Dynamics of soluble gas exchange in the airways
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HLASTALA. Dynamics of soluble gas exchange in the airways. I11.
Single-exhalation breathing maneuver. J. Appl. Physiol. 75(6):
2439-2449, 1993.—The exchange characteristics of a highly sol-
uble gas with the pulmonary airways during a single-exhalation
maneuver were analyzed using a mathematical model previ-
ously described by our group (M. E. Tsu et al. Ann. Biomed.
Eng. 16: 547-571, 1988). The model integrates the simulta-
neous exchange of water, heat, and a soluble gas with the pulmo-
nary airways. The purpose of this paper is to provide experi-
mental data for model validation. Exhaled ethyl alcohol con-
centration profiles of human subjects were measured with an
Intoxilyzer 5000 and were plotted against exhaled volume mea-
sured with a wedge spirometer. Each subject performed a series
of breathing maneuvers in which exhalation flow rate was the
only variable. Phase III has a positive slope (0.047 + 0.0089 mol
alcohol in air - mol alcohol in alveolus™ - 17!) that is statistically
independent (P > 0.05) of flow rate. Reducing the molecular
diffusion coefficient of alcohol in the nonperfused tissue layer
improves the fit of the model to the experimental data. The
optimal diffusion coefficient of alcohol for all subjects was 12 +
5.3 (SD) X 1077 cm?/s, which is 8% of the diffusion coefficient of
alcohol in water (1.6 X 10~° cm?/s). We concluded that the ex-
perimental data showing a positive slope of the exhaled alcohol
profile are consistent with a reduced diffusivity of alcohol in
the respiratory mucosa. The reduced diffusion coefficient en-
hances reabsorption of alcohol by the airways on exhalation
and creates a positive phase III slope.

mathematical model; diffusion coefficient; alcohol breath test;
phase III slope

GAS EXCHANGE EFFICIENCY is extremely dependent on
the blood-air partition coefficient (\,) of the gas. The
major effort in respiratory physiology over the past 40
years has been to characterize the exchange of gases with
low (A, < 0.1) to intermediate (0.1 < A\, < 100) blood
solubility. This effort stemmed from the solubilities of
the respiratory gases (partition coefficient for O, is 0.7
and for CO, is 3). However, the lungs exchange a wide
variety of gases that range from low solubility, such as
SFg or helium (A, = 0.01), to high solubility, such as
water vapor (), =~ 20,000-50,000, depending on tempera-
ture). The exchange of low- and intermediate-solubility
gases occurs predominantly in the alveolar regions, with
the airways providing a conduit for movement of gas be-
tween the alveoli and ambient air. In contrast, it is likely
that the exchange of highly soluble gases (A, > 100), such
as water vapor, occurs primarily within the conducting

0161-7567/93 $2.00 Copyright © 1993 the American Physiological Society

airways. However, highly soluble gas exchange with the
pulmonary airways has not yet been fully characterized.

The absorption-excretion dynamics of a soluble gas
are difficult to evaluate because of the relative inaccessi-
bility of the airways to experimental measurements. Sev-
eral previous investigators have attempted to describe
the airway interaction of a variety of gases with a wide
range of water solubilities (1, 1a, 25). In each of these
studies, the dynamics of gas exchange with the airways
are inferred after measurement of inlet and outlet con-
centration profiles. These studies confirm that soluble
gases interact with the airways; however, many details of
the exchange dynamics have not been described. For ex-
ample, gases excreted in the alveoli via the pulmonary
circulation can be reabsorbed in the mucous layer of the
conducting airways (9). The resulting redistribution of
the gas within the lung may have important ramifica-
tions to the excretion and/or metabolic kinetics of
the gas.

A one-dimensional model of the airways previously de-
veloped in this laboratory describes the simultaneous ex-
change of heat, water, and a highly soluble gas with the
pulmonary airways. Ethyl alcohol is the soluble gas used
in the model simulations because of its high water and
blood solubility (A, = 1,756) and its important applica-
tions in the medicolegal arena. The performance of the
model was compared with exhaled axial profiles of air
temperature available in the literature (27) and was sub-
sequently used to quantify the relative contributions of
the pulmonary and bronchial circulations, as well as each
airway generation, to the net amount of soluble gas ex-
creted with each breath. The effects of ventilatory rate,
mode (nasal vs. oral) of breathing, and inspired air tem-
perature and relative humidity have also been described
(28). In each of these cases, steady-state tidal breathing
was simulated.

The breathing profile used in breath alcohol testing is
a transient full inhalation and single-exhalation maneu-
ver. After quiet tidal breathing, the subject inhales a
“deep breath,” hopefully to total lung capacity (TLC),
then exhales in a prolonged continuous fashion, hope-
fully to residual volume (RV). The accuracy of the single-
exhalation breathing maneuver to determine blood alco-
hol concentration (BAC) is controversial, as the interac-
tion of alcohol with the airways has not been
characterized. In addition, the ventilation parameters
(i.e., pretest breathing rate, inhaled and exhaled vol-
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umes, and exhalation flow rate) that characterize the
single-exhalation maneuver are poorly controlled in rou-
tine breath testing. For example, if the interaction of alco-
hol with the airways were sensitive to exhalation flow
rate, then the concentration of alcohol arriving at the
mouth would also depend on exhalation flow rate. Thus,
it is important to develop a method that accurately de-
scribes the interaction of alcohol with the airways and
predicts the effects of variable ventilation parameters.
The purpose of this paper is to compare the performance
of the model with experimentally measured single-exha-
lation alcohol profiles from human subjects. In doing so,
we further validate the model as a means of describing
highly soluble gas exchange with the pulmonary airways.

