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Modeling Soluble Gas Exchange in the Airways and Alveoli
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Abstract—A mathematical model of heat, water and soluble coefficient,\y,.,. Of these three parameters, the blood:air
gas exchange in the airways and alveoli was used to predict thepartition coefficient\,,.,, is arguably the most important

location of soluble gas exchange in the lung. A previously . .
published model of heat, water and soluble gas exchange in thebecause it determines that low blood-soluble gases

airwayswas improved by incorporating anatomical data on the (Ap:a<<10) must exchange in the alveoli.
airway wall to better describe the bronchial circulation and Over the past thirty years, some pulmonary physiolo-

expanding the model to include a time varying description of gists have also been investigating another avenue of pul-

soluble gas concentration in the alveoli. Next, the model was .
validated using two experimental data sets from the literature: monary gas exchange—the airways. However, the gases

(1) ethanol expirograms ant2) the uptake of seven soluble that exchange in the airways are not respiratory gases but
gases. Then, the model simulated the excretion of ten soluble solvent gases that are very water soluble and have a high

gases whose blood:air partition coefficient,(,), a measure of  plood solubility (\,.,>1000). In this laboratory, a math-
blood solubility, ranged over 5 orders of magnitude. We found ematical model describing the exchange of water, heat,

that gases with\,,.,<10 exchange almost solely in the alveoli and a soluble gas in the Ubper airwavs was devel”c?ped
and gases with\,.,>100 exchange almost exclusively in the 9 PP y

airways. Gases with,,, between 10 and 100 have significant and fitted Wi?fh experimental temperature profifeand
interaction with the airways and alveoli. These results suggest ethanol datd® Using this model, our laboratory has de-
that the airways play a larger role in pulmonary gas exchange termined that gas exchange in the airways is similar to

than previously assumed and may require a reevaluation _of alveolar gas exchange in that gas exchange in both re-
pulmonary tests that involve exhaled samples of gases with . . S

Apa>10. © 2003 Biomedical Engineering Society. gions are highly dependent on ventilation ang.,.
[DOI: 10.1114/1.1630600 However, unlike alveolar gas exchange, diffusion of gas

through the airway tissue and bronchial blood flow are
Keywords—Mathematical model, Bronchial circulation, Inert also Important factors determlnllng alrway gas exchange.
gas. While the exchange mechanisms for gases at each end
of the blood solubility spectrum have been closely ex-
INTRODUCTION amined, the location and the exchange mechanisms of
gases residing between these two extremes<(L,
Over the past five decades, the major focus of pulmo- <1000) has not been quantified. In this study, we took
nary gas exchange research has rightly been on gas exour previously published model of heat, water, and
change in the alveoli. From the simple gas exchange soluble gas exchange in trarways and improved the
model developed by Fafithat described the lungs as description of the bronchial circulation by incorporating
one large alveolar unit to the more complex multiple anatomical data on the bronchial circulation and airway
inert gas elimination technique proposed by Wagner \all. Then, the model was expanded to include a time
et al*® that helped to quantify gas exchange heterogene-yarying description of soluble gas concentration in the
ity among alveolar units, the models of alveolar gas gjyeoli and to allow soluble gas to enter the lungs from
exchange were developed and refined because the gasesiher or both the inspired air orfand circulating blood.
most important to life, @ and CQ, exchange there. 14 provide accurate predictions of pulmonary gas ex-
From this multitude of studies, respiratory physiologists change, the mathematical model was validated using two

learned that alveolar gas exchange is dependent on Vengeq of experimental data. The first validation used ex-

tilation, pulmonary perfusion, and the blood:air partition haled ethanol profiles measured by Geoegel!® The
model was matched to these data by adjusting bronchial
Address correspondence to Michael P. Hlastala, Ph.D., Division of

Pulmonary and Critical Care Medicine, Box 356522, University of blood flow, Qbr,' The S‘?CO”d validation used data from
Washington,  Seattle, =~ WA 98195-6522.  Electronic ~ mail: & Short_ 10 min washin .Olf seven §0|Uble gases with
hlastala@u.washington.edu blood:air partition coefficient ranging from 90 to
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12 000%° Matching the model with the end-expired and from the mouth to the 18th generation. The alveoli and
mixed-expired data from that experiment was also ac- respiratory bronchioles are lumped into a single alveolar
complished by adjusting,,. Then, the validated pul-  unit (i.e., 481st control volume

monary (airway and alveolar model of gas exchange Previous versions of this moc}é’l“z only allowed
was used to predict the exchange of ten soluble gasessoluble gas to enter the lung from the bronchial and
(0.09<\,,.,<2709) and thereby address the primary Pulmonary circulations and assumed the alveolar air to
question of this study. How does the blood:air partition always be fully saturated with water and soluble gas at
coefficient affect the location of soluble gas exchange in body temperature (37°C). These two restrictions were

the lung?
It was hypothesized that the location and extent of

relaxed in this model version. First, the current model
allows soluble gas to enter the lung from the inspired air,

soluble gas exchange in the lungs was highly dependentfrom the circulating blood or from both the air and

on the blood:air partition coefficient. Gases with a low
blood:air partition coefficient exchange completely in the
alveoli while high blood-soluble gases exchange com-

blood. Second, the mole fraction of soluble gas in the
alveolar air is allowed to vary with time as described by
a mass balance on the alveolar compartniseé Appen-

pletely in the airways. Intermediate blood-soluble gases dix for a brief description This time-dependent alveolar

exchange partially with the airways and the alveoli.

MATHEMATICAL MODEL

The original mathematical model described the simul-

compartment will not affect the exchange of high blood-
soluble gases such as ethan®j.q=1756) but this com-
partment will be important when simulating the ex-
change of gases with,.,<<100. Pulmonary blood flow,
Q,, is assumed to be 100 mi% which approximately
matches the ventilation rate for the studies modeled here.
The pulmonary blood volume/,, is assumed to be 100

taneous exchange of heat, water, and a soluble gas withml resulting in a pulmonary capillary residence time of 1

the airways. The initial detailed model derivation and
validation with airway temperature profiles was pub-
lished by Tsuet al*? Validation with exhaled ethanol

profiles and further model modifications were published
by Georgeet al’® The current model, described here,
now includes the bronchial circulation, pulmonary circu-
lation and a time-dependent alveolar compartment. All of

these modifications are presented here with a brief de-

scription of the airway wall paramete(scluding bron-
chial circulation) and model equationfAppendix.

