x 1073 cm3/min corresponds to a velocity, V, of 0.0205 cm/sec.
Using this velocity and 17.78 x 1077 mo]es/cm3 as the concentration of
03 reactants in mucus (Table 1), the Qo/ao representation of
K, can be used to obtain KB =3.3x107 % mo]es/cmz-sec.v With this
estimate of Ks and the restriction that there is no production of
mucus in the respiratory bronchioles (zone 6), egqs. (B-3) - (B-5) can
be used to solve for o and B. - —

Mucus flow in rats has been studied by Dalhamn (1956) and by
Irvani and van As (1922). The trachea] ve16city of mucus averaged

v0.0225 cm/sgc in Da]hamn's studies,,while Irvani and van As observed

rates which varied from 0.0192 cm/sec in the upper portion of the
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Appendix B (continued)
Tobar bronchus to approximately 0.0067 cm/sec in preterminal bron-
chioles. 1Irvani and van As (1972) state that similar results have been
obtained W1th golden hamsters and rabbits. Thus, it would appear that,
at least as far as the trachea is.concerned, there is evidence to
indicate comparable mucous ve]dz}ties in these animals and man. At
present, there is no data available for these animal species on the
concentration of mucous components which will react with 03.

In view of the above facts, the assumption was made that the
average rate of production per unit area of mucous reaction components
is the same for the three species considered in this study. Additional
experimental data is needed to Judge the validity of this assumption. |

14

Using Kb = 3.3 x 10 mo]es/cmz-sec, and eqs. (B-3) - (B-5) estimates

of o and B were determined as:

Species o X 1014 B X 1014
Rabbits 10.22 -1.70
Guinea pigs 7.51 -1.25

Man 9.69 " -1.61