MATERIALS AND METHODS

Lung model. The mathematical model is described in
detail elsewhere (27). Only the salient features are dis-
cussed here. The airways are divided radially into four
regions: 1) the airway lumen; 2) a thin layer of mucus; 3)
a nonperfused tissue layer that represents the respira-
tory epithelium, basement membrane, and any connec-
tive tissue; before reaching 4) the capillary bed of the
bronchial circulation. Axially, the model has a symmetric
bifurcating structure through 18 generations. The respi-
ratory bronchioles and alveoli are lumped together as a
single respiratory unit. Dimensions for the upper respira-
tory tract were taken from Hanna and Scherer (5),
and those for the lower respiratory tract were from
Weibel (29).

The air is considered a system of dry air, water vapor,
and a single soluble gas. The very small exchange of respi-
ratory gases with the airways is considered negligible.
Temperature and concentration values in each region
are bulk averages for the entire region. The gas is as-
sumed to behave ideally, and longitudinal convective or
diffusive mixing is neglected. Heat and mass transfer co-
efficients are used to describe the transport of heat and
mass between the air and the mucous layer. The values
are determined from empirical correlations (5, 10). The
mucous and tissue layers are treated as dilute binary
mixtures of water and a soluble gas. Both layers are as-
sumed to have the physical properties of water. Filtration
and diffusion (Fick’s law) are the transport processes for
water and the soluble gas between the capillary bed, tis-
sue, and mucous layers. A variable mucous layer thick-
ness is incorporated into the model to account for local
hydration and dehydration. The resulting eight hyper-
bolic differential equations are solved numerically using
a VAX station 3200 computer (VMS version 5.3). The
spatial derivatives are handled with upstream finite dif-
ferencing, whereas the time derivatives are solved using
LSODE, a time-integration software package developed
by A. Hindmarsh in 1981.

Subjects. Six male volunteers without previous history
of cardiac or pulmonary disease and with normal physi-
cal examination findings served as subjects. Characteris-
tics of the subjects are summarized in Table 1. The pro-
tocol was approved by the Washington Human Subjects
Review Committee, and written informed consent was
obtained from each subject. Each subject arrived at the
laboratory without food consumption for the previous4 h
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TABLE 1. Subject characteristics

Subj Age, Weight, Vital Capacity, Alcohol Dose,
No. yr kg ml oz

1 48 102 6,000 8

2 24 86 5,200 6

3 22 73 6,000 6

4 33 70 4,400 6

5 26 63 4,600 5

6 27 75 6,000 6

Mean + SD 30+10 78+14 5,400+740 6x1

and without alcohol consumption for the previous 24 h.
The subject’s height, weight, and vital capacity were re-
corded. Each subject ingested enough alcohol in the form
of liquor to achieve a BAC of ~0.09 g/100 ml, according
to the Widmark (30) formula. After ingestion of the alco-
hol, the subjects waited ~1 h for absorption to take
place. Absorption was monitored by sequential breath
tests; the postabsorptive state was determined by three
successively decreasing readings.

Experimental materials. Alcohol concentration in the
exhaled breath was measured with a commercially avail-
able infrared absorption breath testing instrument (In-
toxilyzer 5000). After passing through the Intoxilyzer
5000, the exhaled breath entered a wedge spirometer
where exhaled volume and flow rate were measured. The
analog signals from the Intoxilyzer 5000 and wedge spi-
rometer were sampled at a rate of 50 Hz using a commer-
cially available data acquisition software package
(Strawberry Tree) and a Macintosh Ilcx. Figure 1 is a
schematic of the experimental apparatus. The Intoxi-
lyzer 5000 was calibrated with a breath alcohol simulator
(Smith & Wesson Mark IIA) at a constant temperature
of 34°C. The concentration of alcohol in the alcohol-
water mixture was determined by gas chromatography
using headspace analysis (11).

Experimental protocol. Each subject performed two
different breathing maneuvers, each repeated five times.
The first maneuver was a single inhalation to TLC fol-
lowed by exhalation at a slow constant flow rate to RV
(maneuver A). The second maneuver was identical to the
first except exhalation was at a rapid constant flow rate
(maneuver B). Each maneuver was spaced by ~3 min of
quiet nasal tidal breathing, and the order of the maneu-
vers was alternated. Blood samples were taken from the
antecubital vein at three points in time after the esti-
mated start of the postabsorptive phase. BAC was subse-
quently measured with a gas chromatograph (Perkin-
Elmer model 3920) using headspace analysis (11) and
plotted against time for each subject (Fig. 2). The first
data point for subject 6 was discarded (as well as the
breathing maneuvers performed before the 2nd data
point) as the postabsorptive phase clearly had not been
reached. A line was regressed through the remaining data
points so that an estimate of the BAC at any point in
time could be made for each subject.

RESULTS

Experimental results. The alcohol dose for each subject
is listed in Table 1. The mean rate of decline in BAC in
the postabsorptive phase for all subjects was 0.013 *
0.0038 (SD) g-100 ml™'-h™!, and the mean Widmark
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Intoxilyzer 5000
Wedge Spirometer

(30) r value was 0.67 + 0.067 (SD). The Widmark r value
represents the ratio of the whole body alcohol concentra-
tion to the BAC and is defined by the following relation-
ship

__C:B-G
W(BAC + bt)

where C is the concentration of alcohol in the beverage, B
is the amount of beverage consumed (0z), G is the specific
gravity of alcohol (0.789 g/ml), W is the subject’s body
weight (o0z), b is the alcohol burn-off rate (g-100
ml™'-h™?), and ¢ is the time from the start of beverage
consumption (h).

Mean exhaled volumes and flow rates for each of the
six subjects are summarized in Table 2. One trial from
subject 3, maneuver A, was not included in the analysis as
the exhaled volume was greater than two standard devia-
tions from the mean. The flow rate of maneuver B was
statistically (P < 0.005) greater than maneuver A when
data for all six subjects were combined, as well as in each
individual subject.