Axial Structure. The lung model has a symmetrically
bifurcating structure through eighteen Weibel genera-
tions. The dimensionglengths and diametersfor the
upper respiratory tractnasal and oralare taken from
Hanna and Scheré®.The lower respiratory tract dimen-
sions are taken from Weib&i.Because the dimensions
of Weibel's model were determined at a volume of three-
fourths total lung capacity4800 m), these dimensions
were scaled. For model simulations involving tidal

s2 The alveolar volumey,, at FRC was assumed to be
2650 ml which is characteristic of a FRC of a healthy
young marft

Since the mole fraction of soluble gas in the alveolar
compartment can vary with time, the mole fraction of
soluble gas in the pulmonary artery is not necessarily
equal to the mole fraction of soluble gas in the bronchial
artery. In the current model, the soluble gas mole frac-
tion in the bronchial arteryX,, is assumed to be equal
to the soluble gas mole fraction leaving the pulmonary
circulation. This assumption will not affect the exchange
of high blood-soluble gases such as ethanol but it will be
necessary when simulating the exchange of gases with
Np:a<100.

Radial Structure: General.In earlier modelg?*?the ra-

dial structure of the airway control volume consisted of
four compartments(l) the airway lumen(2) a thin layer

of mucus;(3) a nonperfused tissue layer that represents
the respiratory epithelium, basement membrane, and any

breathing, the airway lengths and diameters were scaledconnective tissue before reachit) the capillary bed of

by a factor (2650/4800"° to represent a functional re-
sidual capacity(FRC) of 2650 ml?* When the model

the bronchial circulation. This capillary bed was consid-
ered to be an infinite source or sink for heat and the

simulated a single exhalation maneuver, an exhalation soluble gas; that is, the temperature and mole fraction of

from TLC to RV, the lung was not scale@le., airway
dimensions=2 TLC). The airway dimensions for tidal

the soluble gas in the bronchial circulation were con-
stant. In a recent version of this modehe structure of

breathing or a single exhalation maneuver were scaled tothis capillary bed was modified to allow the temperature
account for the size of the subject. Since the vital capac- and soluble gas mole fraction to vary with time and axial

ity of the Weibel lung model is~5000 ml, the dimen-
sions were scaled by a factévC/5000*° where VC is

vital capacity. Axially, the model is divided into 480
control volumes (discussed in the following sectipn

position. Thus, the effects of airway perfusion on airway
gas exchange could be studied.

In this current mode(Fig. 1), the airways are divided
into six radial compartmentgl) the airway lumen(2) a
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Bronchial
Bed
Pulmonary Adventitia ° Connective =~ Mucus  Airway Lumen
Bed or g X, Tissue

FIGURE 1. Model control volume. The source of soluble gas for this diagram is the blood (pulmonary venous and bronchial
arterial ). Blood enters the bronchial bed compartment with mole fraction, X,. Soluble gas is transported by secretion and
diffusion across a series of annular layers before entering the passing airstream. The ratio of gas solubility between layers is
specified by a partition coefficient, N. The shaded region in the airway lumen represents the boundary layer resistance
associated with the air—-mucus interface. The thickness of the connective tissue compartment, €,, and the thickness of the
adventitial layer, €., represent recently measured parameters that characterize the newly incorporated bronchial circulation

and adventitial layers.

thin mucous layer(3) a connective tissue layef) the partition coefficient,A,,.,, for the soluble gas. The ex-
bronchial circulation(5) the adventitial layer, an¢b) the change of @ and CQ is assumed to have a negligible
pulmonary circulation. Within a control volume, the sur- effect on the soluble gas mole fraction.
face area for exchange between radial layexs, is
assumed to be constant and equalrtal Az whered is Mucus. The mucous layer surrounds the airway lumen
the diameter of the airway lumen amkiz is the axial and is treated as a binary mixture of water and dilute
length of the control volume. The soluble gas mole frac- soluble gas. Because the mucus~i95% water® the
tion, water content, and temperature are assumed to bephysical properties of the mucus are assumed to be equal
uniform within each radial layer. Gas transfer between to those found in water. The mucous layer thickness
layers occurs by radial diffusion and secretion. Axial varies with local hydration and dehydration. A minimum
diffusion of energy and mass between similar layers of thickness(10 um in the trachepis maintained by secre-
adjacent control volumes is neglected except for mass intions from the bronchial bed. A minimum thickness is
the airway lumen. A brief derivation of the energy and maintained in each generation such that the volume of
mass balances for each layer is in the Appendix. Mmucus across a generation is equal to the minimum vol-
ume in the trachea.
Airway Lumen. Within this layer, the air consists of a
tertiary system of soluble gas, water and dry air. Mass Connective Tissue.The tissue layer is treated as a bi-
and energy are transported between control volumes bynary mixture of dilute soluble gas and watére., the
bulk convection and axial diffusion for mass as described physical properties of tissue are assumed to be equivalent
by Twedt?* The diffusivity of soluble gas through air to wate). The diffusivity of soluble gas through the
was calculated using the Wilke—Lee modification of the connective tissue is assumed to be 33% of its diffusivity
Hirschfelder—Bird—Spotz methdd.Between the air and  in water'? The diffusivity of soluble gas through water
mucus, the heat transfer coefficient is described by anwas calculated using the Wilke—Chang metRddihe
empirical correlation derived by Ingenffoand the mass  solubility of gas in tissue is described by two partition
transfer coefficient is calculated from the Chilton— coefficients. For most gases, the blood:tissue partition
Colburn analogy. Near the air—-mucus interface, local coefficient,\,., is assumed to equal one but for ethane,
vapor—liquid equilibrium is assumed. This equilibrium is cyclopropane, halothane, ether, and acetang,is equal
described by Raoult'’s law for water and the water:air to 1.18, 1.63, 1.27, 1.53, and 1.38, respectivél§he
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tissue:mucus partition coefficierk,.,, is calculated by =~ where N is the total number of compartments in the
relating the partition coefficient between radial layers to model, i(n) is the number of control volumes in com-

one anothef* partmentn, andg(n) is the airway generation number.
Although total blood flow can be specified, local blood
1 Np:a(T) flow to a control volume at axial positionis calculated
Meml(T) =3 ™ ()\ (T))' (1) using the following relationship:
b:t m:a
The mucus:air partition coefficient is assumed to be Upr(2)=v(2)qp F(2). (4)

equal to the water:air partition coefficientA .,

=\w:a)- TO maintain a constant tissue volume, fluid is The variablev,(z) is the volume of tissue (cth sur-
filtered from_the_ pronchlgl _bed to replace the fluid that rounding the airway at axial positiory gy, is the mean
was lost maintaining a minimum mucous thickness. The blood flow per unit volume of tissue, anB(z) is a
thickness of this layer for each airway generation was ’
determined from bronchial vessel measurements in
sheeﬁ that were scaled to humarisee below in Model
Dimensions for Airway Wall.

weighting factor given by Bernarét al® These param-
eters are defined by the following relationships:

F(z)=0.19+2.8 expp —5.1d(z)], (5)
Bronchial Capillary Bed. In the earliest versions of this
model***3the bronchial bed was described as an infinite _ 0,
source for heat and mass implying airway gas exchange Qbr:Ty (6)
t

to be dominated by diffusion through the connective tis-
sue. However, more recent experimeitaf and theoret-
ical investigation%** demonstrated that airway gas ex-
change depends strongly on the tissue diffusing capacity Vt:zl vi(2). 7
and perfusion of the airway wall. Thus, the current

model reflects these dependencies through the develop-

ment of a bronchial bed layer that uses new measure-
ments of the bronchial circulatioh.

The bronchial bed is modeled as an axial series of
annular sheets of blood that surround the tissue layer.
The blood entering each control volume has a soluble
gas mole fractionX,, and a temperaturd,,, equal to
body temperature (37 °C). Within each control volume,
blood exchanges heat and mass with the tissue layers
fluid is filtered from the capillary bed to the connective
tissue layer exactly replacing the fluid lost from the tis-
sue by secretion, and the blood exits the bronchial bed
with a soluble gas mole fractiorX., and temperature,
T.. The blood is considered well mixed both axially and
radially. Each control volume contains an individual ves-
sel that is characterized by three parameters.

The first parameter is the total blood flow rate to the
airways,Qb,(mIs‘l), and is defined as the sum of all of
the control volume blood flow rates:

The second and third parameters are the bronchial
capillary surface area and capillary volume, respectively.
These two parameters and the connective tissue thick-
ness,{,, were recently measured in sheephese three
parameters provide a stronger quantification of bronchial
capillary diffusing capacity and residence time than pre-
vious models of airway gas exchange.

‘Adventitial Tissue. The adventitial layer resides between
the bronchial bed and the pulmonary bed where the pul-
monary capillary conditions are assumed to exist. The
physical properties of this layer are assumed to be
equivalent to water with the exception of solubility and
diffusivity (see above in Connective Tissudhe thick-
ness of this layer was calculated by subtracting the con-
nective tissue thicknegsee below in Model Dimensions
for Airway Wall) from the lumen-alveolar tissue thick-
ness. The lumen-alveolar tissue thickness was calculated
as the sum of the airway wall tissue thickness and the
| epithelial thicknesgTable 1. In the current model, this
: _E , layer is present for generations three and greater, the
Qbr_n=l Gor(2), ) intraparenchymal airways. For airway generations three
through ten, cartilage resides in the adventitial tissue and
is thought to impede the diffusion of soluble gas through
this tissue® As a result, the molecular diffusivity of
soluble gas through this layer was assumed to be 10% of
N the molecular diffusivity through the connective tissue
|:2 i(n)29(m, @) (i.e., ~3% of the molecular diffusion coefficient of
n=1 soluble gas through water

where | is the total number of control volumes and is
defined to be
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TABLE 1. Bronchial vasculature measurements and airway wall measurements from sheep and
humans used to estimate the airway wall and bronchial bed dimensions.

Analysis Best fit line Reference

Sheep measurements

Epithelial thickness y=0.00148d+0.0022 3
Connective tissue thickness y=0.0012d+0.004 3
Wall tissue thickness y=0.0847d+0.0056 3
V" Capillary cross-sectional area y=0.0118d+0.003 3
V. Wall area y=0.554d 3
Human measurements
Epithelial thickness y=0.0052d+0.0016 11
V" Wall area y=0.306d+0.014 30

All variable dimensions are in centimeters. The variable d is the airway diameter.

Pulmonary Capillary Bed. The pulmonary bed layer is  of soluble gas in the air, mucous, connective tissue, bron-
assumed to be an infinite source or sink of heat and chial bed, and adventitial tissue layei,( X, X;, X¢,
mass. The temperature is assumed to be constant at &,g; the temperature of the air, mucous, connective tis-
body temperature of 37 °C. The mole fraction of soluble sue, bronchial bed, and adventitial tissue layérs, (T,,,
gas in this layerXy,, is assumed to be the average of T, T, T,9; the mole fraction of water in the air(,);
the soluble gas mole fraction entering the pulmonary and the mucous thicknesg (). The twelve differential
circulation, X,,, and bronchial circulationX, (i.e., leav- equations are solved numerically on a Pentium IV com-
ing the pulmonary circulation For extremely blood-  puter runningDIGITAL VISUAL FORTRAN. The spatial di-
soluble gases like ethanoX,,~X,. For a soluble gas  mensions are solved by upstream finite difference while
very much less soluble than ethan@.g., ether X, the time derivatives are handled usingoDE, an inte-
<Xpp<X, . In the current model, this layer is present grating software package developed by Hindmafsthe
for airway generations three and greater, namely, the mass balance around the alveolar compartment is inte-
intraparenchymal airways. grated separately from the airway control volumes using
LSODE. On inspiration, the mole fraction and temperature
Boundary Conditions.Boundary conditions are applied of gas leaving the last control volume in generation 18
at the mouth and alveoli. During inspiration, the ambient become the input conditions for the alveolar compart-
temperature and relative humidity of the inspired air are ment. On exhalation, the mole fraction and temperature
set equal to 23 °C and 50%, respectively. The mole frac- of gas leaving the alveolar compartment become the in-
tion of soluble gas in the inspirate can be set equal to put conditions for generation 18.
zero to study the elimination of soluble gas from the
body or to a finite value to study the uptake of soluble Simulating Steady-State Gas Exchange
gas from the ambient air. For all times, the alveolar air is
assumed to be fully saturated with water and to have a  Before the model simulates any tidal or prolonged
temperature equa| to a mean body core temperature Ofbreathing maneuvers, the model first must reach breath-
37°C. The mole fraction of soluble gas in the alveolar to-breath steady-state conditions. In general, the tempera-
compartment varies with time based on a mass balance ture, water concentrations, and soluble gas concentrations
In the respiratory tract, local vapor—liquid equilibrium is Within the mathematical model were brought to steady
assumed at the air—mucus interface. This equilibrium is State by simulating 30 tidal breaths from FRTA res-
described by Raoult’s law for water and by the mucus:air piratory rate of 12 breaths/min, a sinusoidal flow wave-
partition coefficient\ 5, for soluble gas. Between ra- form, a tidal volume of 500 ml, and a vital capacity of

dial layers, partition coefficients are used to define the 5000 ml were used. Additionally, the inspired air tem-
solubility of gas in one layer relative to another. perature and relative humidity was set at 23 °C and 50%,

respectively. Depending on the simulation, soluble gas
enters the lung from either the inspired air or the pul-
Solution of Model Equations monary circulation.