A simple smoothing routine (average of 10 nearest
neighbors) was performed on each BAC profile. The y-
axis was converted from BAC in grams per 100 ml to a
mole fraction of alcohol in the exhaled air and then nor-
malized by the mole fraction of alcohol in the alveoli. The

T
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FIG. 1. Experimental setup used to
collect exhaled alcohol profiles. Analog

signal from Intoxilyzer 5000 and wedge
spirometer was sampled at 50 Hz by Mac-
intosh Ilcx.

Macintosh llcx

normalized mole fraction of alcohol in air is given the
symbol Y. The alveolar alcohol concentration is calcu-
lated from the BAC and ), (g alcohol - 100 ml blood™ - g
alcohol™- 100 ml air). The air is assumed to equilibrate
with pulmonary capillary blood, and A, is calculated
based on a hematocrit that is 80% of the systemic hemat-
ocrit. The hematocrit of the pulmonary microcirculation
is difficult to assess. A variety of indirect techniques have
been used, including morphometric measurements and
volume dilution of indicators. The consensus is that the
hematocrit of the pulmonary microcirculation is ~80%
of the systemic hematocrit (18). Because the solubility of
alcohol in red blood cells is significantly less than in
plasma, hematocrit is an important variable in the deter-
mination of A,. The partition coefficient for alcohol and
systemic blood (hematocrit 44.3%) and for alcohol and
plasma at 37°C is 1,756 and 2,022, respectively (11). As-
suming that the hematocrit of our subjects was ~44.3%
and that there is a linear relationship between A, and the
hematocrit, a partition coefficient of 1,810 between alco-
hol and blood in the alveoli is calculated.

The resulting profiles (Fig. 3) have three distinct
phases. Phase I represents the delay in the rise of alcohol
concentration as the volume of dead space is emptied.
Phase II is the transition from dead space to exchange
space, and phase III represents the emptying of the ex-
change space. In the case of a highly soluble gas such as
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TABLE 2. Exhaled volumes and flow rates

Subj Exhaled Volume, Flow Rate,
No. Maneuver n ml ml/s
1 A 5 5,100+180 210+21
B 5 5,700+250 450+37
2 A 5 3,700+420 320+39
B 5 3,300+280 41019
3 A 4 4,200+180 150+24
B 5 4,600+200 28037
4 A 5 3,500£100 14011
B 5 4,100+100 300+28
5 A 5 4,400+180 230+8
B 5 4,500+83 3508
6 A 3 5,600+85 160+5
B 3 5,400+68 250x9
Mean + SD A 27 4,400+810 20068
B 28 4,600+870 340+78

n, no. of trials.

alcohol, the air in the conducting airways will contain
alcohol and is thus considered part of the exchange
space. Phase I in Fig. 3 represents the emptying of the
RV of air that remains in the Intoxilyzer 5000 before the
beginning of the exhalation and, therefore, does not rep-
resent part of the exhaled profile. Phase I was subse-
quently removed from each trial (range 60-150 ml).
Next, each trial was truncated to the smallest exhaled
volume within a subject. For example, the smallest ex-
haled volume within the 10 trials of subject 1 was 4,930
ml; therefore, the data for the remaining 9 trials were
truncated to 4,930 ml. In this manner, differences in ex-
haled volumes were not a confounding variable. Each
group of profiles within a subject and maneuver type was
subsequently condensed into a single representative ex-
halation maneuver by averaging the normalized alcohol
concentration in the exhaled air at intervals of one-tenth
total exhaled volume (Fig. 4). Condensing the profiles
dramatically reduces computer simulation time, as 60
single-exhalation profiles have been reduced to 12 [6
subjects X 2 different maneuvers (A and B)].

Model results. Before a single-exhalation maneuver is
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simulated, the model must simulate 30 tidal breaths to
reach steady-state conditions for temperature and con-
centration profiles in the airway lumen, mucous, and tis-
sue regions (28). A respiratory rate of 12 breaths/min
and a tidal volume approximated as 10% of the subject’s
vital capacity (6) were used. For all simulations, inspired
air temperature was 23°C and relative humidity was
50%. Inspired volume, expired volume, and exhalation
time must be specified to simulate the 12 condensed sin-
gle-exhalation maneuvers. Inspired volume was deter-
mined on the basis of the assumption that each subject
inhaled to TLC; inspired volume can then be approxi-
mated as 65% of the subject’s vital capacity (6). Expired
volume was determined as described above. The exhala-
tion time for each condensed single-exhalation maneu-
ver can be determined by dividing the expired volume by
the mean flow rate of each group of maneuvers before the
removal of phase 1.

There are three distinct differences between the
model’s prediction and the experimental data (Fig. 4)
that are consistent across maneuver type and subject: 1)
the model predicts a more rapid rise in alcohol concen-
tration during phase II, 2) the model predicts a smaller
slope of phase III (Syy; calculated from a linear regres-
sion fit over the 2nd half of exhalation), and 3) the model
predicts a higher maximum alcohol concentration in the
air at end exhalation. The model’s prediction can be im-
proved dramatically by reducing the molecular diffusion
coefficient (D) of alcohol in the nonperfused tissue layer
(Fig. 4). For each of the 12 condensed profiles, an optimal
diffusion coefficient (D,,,) was determined to the nearest
whole percent of the diffusion coefficient of alcohol in
water (DH,0) by the method of least squares. Table 3
summarizes the D, Sy; (mol alcohol in air - mol alcohol
in alveolus™-:171), normalized alcohol concentration at
end exhalation (Y,,,), root mean square error (RMS) for
each condensed maneuver, and the model’s prediction
using D,,;. There is no statistical (P > 0.05) difference
between maneuver A and maneuver B for any of the vari-
ables presented in Table 3. D, for all six subjects was
12 X 107" cm?/s, which is 8% of DH,0. Sy is statistically

1
0.8
0.6

Y

0.4

0.2

FIG. 3. Five exhaled alcohol profiles for subj 5, maneu-
ver A. Phases I, II, and III are labeled. Phase I represents
dead space of Intoxilyzer 5000 and was removed before
analysis. Y, normalized mole fraction of alcohol in air.