Mass and energy balances around each control vol-
ume produce twelve differential equations in tinneand
spacez. The equations are solved simultaneously for the A major improvement to the current airway gas ex-
following twelve dependent variables: the mole fraction change model is the use of anatomical measurements of

Model Dimensions for Airway Wall
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the bronchial circulation and thickness of airway tissue. mucus during inspiration and desorbed back to the mu-
Four measurements, made in shégpovide a means to  cus during expiration. During inspiration each airway
accurately describe the dependence of airway gas ex-generation will contribute a small quantity of soluble gas
change to diffusion through the airway tissue and perfu- from the airway wall to the gas stream. The reverse
sion of the airways via the bronchial circulation. Two of occurs during expiration. Per airway generation or model
these measurements, the capillary periméter, surface compartment, the molar flow of soluble gas can be math-
areg and the connective tissue thickness, completely ematically described by the following expressions for
specify the diffusing capacity of the bronchial circula- inspiration, ji,sp, and expiration jey,:
tion. The diffusion coefficient of heat and mass in tissue
and the tissue solubility of a soluble gas are reasonably
well known. The third measurement, capillary volume, [
can be calculated from the capillary cross-sectional area jmsp(n)zgg(n)E
and provides a description of the perfusion dependence x=1
of airway gas exchange on the bronchial circulation. The
fourth measurement, the wall tissue thickness, is the dis-
tance between the airway lumen and the alveolar-
adventitial boundary. Subtraction of the connective tissue
thickness from the wall tissue thickness provides a mea-
sure of the adventitial layer thickness. ‘
The measurements of tissue thickness and capillary ) :
cross-sectional area were scaled to humans using the lexp(n)zzg(n)le
following method. Each sheep parameter was normalized
by a second sheep tissue measurement. This second mea- Vee
surement had two characteristi¢d) a similar function- xf [Ya(X,0) = Yyana(X,v)]dv
ality with airway diameter as the first an@) a corre- Vei
sponding measurement in humans. For example, the
co_nnective_ tissue thickness was normalize_d by epithelial where g is the generation numbe, is the number of
thickness in sheefiTable 1, and the capillary cross-  control volumes in the compartment, is the control
sectional area was normalized by the airway wall area in \ojyme numberk, , is the local mass transfer coefficient
sheep(TabIe 3. Tp determine th_e connecuye tissue for the soluble ga§/ins is the volumetric flow rate of air
thickness and capillary cross-sectional area in humans, | =~~~ Y7UINSP i .
the normalized measurements were multiplied by the epi- dur!ng msplrayon,vexp is the volumetric flow rate of ar
thelial thickness in humans and the airway wall area in o_Iurlng explra_tlon,vee is the lung volume_ at e_nd_ expira-
humans, respectivelyTable 1. The bronchial capillary tion, anqlvei Is the Iung_ volume at end |_nsp|rat_|on._The
volume,v., was calculated by multiplying the bronchial differential volumle,f:lv, is equal to the fj|fferent|al 'glme
capillary cross-sectional area by the thickness of the con- €lement,dt, multiplied by the volumetric flow ratey.
trol volume, Az. The bronchial capillary perimetdi.e., Equations(9) and (10) confirm that the main driving
surface areawas also measured in sheep but was not force for soluble gas transfer is the difference between
scaled for humans as it was found to equal 58% of the the soluble gas mole fraction in the airway luméfy,,
airway lumen surface area for all airway generations. @nd the mole fraction of soluble gas at the air—mucus
The capillary area fraction is equal to half of the ratio of interface,Yyaa-
capillary-to-lumen surface areab.=0.29, as half the
surface is available for exchange with the airway lumen o ]
and the other half with the pulmonary capillary. Determination of Gas Exchange Location

As(X)

Vinsd X)

Ky.a(X) )

Vei
% | Y000~ Va0 o |, @
Vee

As(X)

VexdX)

Ky.a(X) )

)

To determine where the majority of gas exchange
occurs (i.e., airway versus alveolgran exchange ratio

When a subject with soluble gas in their blood (ER) can be defined as the ratio of airway gas exchange
breathes fresh air, soluble gas will be absorbed from the to total pulmonary gas exchandEq. (10)]:

Gas Flow From Airway Wall to Lumen

net airway gas transfer

ER= - .
net airway gas transfernet alveolar gas transfer

(10
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As a measure of airway gas exchange, the net massspired volume, expired volume, and exhalation time must
transfer of inert gas from the airway was calculated as be specified. The large inspired volume was approxi-
the sum of the inert gas flow from the mucus to the mated to be 65% of each subject’s vital capatitfhe
airway lumen on inspiration and the inert gas flow from experimentally measured expired volume for each exha-
the mucus to the airway lumen on expiration. For a lation maneuver was used in the model. The exhalation
measure of alveolar gas exchange, the net mass transfetime for each maneuver and subject was calculated by
of inert gas from the alveoli was calculated as the sum of dividing the smallest expired volume by the mean flow
the inert gas flow from the alveolar gas to the pulmonary rate for each group of maneuvers. The single exhalation
blood on inspiration and the inert gas flow from the maneuver was simulated at a lung volume equal to three
alveolar gas to the pulmonary blood on expiration. Total fourths TLC.
pulmonary gas exchange is defined as the sum of airway  The bronchial blood flowQ,,, was used as an ad-
net gas transfer and net transfer of inert gas from the justable parameter to optimize the fit of the model to the
alveoli. experimental data for each subject and maneuver. The
accuracy of the model prediction was evaluated using the
method of least squares and summarized with a correla-

MODEL VALIDATION tion coefficient R?). The best-fit'Q[Jr was determined to
within 0.1 mls™t.

Ethanol Expirograms

Experimental Single Exhalation Maneuver3he details

of the experimental protocol can be found elsewHgre. Short Duration Soluble Gas Washin

The pertinent results are presented here. Six male volun-

teers ingested enough alcohol to achieve a blood alcoholExperimental Washin.Detailed results of the experimen-
concentration of approximately 0.09 gm% according to tal protocol have been previously publistiddhence,

the Widmark formuld® The mean age, weight, and vital ~only the salient results will be presented here. The mean
capacity for the single-exhalation maneuver were 30 age, weight, height, and tidal volume for the four sub-
+10yr, 7814 kg, 5400 740 ml, respectively. Follow-  jects were 46.53.2(SD) yr, 60.513.5kg, 167.0

ing ingestion of the alcohol, the subjects waited approxi- *8.8 cm, and 50& 30 ml, respectively. The mean res-
mately 1 h for absorption to take place. Each subject piratory rate for inhalation of each soluble gas was
performed two different breathing maneuvers, repeated 13.0+1.0 min~*. After inhaling room air to stabilize en-
five times each. Maneuver A consisted of a single inha- dogenous substance in their exhaled air, subjects inhaled
lation to total lung capacityTLC) followed by an exha-  test air containing one of ten organic soluble gases for 10
lation at a slow constant flow rate to residual volume min and then switched to inhaling room air for 5 min.
(RV). The second breathing maneuver, maneuver B, was Throughout the 15 min experiment, mixed exhaled air
identical to the first except that the exhalation was at a was collected for an entire minute using a Tedlar bag and
rapid constant flow rate. Ethanol concentration, exhaled then analyzed. The bags were exchanged for another
volume, and exhaled flow rate were measured dynami- every minute. Breath-to-breath end-exhaled gas concen-
cally throughout the prolonged exhalation. Quiet tidal trations were measured and averaged over each 20 s
breathing was done for three minutes between maneu-period throughout the 15 min experiment. Both the
vers. The expired concentration of ethanol was normal- mixed exhaled and end-exhaled gas concentrations were
ized by the concentration of ethanol in the alveolar gas. normalized by the inspired soluble gas concentration.
Then, each group of expirograms within a subject and After 8 min of washin, the mixed-exhaled and end-
maneuver type was condensed into a single representa€xhaled concentrations of these soluble gases reached a
tive exhalation maneuver by averaging the normalized steady-state plateau.

alcohol concentration in the exhaled air at intervals of

one-tenth the total exhaled volume. Simulated Steady-State Washi@f the ten gases studied
by Kumagai et al,?° the steady-state uptake of seven
Simulated Single Exhalation Maneuver®rior to simu- were modeled. They are listed with their blood:air and

lating a breathing maneuver, the airways were brought to water:air partition coefficients in Table 2. Three soluble
steady-state conditions as outlined in tsemulating gases were not modeled in this investigation because two
Steady-State Gas Exchangecept the tidal volume was were metabolized within the airways and another gas
approximated to be 10% of the subject’s vital capdéity caused throat irritation during exposure. The final 2 min
and ethanol entered the lung via the pulmonary circula- of mixed-exhaledE,,x, and end-exhaledz,y, washin
tion. To simulate a single exhalation maneuver, the in- data from Kumagd were modeled as if
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TABLE 2. Literature values for blood:air and water:air partition and temperature coefficients
(%/°C) of twelve soluble gases at 37 °C.

Partition and Temperature Coefficient

Solvent Npa Ap:a Nu:a Ay a
Ethane 0.088 -5.0 0.0362 -2.12
Cyclopropane 0.36° —-6.2° 0.232 —1.78
Halothane 2.4° -3.7° 0.7° -5.0°
Ether 15.2¢ -3.8° 16° —4.1°
Methyl isobutyl ketone! 90¢ -5.0 79¢ —6.79¢
Methyl propy! ketone! 1509 -5.0 166¢ —5.7%¢
Acetone? 341f —5.5f 279 —55
isoPropanol* 8489 -5.0 15009 —3.29h
Ethanol 1756' -6.7 2132 -6.4
Methanol* 2709 -59 3400 -29
Ethylene glycol monobutyl ether* 7970k -5.0 7050k -5.0
Propylene glycol monomethyl ether! 12380% -5.0 122804 -5.0

All values not referenced were assumed.
'Soluble gas used in the Kumagai et al.?° study.
awilhelm.*°

bLowe.*?

°Eger.®

dSato and Nakajima.3*

eYaws et al.>?

‘Wwagner.*®

9Kaneko et al.?’

"Yaws et al.>*

iJones.?

1Jones.?®

kJohanson and Dynesius.?

the data were in a steady state because the time course dPREDICTING LOCATION OF PULMONARY GAS

the E,x andE¢,qdata show these two measures reaching EXCHANGE

a plateau at approximately the eighth minute of expo-

sure. Additionally, the venous concentration of inert gas ~ While investigations have shown experimentally and
was assumed to be zero because of the high of the mathematically that low blood-soluble gases, < 10)
gases used in the experiméftincorporating these two ~ exchange largely in the alveoli and high blood-soluble
assumptions into the current model, the temperature andgases Xp.,>1000) exchange in the airways, an experi-
concentrations within the mathematical model were mental or theoretical study has not demonstrated how
brought to steady state as outlined in tBémulating intermediate blood-soluble gases €18,.,<1000) par-
Steady-state Gas Exchangacept a respiratory rate of tition their exchange between the airways and alveoli.
13 breaths per minute was used and a single soluble gadere, this newly expanded and validated model of pul-
entered the lung via the inspired air. The end-exhaled monary gas exchange was used to predict the location
and mixed-exhaled concentrations of soluble gas wereand extent of low, intermediate, and high blood-soluble
calculated from the 31st simulated breath. The bronchial gas exchange in normal lungs during tidal breathing.
blood flow, Q,,,, was used as an adjustable parameter to  The model simulated the exchange of ten gases with
fit the model predicted ,;, andE.,4to the experimental Ay, ranging between 0.088 and 27@%able 2 from
values. The accuracy of this fit was determined by cal- lungs breathing tidally. Before simulating a tidal breath,
culating the percent difference between the model pre- the mathematical model was brought to steady state as
dicted values and the experimental values for each outlined in the Simulating Steady-State Gas Exchange
soluble gas. The optimal fit and associat@g was es- For each simulation, a single soluble gas entered the lung
tablished by minimizing the sum of the absolute percent via the pulmonary circulation and bronchial blood flow
difference forE,,, and the absolute percent difference was set at 1 mIst. To evaluate where each gas ex-
for Ecng- The optimal blood flow was determined to changed in the lung and to provide insight into the
within 0.1 mls™t. mechanisms of their exchange, three model outputs were
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FIGURE 2. Experimental and model-predicted exhaled etha-
nol profiles for maneuver A and maneuver B for a represen-
tative subject (subject 5). Experimental data are designated
by solid circles (@) for maneuver A and open circles  (O) for
maneuver B. Model-predicted profiles are shown using a
solid line for maneuver A and a dashed line for maneuver B.
The model fit to the data was optimized by adjusting the

bronchial blood flow rate, Oy, .

examined for each soluble ga&t) the ratio of the net
airway gas transfer to total pulmonary gas transfeg.
(10)]; (2) the axial distribution of soluble gas flux; and
(3) the exhaled expirograms.