Exhaled Volume (liters)
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FIG. 4. Condensed exhaled profile for subj 5, maneu-
ver A is shown with model’s prediction using 2 values for

Y 04

¢ Intoxilyzer 5000

diffusion coefficient (D) of alcohol in nonperfused tissue
layer: alcohol in water (DH,0) and optimal value for D
(D) based on least squares. Each point in condensed
profile represents mean of 5 corresponding points in Fig.
3 at increments of 1/10 of total exhaled volume. Error
bars, £SD.

0.2 - - - - Model Data, D= D, ,
y Model Data, D = D,
0
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Exhaled Volume (liters)

significant (P < 0.001) for all maneuvers and subjects
and has a mean value of 0.047 mol alcohol in air - mol
alcohol in alveolus™ - 17%. The model prediction for Sy is
8.5% smaller than the Sy of the data, but this difference
is not significant (P > 0.05). The mean Y, is 72% of the
alveolar concentration. The model prediction for Y, is
1.4% larger than Y, of the data but, again, is not signifi-
cant (P > 0.05).

The model has been used previously to demonstrate
that alcohol arriving at the mouth after a tidal breath
comes primarily from the mucous layer rather than from
the alveoli (28). To briefly summarize, as ambient air
enters the airways on inspiration, it absorbs alcohol from
the mucous layer in a bimodal axial distribution until
reaching approximately the 12th-15th generation (de-
pending on mode of breathing and flow rate) where the
air reaches equilibrium with the mucus. As the air enters
the alveoli, the model predicts that there is an additional
flux of alcohol into the air. This additional flux of alcohol
is due to the structure of the model at the transition from
the terminal bronchioles to the respiratory bronchioles
and alveoli. The model assumes an abrupt change from

TABLE 3. D,,., S;;1, Y ,nar, and RMS error of model

an air-water interface in the conducting airways to an
air-blood interface in the alveoli. Alcohol is ~15% less
soluble in the blood of the pulmonary microcirculation
than in water, and this accounts for the higher concen-
tration in the gas phase of the alveoli compared with the
airway lumen. There is a large flux of alcohol from the
airway back to the mucus immediately on the air exiting
the alveoli. Over the course of exhalation, an average of
~25% of the alcohol in the alveoli redeposits on the mu-
cous layer. The result is threefold: 1) a bimodal distribu-
tion of net alcohol flux as a function of airway genera-
tion; 2) 85% of the alcohol that arrives at the mouth is
from the bronchial circulation, and the remaining 15% is
from the pulmonary circulation; and 3) 25% of the alco-
hol in the alveoli is redistributed in a characteristic fash-
ion along the mucous layer where it acts to retard the
excretion of alcohol from the bronchial circulation. The
model can be used to make similar predictions for a sin-
gle-exhalation maneuver using D equal to DH,0, as well
as a reduced D.

The simulation parameters used to determine the dis-
tribution of the net flux of alcohol from the airways are

Subj St S Yinex Yonax
No. Maneuver D, (Data) (Model) (Data) (Model) RMS
1 A 4.8 0.040* 0.042* 0.66 0.71 0.044
B 4.8 0.037* 0.053* 0.63 0.69 0.038
2 A 9.6 0.061* 0.078* 0.66 0.69 0.028
B 8.0 0.058* 0.092* 0.64 0.67 0.026
3 A 14 0.041* 0.032* 0.74 0.75 0.030
B 13 0.042* 0.037* 0.71 0.73 0.018
4 A 24 0.061* 0.032* 0.81 0.77 0.018
B 13 0.052* 0.045* 0.76 0.73 0.021
5 A 16 0.045* 0.028* 0.78 0.76 0.012
B 11 0.040* 0.036* 0.74 0.74 0.012
6 A 13 0.042* 0.023* 0.80 0.77 0.024
B 11 0.041* 0.024* 0.77 0.75 0.021
Mean + SD A 14+6.6 0.049+0.010 0.039+0.020 0.74+0.067 0.74+0.033 0.026+0.011
B 10+3.1 0.045+0.0083 0.048+0.024 0.71+0.060 0.72+0.030 0.023+0.0090
A&B 12+5.3 0.047+0.0089 0.043+0.022 0.72+0.063 0.73+0.032 0.024+0.010

D, optimal diffusion coefficient (X107 cm?/s); Sy, slope of phase III (mol alcohol in air - mol alcohol in alveolus™ - 171); Y,,..., concn of alcohol
at end expiration (normalized); RMS, root mean square error. * Statistically different from 0 using Student’s ¢ test (P < 0.001).
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M Oral tidal breath, D= D20
[ Maneuver A, D= D20

B Maneuver A, D= 10%*D 0
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FIG. 5. A: axial distribution of alcohol flux
on inspiration as predicted by model using
value for D of alcohol in tissue that is 10% of
DH,0. B: axial distribution of alcohol flux on
expiration as predicted by model using value
for D of alcohol in tissue that is 10% of DH,0. C:
net (inspiration + expiration) axial distribution
of alcohol flux as predicted by model using
value for D of alcohol in tissue that is 10% of
DH,0. Tidal breathing, single exhalation, tissue
diffusivity of alcohol, and expiratory flow rate
are contrasted. Positive flux denotes mucus to
air; negative flux denotes air to mucus. Resp
bronch, respiratory bronchioles.
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FIG. 6. Axial distribution of normalized concentration
of alcohol in equilibrium with mucous layer before single-

exhalation maneuver (Y, wall). Data for DH,0 and 10%
DH,0 are presented.
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based on the mean vital capacity of the six subjects, the
mean flow rate for maneuver A and B, and either DH,0 or
a D that is 10% of DH,0. Figure 5 demonstrates the pro-
gressive changes in the axial distribution of alcohol flux
to (negative) and from (positive) the mucus during inspi-
ration and expiration and the net distribution for an oral
tidal breath, a single exhalation, a single exhalation with
reduced D, and a single exhalation with reduced D and a
high exhalation flow rate.