RESULTS

Validation-Ethanol Expirograms. The best-fit model
predictions of the experimental ethanol expirograms
from a representative subje@ubject No. 5 for the slow

ANDERSON et al.

meanQ,, and R? were 0.9 mI§* and 0.983 for maneu-
ver A and 0.5mls! and 0.933 for maneuver B. Be-
tween maneuvers, the me&f was statistically similar
but the meanQ,, was statistically different. When both
maneuvers were combined, the me@p, and R? were
0.7mis ! and 0.958.

The axial distribution of ethanol transport from the
airway wall to the lumen as predicted by the current
model are shown in Fig.(8). This transport of ethanol
per generation during inspiration;,s,, and expiration,
jexp, are presented for maneuver A from subject 5. A
positive value indicates absorption of ethanol from the
mucus to the airstream. A negative value denotes desorp-
tion of ethanol from the airstream to the mucus. Inde-
pendent of maneuver, the axial distribution of ethanol
transport on inspiration shows a himodal distribution
with a small peak in the trachea and larger peak at the
12th generation. After the 12th generatigp, for eth-
anol decreases until the alveolar region where it is nearly
zero. Similar to the results of a previous stldgimost
100% of ethanol exchange occurs completely within the
airways.

In the current model, between 50% and 70% of the
ethanol absorbed from the mucous layer on inspiration is
deposited back to the airways on exhalation. This
absorption—desorption phenomenon is similar to predic-
tions made by previous airway gas ex-
change modefs'®#% and is the mechanism responsible
for the phase Ill slope of the ethanol expirogrdsee
Discussion.

The axial distribution of water and heat transport from

exhalation and rapid exhalation maneuver are shown inthe airway wall to the lumen are shown in FiggbBand

Fig. 2. For this subject, the model required a bronchial
blood flow of 1.3 and 0.7 mI's to accurately predict the
expirograms for maneuver A and B, respectively. For
each maneuver and subject, the best-fit valuepfand

R? are summarized in Table 3. For all six subjects, the

TABLE 3. Bronchial blood flows  (ml's %) corresponding to the
best-fit model predictions of the experimental exhaled ethanol
data collected by George et al.’®

Maneuver A Maneuver B
Subject Qbr R? Qbr R?
1 0.1 0.990 0.1 0.822
2 0.1 0.950 0.1 0.888
3 0.8 0.981 0.5 0.979
4 15 0.992 0.6 0.946
5 1.3 0.991 0.7 0.968
6 1.6 0.996 1.1 0.994
Mean 0.98 0.983 0.5 0.933
SD 0.7 0.017 0.4 0.066

Sstatistical difference between maneuver A and maneuver B (p
<0.05).

3(c), respectively. Like the distribution of ethanol trans-

port, the distribution of water and energy transport is
bimodal with a large peak in the trachea and a smaller
peak at the sixth generation. Heating and humidification
of inspired air is nearly complete at generation 14 where
almost no transport of water and energy between the wall
and lumen occurs. Notice that the shape of the axial
distribution of heat transport is almost identical to the

distribution of water transport. These distributions are
similar because of the highly coupled nature of these two
guantities. In fact, 80% of the total energy transported is
because of the latent heat effects of wéfer.

Validation—-Uptake of Soluble Gas.The current model
was able to accurately predict the values Eyf;,, and
Eeng as measured by Kumagat al?® by adjusting the
bronchial blood flow rate. These results have been sum-
marized in Table 4. The blood flow for ethylene glycol
monobutyl ether was removed from the analysis as it
was greater than two standard deviations from the mean.
On average for the gases, the model overpredigigg

by 11% but predictedE,,q to less than 0.1% accuracy.
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FIGURE 3. Axial distribution of ethanol (panel a), water
(panel b), and energy (panel c) transport from the airway
wall to lumen over one inspiration (black columns ) and ex-
piration (gray columns ) for maneuver A. Ethanol transport
(panel a) has a bimodal distribution with peaks in the tra-
chea and generations 10—12. The shape of the axial distribu-
tion of heat transport is very similar to the distribution of
water transport since 80% of the total energy transported
results from latent heat effects. 43

The model was unable to predict the exchange of the
extreme blood-soluble gas ethylene glycol monobutyl
ether and had difficulty predicting:,;, for the other
extreme blood-soluble gas propylene glycol monomethyl
ether.

Predicting Pulmonary Gas Exchange LocatioBecause
of the mathematical nature of our model, parameters that
may be impossible to measure experimentally can be

Airways and Alveoli 1411

TABLE 4. Bronchial blood flows corresponding to the best-fit

model predictions of the steady-state uptake of seven soluble
gases. ?°

% Difference % Difference

Soluble gas Qbr Emix Eeng
Methyl isobutyl ketone 4.0 —-2.6 0.2
Methyl propyl ketone 11 —-11.5 0.1
Acetone 1.6 —-11.1 0.3
isoPropanol 2.2 —10.5 -0.1
Methanol 1.7 1.7 -0.2
Ethylene glycol *
monobutyl ether
Propylene glycol 3 —-34.5 0.0
monomethyl ether

Mean 2.3 -11.4 0.0

SD 11 125 0.2

*Data point deleted from analysis as outlier (>2 SD from the
mean).

calculated. The ratio of airway gas exchange to total
pulmonary gas exchange can be calculated to determine
the location of soluble gas exchange within the I{iEg.
(10)]. The ratio of airway gas exchange to total pulmo-
nary gas exchange as a function of the blood:air partition
coefficient has been plotted in Fig. 4. This figure dem-
onstrates where the majority of gas exchange takes place
for a range of blood-soluble gases. Soluble gases with a
blood:air partition coefficient less than temy(,<10)
exchange almost solely with the alveoli whereas gases
with a blood:air partition coefficient greater than 100
(Np.2>100) exchange almost exclusively with the air-
ways. Gases in between these two extremes<(X,0,
<100) exchange partially with the airways and partially
with the alveoli.

2 10T Acetone ———»

< 4

§ 02 Methyl propyl ketone —

< 37 Methyl isobutyl ketone —~/

B 0.7 + isoPropanol

5% Ethanol

I~ 2 06T Methanol

2§ ost

§' Z 04 + <— Ether

=0

< 03 T

] 02+ Ethane  Cyclopropane

2 ’ Halothane

= 0.1

“ 1 1 —
0.0 T t + t + i

0.01 0.1 1 10 100 1000 10000

Blood:Air Partition Coefficient

FIGURE 4. Ratio of airway gas exchange to total pulmonary
gas exchange [Eq. (10)] is plotted vs. M\,., for ten soluble
gases as calculated from the airway—alveolar gas exchange
model during tidal breathing. Greater than 95% of ethane,
cyclopropane, and halothane gas exchange in the alveoli.
The exchange of ether is partitioned equally between the
airway and alveoli. Acetone and gases with a Np.4 Qreater
than acetone exchange completely in the airways.
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FIGURE 5. Axial distribution of gas transport during inspira-

tion (black columns ) and expiration (gray columns ) for a
tidal breath of cyclopropane (panel A), ether (panel B), and
acetone (panel C). Each flux has been normalized by the
total inspiratory soluble gas flux. As the blood solubility of

gas increases from cyclopropane to acetone, the distribution
shifts from a sharp concentrated peak in the alveolar region

for cyclopropane to a wider distribution that spreads
throughout the airways for acetone.