On inspiration (Fig. 54), there is a bimodal distribu-
tion with peaks in the trachea and sixth generation for
the oral tidal breath. The decreasing flux between the
trachea and the second generation is due to the decreas-
ing driving force for flux of alcohol from the mucus to the
air. The rise in flux to the second peak is due to the rapid
increase in surface area available for alcohol flux as the
airways progressively bifurcate. The initial peak for the
single-exhalation maneuver remains but is reduced in
magnitude relative to the tidal breath. The second peak
is shifted toward the alveoli to 10th generation, and the
air does not quite reach equilibrium with the mucus be-
fore entering the alveolar region. The model uses the
same inspiration time for a tidal breath and a single ex-
halation; therefore, the flow rate for the single-exhala-
tion maneuver is larger than for the tidal maneuver. The
increased flow rate on inspiration in the single-exhala-
tion maneuver accounts for the changes in the inspira-
tory flux distribution (Fig. 54) by the following argu-
ment. The rapid flow rate increases the mass transfer
coefficient to the one-third power but decreases the resi-
dence time available for transfer to the first power. Thus
the net effect is to delay (or shift flux distribution toward
the alveoli) the flux of alcohol. Reducing D acts to further
decrease the magnitude of the initial peak, as well as shift
the second peak further toward the alveoli (12th genera-
tion). The mechanism accounting for these effects is rela-
tively simple. The steady-state axial concentration pro-
file of alcohol in the mucous layer, which determines the
magnitude for axial flux, is altered (Fig. 6). The concen-
tration of alcohol in the mucus in the upper respiratory
tree is reduced. This difference is compensated for by a
steep positive gradient between the 3rd and 12th genera-

tions, corresponding exactly to the rise in alcohol flux,
leading to the shifted second peak. The changes seen in
the axial mucous concentration profile are due to en-
hanced recovery of alcohol on exhalation and are ad-
dressed below in the discussion of Fig. 5B. As expected,
there is no difference in the inspiratory flux profiles be-
tween slow and rapid exhalation flow rates.

There are three characteristics of the expiratory flux
profiles seen in Fig. 5B that deserve mention. The first is
the large negative flux (air to mucus) in 18th generation
as the air exits the alveoli and encounters the air-water
interface. The flux in the 18th generation accounts for
between 31 and 54% of the total negative flux. This large
flux is mainly attributed to the change from an air-blood
interface in the alveoli to an air-water interface in the
airways and serves to balance the large positive flux in
the alveoli seen in the inspiratory flux profiles (Fig. 54).
The second observation is the reduced percentage of alco-
hol recovered in the 18th generation when D is reduced
(54 to 34%). A portion of this reduction can be attributed
to a higher absolute concentration of alcohol in the
mucus (thus a smaller driving force for alcohol flux) in
the 18th generation (Fig. 6). The remainder is accounted
for by the final result: an increased recovery of alcohol in
the 7th-15th generations, leading to a larger total
amount of alcohol recovered. When a D equal to DH,0 is
used, 26% (24% for a tidal breath) of the alcohol in the
alveoli is reabsorbed by the airways over a complete ex-
halation; this increases to 40% (44% for a tidal breath)
when the tissue diffusivity is reduced by 10-fold. Reduc-
ing D enhances the airways’ ability to recover alcohol on
expiration. The driving force for recovery of alcohol is a
pressure gradient between the air and mucus. Reducing
the diffusing capacity (D) of alcohol in the tissue layer
effectively hinders the tissue layer’s ability to replenish
the alcohol (from the bronchial circulation) that the mu-
cous layer lost to the air on inspiration. Hence, as exha-
lation begins, the air encounters a mucous layer in which
the alcohol pressure is less than it would be for the case of
a larger tissue diffusivity. The more distal airways are

able to recover alcohol more efficiently, thus accounting
for the findings in Figs. 5B and 6. The shift in alcohol
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recovery toward the mouth in the rapid exhalation flow
rate is caused by the same effect described earlier in the
case of differing inhalation flow rates (i.e., mass transfer
coefficient vs. residence time).

The net flux (inspiration plus expiration) profile in
Fig. 5C is useful to demonstrate several points. The first
is the near obliteration of the net positive flux in the
upper respiratory tree when a single-exhalation maneu-
ver is performed. This is due to the reduced contribution
of the upper respiratory tract on inhalation, as seen in
Fig. 5A. The contribution of the alveolar space to the net
alcohol loss is approximately twice as large as any indi-
vidual airway generation and ranges from 22 to 31% of
the total alcohol loss. There exists a point along the respi-
ratory tree where all of the alcohol absorbed by the air on
inspiration is redeposited to the mucus on expiration.
This point varies from between the 14th and 15th genera-
tion to between the 16th and 17th generation depending
on the breathing maneuver and the tissue diffusivity of
alcohol. Generations to the left (toward the mouth) of
this point have a net positive flux and those to the right
(toward the alveoli) have a net negative flux.