Another perspective on location and extent of gas
exchange can be achieved by examining the axial distri-
bution of gas transport from the airway lumen to mucus.
Model predictions of these gas fluxes during inspiration,
Jinsp» @nd expiration,je,, are presented for cyclopro-
pane, ether, and acetone in FiggAh 5(B), and §C),
respectively. For cyclopropane, the flux distribution

shows a large peak in the alveoli that is an order of
magnitude larger than the next largest flikg. 5A)].
Ether exchanges both in the airways and the alvéad.

4) and its flux profile illustrates this result. The largest
flux of ether occurs in the alveoli; however, this flux is
similar in size to the next largest flux occurring in gen-
eration 18[Fig. 5B)]. Ether has a greater spread in its
flux distribution than cyclopropane. The flux profile for
acetongFig. 5(C)] shows a bimodal distribution similar
to that for ethanol(Fig. 3) with a small peak in the
trachea and a large peak at generation 15. Unlike cyclo-
propane but similar to ether, all of the fluxes in the
acetone distribution are within the same order of magni-
tude. However, the spread in the acetone flux distribution
is larger than that for ether. In general, the results from
Fig. 5 show that as the blood:air partition coefficient
increases the flux profile shifts from being a concentrated
spike in the alveoli to a more uniform distribution of
fluxes spread throughout the airways.

The model's performance and its mechanisms of gas
exchange were qualitatively evaluated by examining ex-
pirograms from tidal breathing. The expirograms of eight
gases have been grouped and plotted according to their
location of exchange. Gases with{,<15) exchange
mostly in the alveoli and are plotted in Fig(ah while
gases with X,.,>15) exchange mainly in airways and
are plotted in Fig. (). Each expirogram has three dis-
tinct phases. These phases have been labeled on the
cyclopropane expirograrfFig. 6(a)]. Phase | represents
the delay in the rise of soluble gas concentration as the
volume of dead space is emptied. Phase Il is the transi-
tion from dead space to exchange space, and phase Il
represents the emptying of the exchange space.

Three trends are predicted by the model as based on
the soluble gas expirograms. First, phase | volume re-
mains at~20% of the exhaled volume for gases with
Ap:a<<15. For gases with\,.,>15, the phase | volume
decreases to-10% for acetone Xp.,=341) and~5%
for methanol §,.,=2709) as\,,., increases. Second, the
model predicts that the phase Il slope is slightly positive
for soluble gases with\,.,<15. For gases with 15
<\p.a<341, the phase Ill slope is more positive but
decreases in value as,., increases above . ,=341.
Third, the model predicts thaE.,q increases as\y.,
increases to 15 and théf,,y decreases as,., increases
past 15.

DISCUSSION
Model Validation

The current model of heat, mass, and soluble gas
transport in the airways and alveoli was fit to two sets of
data by usingQy, as the free parameter. The model
accurately predicted 12 ethanol expirograms using
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concentration decrease with increasing blood solubility.

mean best-fit values @,, andR?, 0.7 mls * and 0.958.
The model was further optimized with a short duration
washin of seven soluble gases. The model prediEiggd
and E.q for six of the seven gases to within 11% and
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perimental data, the model implicitly demonstrated an
experimental observation: airway gas exchange is depen-
dent on airway perfusioft.

A best-fit Q,, was found to fit the model predictions
to the ethanol expirograms for each subject and maneu-
ver. The mean best—fibbr across subjects for maneuver
A was found to be significantly differenpE 0.045) than

the mean best-fiQ),, for maneuver B as determined by a
two-tailedt test(Table 3. However within each subject,

the difference inQ,, between maneuvers was relatively

small. To determine if this difference iQ,, between
maneuvers resulted in decreased accuracy of predictions
made by the current model, we calculated the average
best-fit Q,, for each subject. For example, the average
best-fit Qy, for subject 5 was 1.0 mI's.. Then, with the
current model, we simulated both exhalation maneuvers
(A and B) for each subject using a single bronchial blood

flow, the subject’s average best-),. Using these con-
ditions, the current model predicted the exhalation pro-
files from subjects 3—6 with slightly less accura@s
measured byR?) than the best-fit predictions. The aver-
age change irR? from the best-fit predictions was 0.01
for subjects 3—6. For all six subjects, the me&hwas
0.978 for maneuver A and 0.925 for maneuver B. We

concluded that the difference in the me@gr between
maneuvers, although statistically significant, was rela-
tively insignificant in terms of the predictive ability of
the current model.

To predict the uptake of soluble gas, the model re-
quired an averagégb, of 2.1 mls ! to accurately predict
Ecng and E,x Of the first five soluble gases up to and
including methanol. Using the optima&,,, the model
predictedE,,4 to within 0.1% andE,;, to within 11%.
For all the fitting exercises, the model always predicted
E.,g more precisely thark,,, becausek,,; was more

0.1% of the experimental measurements and required aSe€nsitive to changes iQy,. As a result, minimizing the

meanQy, of 2.3 mls*.

Although different, theQb, required by the model to
optimally predict the two sets of experimental data com-

pares favorably with measured values in the literature. If

the average cardiac output is assumed to be 6Tin
(100 mIs 1), the mean bronchial blood flow for the eth-

anol data and the uptake data as predicted by the curreng

model is approximately 0.7% and 2.3% of cardiac out-

put, respectively. Thé}br predicted by our current model
is within the range reported in the literature, namely,
1%-3% of cardiac outptf or 0.25—2 mls?.483 Be-

cause of this variability in the measured value @,

difference between the predicted and experimeBtgh

was very important to fit the model. The model had
difficulty predicting the experimental data of the ex-
tremely soluble gases: ethylene glycol monobutyl ether
(EGME) and propylene glycol monomethyl ether
(PGME). From examining the data of Kumagai, it is
ossible that these two gases were not in a steady state.
ecause their blood:air partition coefficient is 3—5 times
larger than methyl alcohol which only just reached a
steady-state plateau within 10 min, these gases may have
needed to be inhaled for a few more minutes in order to
reach a steady state. Additionally, the lung volume of
each subject was not reported by Kumagai but may be

the bronchial blood flow rate was chosen as the adjust- important for predicting the exchange of these gases.
able parameter to fit the model predicted values to the Hlastald® has hypothesized that the lung volume of a
experimental data as described above. Additionally, by subject may affect the exhaled concentrations of soluble
using Qy, as the adjustable parameter for fitting the ex- gases that exchange solely in the airways. Even with
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these concerns, it is important to remember that the
model was able to accurately predict the exchange of

gases with 98&\,.,<<2709. This validation positioned

ANDERSON et al.