The mathematical model is able to predict the experi-
mental data and, in doing so, suggests a reduced D of
alcohol in tissue relative to DH,0. In addition, the model
predicts that the vast majority of alcohol exchange oc-
curs within the conducting airways and not the alveoli.
The interaction of alcohol with the airways can subse-
quently be used to explain the shape of the exhalation
profile.

DISCUSSION

Reduced D in tissue. It is likely that the diffusivity of
alcohol through organized cellular tissue is less than the
diffusivity of alcohol through water. Over 40 years ago
Kety (15) estimated that the D values of gases in tissue
were between 30 and 50% of their diffusivities in water.
The first study to investigate the permeability of alcohol
in tissue was reported in 1969 by Chinard et al. (2). The
study compared the relative diffusivities of a series of
monohydric alcohols (methanol to hexanol) to tritiated
water using the indicator-dilution technique in the kid-
ney. They were able to demonstrate that increasing alkyl
chain length, and therefore increasing lipid solubility, in-
creased the ratio of alcohol diffusivity in tissue to alcohol
diffusivity in water. In other words, increasing lipid solu-
bility increased the diffusivity of the solute in tissue. The
ratio D/DH,0 was never greater than 1 and had a range of
0.33-0.72 for ethanol. A limitation of this technique is
that only relative D can be calculated. Also, this tech-
nique measures relative D of whole tissue with heteroge-
neous cell types.

Studies by Polefka et al. (22) and Garrick and Chinard
(3) utilized a different technique to measure the perme-
ability of the cell membrane to a similar series of mono-
hydric alcohols at 37°C. Garrick and Chinard used a col-
lection of pulmonary cells (656% type II alveolar cells;
20% macrophages; and the remainder a mix of endothe-
lial cells, type I alveolar cells, and monocytes), whereas
Polefka et al. used a cell line derived from a hepatoma.
The cells were tightly packed by centrifuge into a cylin-
drical column, and radiolabeled alcohol was allowed to
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diffuse into the semi-infinite mass of cells for a known
amount of time. The permeability of the cells used by
Garrick and Chinard was 3.58 X 1072 cm/s. If one as-
sumes the average diameter of a cell is 10 um, D is 3.58 X
107% cm?/s or 22% of alcohol in water. Similar analysis of
the data from Polefka et al. gives a D of 2.32 X 107¢ cm?/s.
for the hepatoma cells, which is 15% of alcohol in water.

Two factors can explain the reduced diffusivity of alco-
hol in tissue reported by these studies and confirmed by
our model: 1) increased viscosity of the cytoplasm and 2)
relatively poor lipid solubility of alcohol. A variety of
techniques and molecules have been used to measure D
of the cytoplasm, and the results have been relatively
consistent. It is now well accepted that small molecules,
such as alcohol, have a D in cytoplasm that is between 20
and 50% that in water (16, 20) and is inversely related to
molecular size. This decrease is presumably due to the
presence of proteins, inorganic ions, sugars, and metabo-
lites that act to increase the viscosity of the cytoplasm by
two to six times that of water. As alcohol is smaller than
the molecules in the cytoplasmic studies, one would ex-
pect the diffusivity of alcohol in the cytoplasm to be a
minimum of 50% that in water. Alcohol is nearly 15 times
less soluble in lipid than in water (2). Therefore, the lipid
bilayer of the cell would be expected to offer substantial
resistance to the movement of alcohol. This is confirmed
in the results reported by Garrick and Chinard and Po-
lefka et al., who attribute 32 and 72%, respectively, of the
total resistance to the D of alcohol across a cell to the cell
membrane.

Although the results of these previous studies are con-
sistent with our model’s prediction of a reduced diffusiv-
ity of alcohol in tissue relative to water, the values they
attained (range 15-72% of DH,0) are all larger than our
model’s prediction (8% of DH,0). A mathematical model
of this magnitude requires many simplifying assump-
tions, many of which can impact the shape of the exhala-
tion profile and, hence, our model’s prediction of D_,,.
Assumptions regarding the surface area available for dif-
fusion, the solubility of alcohol in tissue, and the thick-
ness of the tissue and mucous layers, as well as other
factors such as asymmetric airway branching, Taylor dif-
fusion, lumping the radial concentration profile into two
compartments, and a finite bronchial capillary blood
flow, may all play a role in explaining the discrepancy
between our model’s prediction for D of alcohol in tissue
and that measured experimentally.

The D of alcohol in the tissue layer is defined by the
following expression

DBA
D L, (2
where 8, is the solubility of alcohol in tissue (ml alco-
hol-ml tissue™*-mmHg™), A is the surface area avail-
able for diffusion, and L, is the thickness of the tissue.
Reducing D of alcohol in the tissue layer acts to reduce D
of the tissue. A reduced D in the model creates the de-
sired improvement of the fit to the experimental data. It
can be seen from Egq. 2 that a similar effect can be
achieved by decreasing either A or §, or increasing L,.
The capillary bed of the bronchial circulation is com-
prised of a dense microvascular network (17). In con-
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trast, our model assumes a continuous capillary sheet.
The A available for diffusion from the capillary bed to
the nonperfused tissue layer in each airway generation is
calculated from the length and diameter of that genera-
tion as reported by Weibel (29). It is difficult to quantify
‘A of the capillary bed, but the assumption of a continu-
ous capillary sheet produces a maximum value. This may
account for an overestimation of D in the original model
and a subsequent underestimation of the fitted diffusion
coefficient, D ;.

Because alcohol is relatively hydrophilic, water con-
tent is the most important factor determining solubility.
The water content of blood is a function of hematocrit
and has a mean value of 79% for men and 81% for women
(11). In general, the water content of tissue is less than
that of blood and ranges from 74% in muscle to 77% in
the kidney (13). The water content of lung tissue is ex-
pected to be similar. Therefore the solubility of alcohol in
lung tissue is expected to be ~5% lower than in blood.
The model assumes that the solubility of alcohol in tissue
is equal to that of alcohol in blood. As is the case for
A, this assumption may produce an overestimation of D
and a subsequent underestimation of D,

The values of L, used by the model are larger than the
thickness of the resplratory epithelium by light micros-
copy (4) at every point in the respiratory tree. This in-
crease is to account for any connective tissue that lies
between the capillary bed and epithelium, which the
model incorporates into L,. As D was reduced by >12-
fold, a similar increase in L, would be required to produce
the same effect. The values for L, are already exagger-
ated, and any further increase would be unrealistic.

The D of the mucous layer also impacts the shape of
the exhalation profile. However, this impact is much
smaller relative to the D of the tissue layer because the
thickness of the mucous layer (L,,) is ~50 times smaller
than L,. Increasing L,, will improve the fit of the model to
the experimental data by decreasing D of the respiratory
mucosa, as well as enhancing the recovery of alcohol on
exhalation by providing a larger reservoir for deposition.
However, the value of L used by the model is 10 um,
which is the maximum that can be found in the literature
(19). Therefore, as in the case of L,, increasing L, in the
model is unwarranted.

Asymmetric branching of the airways would likely im-
pact the convective mixing of the gas in the airways. This
may affect the exchange of gases with low solubility, the
exhalation profile of which depends on the relative con-
vective and diffusive mixing that occur within the gas
phase (23). However, this is unlikely to affect the profile
of alcohol, which depends on the interaction with the
airway wall. Kaye and Schroter (14) have recently dem-
onstrated that as water solubility increases the effect of
airway branching on the relative dispersion of a gas de-
creases. For acetaldelhyde, which is nearly 15 times less
soluble than alcohol, airway branching had essentially no
effect on gas dispersion.

Taylor diffusion has been invoked as an explanation
for the separation of gases of different molecular weight
and, hence, different gas phase diffusivity. Scheid and
Piiper (23) concluded that Taylor diffusion plays only a
very minor role in gas exchange theory. In addition, Kaye
and Schroter (14) also demonstrated that increasing
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water solubility enhances Taylor diffusion, thus increas-
ing the gas phase mixing within the airway lumen. Be-
cause of the large water solubility of alcohol, Taylor dif-
fusion lends support to our assumption in the model of a
well-mixed gas phase.

Approximating the radial concentration profile as two
well-mixed compartments is a gross simplification but is
valid when the relative resistance of convective mass
transfer from the air is larger than diffusive resistance in
the mucus and tissue. In this case, diffusion in the mu-
cous and tissue layers is rapid relative to the delivery of
gas by the airstream, resulting in a flat (i.e., well-mixed)
concentration profile. Although reducing D of alcohol in
tissue acts to increase the tissue resistance, it also shifts
the gas exchange burden toward the alveoli (Fig. 5). Be-
cause the model scales L, to the airway diameter, the
tissue resistance decreases with increasing generation
number. For the 9th-17th generations, the ratio of con-
vective mass transfer resistance to tissue diffusive resis-
tance ranges from 5 to 50, which supports the contention
of a relatively flat concentration profile across the mucus
and tissue.

Finally, the model assumes a constant BAC, in other
words, an infinite bronchial capillary blood flow. The the-
oretical aspects of a combined perfusion- and tissue dif-
fusion-limited system have been developed by Hlastala
(8). The gas exchange kernel for such a system is

\G

B = G+vag

3

where E is the excretion (partial pressure of gas in the air
leaving the exchange region normalized by the partial
pressure in the incoming arterial blood), G = 1 —
exp(—D/QB,) (where B, is the solubility of alcohol in
blood), VA is the alveolar gas flow rate, and Q is the blood
flow rate. G is a term representing diffusion limitation
within the tissue. Swenson et al. (26) demonstrated in an
in vivo dog trachea that E of a gas from the bronchial
circulation was a strong function of A,. The more soluble
a gas, the larger the E. Acetone, the most soluble gas
investigated in this study (A, = 315), was shown to equili-
brate completely between the bronchial circulation and
the air (E = 1.0). It is evident from Eq. 3 that the larger A,
(and hence solubility) is, the larger E is; hence, because
alcohol is more soluble than acetone, its E is expected to
be unity, also. In addition, Eq. 3 demonstrates that E
approaches unity as Q becomes infinite. This is consis-
tent with the model’s assumption of an infinite capillary
blood flow.

Alveolar concentration of alcohol. The results have been
presented based on a microcirculatory hematocrit that is
80% of the systemic hematocrit (\, = 1,810). The experi-
mental data have also been analyzed using \, = 1,756, i.e.,
a pulmonary microcirculation hematocrit that is equal to
the systemic hematocrit (Fig. 7). Reducing )\, by 3%
(1,810 to 1,756) increases the concentration of alcohol in
alveolar air relative to capillary blood by 3% for both the
experimental data and the model prediction. Because the
model prediction is shifted by the same fraction, D, is
unchanged. The average Sy;; changes only modestly from
0.047 to 0.045 mol alcohol in air - mol alcohol in alveo-
lus™!-1"1. The mean RMS error increases (fit of model
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FIG. 7. Comparison of experimental and model data
when blood-to-air partition coefficient ()\,) is reduced
from 1,810 to 1,756. Model data are presented using D,
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worsens) slightly from 0.024 to 0.025 when a )\, of 1,756 is
used.

In addition, rebreathing maneuvers provide indirect
evidence consistent with the hematocrit of the pulmo-
nary microcirculation beingless than the systemic hemat-
ocrit. The concentration of alcohol in the alveoli cannot
be directly measured; however, attempts have been made
to improve the indirect sampling of alveolar air by re-
breathing, which provides a breath sample that is closer
to the true mixed alveolar air. Jones (12) demonstrated
that progressive cycles of rebreathing produced higher
breath alcohol concentrations than the single-exhalation
maneuver. Consequently, the blood-to-breath ratio,
which is equivalent to A, if a sample of true mixed alveo-
lar air is attained, decreased from 2,225 to 1,947 after five
cycles of rebreathing. Ohlsson et al. (21) also reported a
decrease in the blood-to-breath ratio from 2,450 to 2,075
after six cycles of rebreathing. If the hematocrit of the
pulmonary circulation were equivalent to the systemic
hematocrit, the blood-to-breath ratio after rebreathing
should approach 1,756, the value of A, for systemic blood.
The fact that the blood-to-breath ratios after rebreath-
ing are >1,756 supports the contention that the hemato-
crit of the pulmonary microcirculation is less than that of
the systemic circulation.

Sy Sy for a single exhalation can be explained by a
reduced D of alcohol in the tissue layer and the subse-
quent effects on soluble gas exchange with the airways.
We have discussed how the mucous layer, on inspiration,
is stripped of alcohol by the incoming ambient air and
very nearly reaches equilibrium with the mucus before
entering the alveolar space. The reduced diffusivity of
alcohol in the tissue layer hinders its ability to replenish
the mucous layer. On exhalation, the air encounters a
lower mucus concentration and therefore a larger driving
force for the redeposition of alcohol on the mucus. The
enhanced recovery of alcohol by the mucous layer delays
the rise in alcohol concentration at the mouth, thus ac-
counting for a steeper Sy;. This mechanism of Sy repre-
sents a temporal heterogeneity of gas pressure within the
exchange region and is inherently different from that de-
scribed for lower solubility gases such as N, and CO,.

Scheid and Piiper (23) introduced the concept of se-

quential emptying to explain the Sy of insoluble gases.
Ventilation-volume and VA/Q mismatching in the inho-
mogenous conducting airways and alveoli result in prefer-
ential emptying of regions in the lung with lower marker
gas concentration. This mechanism represents a parallel
heterogeneity of gas pressure within the exchange region
and cannot be used to describe the Sy of a highly soluble
gas such as alcohol. As air enters the alveolar space, it
immediately equilibrates with the alcohol pressure of the
blood. Because of alcohol’s very large partition coeffi-
cient (A, = 1,756 at 37°C), a VA/Q of >100:1 would be
required to cause a significant reduction in the partial
pressure of alcohol in the alveoli below that of the venous
blood. In normal lungs, the physiological range of VA/Q
is 0.1-10; therefore, the partial pressure of alcohol in
each alveoli is equal to the venous partial pressure. Even
with the presence of sequential emptying, the pressure of
alcohol in the gas leaving the alveoli would be constant.

More recently, Scherer et al. (24) demonstrated that a
distributed alveolar region can explain the Sy; during
tidal breathing of gases with intermediate (CO,) and low
(SF, and He) solubility. This mechanism represents a
serial heterogeneity of gas pressure in the exchange re-
gion. In other words, an intra-airway axial pressure gra-
dient accounts for the positive Sy;;. Our model is similar
in that there exists a distributed exchange region. In the
case of alcohol this region occurs in the airways rather
than in the alveoli. However, our explanation of the Sy
applies to the single-exhalation maneuver where the ex-
haled volume is ~20 times larger than the volume of the
exchange region. Hence, the positive Sy; cannot be due to
an intra-airway pressure gradient. Rather, the pressure
of alcohol in the exchange region is spatially homoge-
neous relative to the temporal heterogeneity that results
from the progressively decreasing flux of alcohol to the
mucous layer during exhalation.

Alcohol flux distribution. Reducing the D of alcohol in
the nonperfused tissue layer has a profound effect on the
distribution of alcohol flux between the airway lumen
and mucous layer. The contribution of the upper respira-
tory tree is significantly reduced as an overall shift to-
ward the alveoli in alcohol flux is produced. Although not
shown in Fig. 5A, the amount of alcohol arriving at the
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mouth during oral tidal breathing that arises from the
alveoli is essentially unchanged when D is reduced by
10-fold (16.3 to 15.4% of alcohol in the alveoli); however,
the 83% increase in reabsorption by the mucous layer (24
to 44% of the alcohol in the alveoli) on exhalation has
interesting ramifications. The increased reabsorption or
deposition retards the movement of alcohol from the
bronchial circulation to the airway lumen. Hence, a re-
duced D in the tissue layer hinders the lung’s ability to
excrete alcohol. This is relatively unimportant in the
case of alcohol where the lung accounts for only 2-5% of
the excretion (13). However, it seems reasonable that
other highly soluble gases would have a reduced D in
tissue also. If the lung played a significant role in their
excretion, the model would predict an extended half-life.
Conclusions. A single-exhalation maneuver has been
used to generate data on the exhalation profile of alcohol,
a highly soluble gas. The profile has only phases II and
III of the traditional profile, which describe low and in-
termediate solubility gases. Phase I no longer exists, as
the “conducting” airways are now part of the exchange
space. The experimental data are consistent with a D of
alcohol in the respiratory mucosa that is 8% of that of
DH,0 as predicted by a mathematical model of highly
soluble gas exchange with the pulmonary airways. The
reduced diffusivity and the subsequent effect on highly
soluble gas exchange can explain the Sy; of a single-ex-
halation maneuver for a highly soluble gas. Finally, the
reduced diffusivity enhances recovery of alcohol on ex-
halation, thus decreasing the excretion by the lung.
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