Adventitial Layer

A major improvement to the current model was the

the model to make accurate predictions of gas exchangeinclusion of experimental measurements on the airway

location (airway versus alveolawithin the lung.

Diffusing Capacity

Airway gas exchange has been shown to be dependent

on the molecular diffusion of soluble gas through the
airway tissué>4° This diffusion dependence is best un-
derstood by examining the diffusing capacity of the air-
way tissue,D, :

~ Di®cA
L™ €t .

This diffusing capacity is a function of the molecular
diffusion coefficient through tissu®),, the surface area
for diffusion between the capillary and tissue which is
represented by the capillary area fractidn,, multiplied
by the airway surface aredg, and divided by the con-
nective tissue thickness, . In previous model studies of
airway gas exchange, the diffusing capacity was incom-
pletely specified. One goal of the current study was to
accurately specify the tissue diffusing capacity and in-
corporate it into our model of airway gas exchange.
One factor, the molecular diffusion coefficient, de-
scribes how easily a molecule can diffuse through a
medium. The larger the coefficient the faster a molecule

can travel through the medium. Because of the hetero-

wall and bronchial circulation. These measurements al-
lowed the addition of an adventitial layer and an adjacent
pulmonary layer to the model. However, we felt these
layers should not be included at every airway generation
for the following reasons.

In the extrapulmonary airway@nouth to second gen-
eratior), the adventitial and pulmonary layers were not
included because anatomical measurements and physi-
ological data for analogous structures in the extrapulmo-
nary airways were unavailable. For the current model
and study, the extrapulmonary airways play a significant
role in the exchange of energy and waltEigs. 3b) and
3(c)]. We feel the essence of this exchange has been
captured by the current model without the inclusion of
these adventitial and pulmonary laye¢$) our axial dis-
tributions of energy and water transport during a pro-
longed exhalatiorfFigs. 3b) and 3c)] compare nicely
with a similar model of airway exchande2) the mean
end-exhaled temperature for our model simulations
(35.6°C) is very similar to that measured under similar
conditions (34.6 °C¥? and (3) the current model accu-
rately predicts the exchange of ethanol which has a
blood and water solubility that is strongly dependent on
temperaturé?

For airways beyond the second generatiotraparen-
chymal airwayy the adventitial and pulmonary layers
were included. For airway generations three through ten,
cartilage is present in the adventitial lay8rGerde
et al’® in their model of toxicant absorption by the air-
way wall assumed the cartilage was an impermeable

geneous structure of tissue, many small molecules haveparrier to gas transport. As a result, we assumed the

lower diffusion coefficients in tissue relative to water.
The diffusion coefficient of ethanol in the respiratory

cartilage in this layer presented a significant barrier to
soluble gas transport. Data on the diffusivity of soluble

tissue was measured and found to be 33% of its value ingas through cartilage were unavailable. Consequently, we

water'? As a result, the diffusion coefficient for ethanol
is fairly well quantified.

Values for the other two factors, the capillary surface
area,d.A;, and connective tissue thicknedss, were

assumed that the molecular diffusivity of soluble gas
through the adventitial layer to be 10% of the molecular
diffusivity through the connective tissu@e., ~3% of

the molecular diffusion coefficient of soluble gas through

unknown. Recently, these values were measured in sheegvater). Without this assumption, the model overpredicted

by Andersonet al® Since A can be calculated easily,
only the capillary area fractionb., needed to be deter-
mined. The capillary area fraction was found to be inde-
pendent of airway diameter and equal to 0.58. However,
only half of that, 0.29, participates in exchange with the
airway lumen. The connective tissue thickne&s, was

the ethanol expirograms of subjects 1 and 2. Since car-
tilage is assumed to be a major barrier to the diffusion of
soluble gas from the pulmonary layer to the airway lu-
men in the current model, the major function of the
adventitial and pulmonary layers in airway generations
three through ten for this model is thermoregulation.

measured, scaled to simulate human airways, and wasrigures 3b) and 3c) show that these airway generations

found to range from 16@m in the trachea to 3@m in

the bronchioles. Accurately specifying the diffusing ca-
pacity is an important reason why the model was able to
accurately predict the experimental data using realistic

values ofQ,.

participate significantly in the exchange of energy and
water which is a result of the pulmonary layer’s partici-
pation in energy exchange. This finding that the pulmo-
nary circulation participates in airway energy exchange
reinforces an experimental investigation demonstrating
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the prominent role of the pulmonary circulation in the
thermoregulation of the airways.

For airway generations greater than ten, the adventi-
tial and pulmonary layers were included without any
deviation from that presented in the model description
and shown in Fig. 1. Here, the alveoli lie in close prox-
imity to the intraparenchymal airways. These layers par-
ticipate mostly in soluble gas exchange with the bron-
chial circulation or connective tissue as the inspired air is
completely heated and humidified by the time it reaches
these airways.

Solubility Dependence on Temperature

We know thath,., of a soluble gas is the most im-
portant factor for determining the location of pulmonary
gas exchange. Howevex,,., depends strongly on tem-
perature(Table 2 which can range from 23°C in the
mouth to 37°C in the alveoli. Over this range, the
blood—air partition coefficient can vary considerably. For
example, ethanol's temperature coefficient fog., is
—6.7%/°C%* As a result,\,,., for ethanol at the mouth
(T=23°C) can be 150% larger thay,., for ethanol in
the alveoli (T=37°C). The dependence &f,., on tem-

perature primarily affects soluble gas exchange that takes

place in the same airways that heat and humidify in-
spired air. In these airways, a large axial temperature
gradient is present that will change the value\gf, .
When breathing room air at rest, this dependency will
most likely only affect soluble gases wilty,.,>800 like
ethanol that primarily exchange in the first ten airways
generations. However, during exercise or breathing cold-
dry air, a greater number of airway generations partici-
pate in heating and humidifying inspired air. As a result,
the exchange of soluble gases with much smaller
Np:a(T=37°C) values than isopropanol will be signifi-
cantly influenced by the axial temperature gradient. To
account for this temperature effect on airway gas ex-
change, the current model of pulmonary gas exchange
includes a description of energy exchange which, in turn,
places the model in a strong position to study the effects
of inspired air conditions and exercise on pulmonary gas
exchange.

Location of Gas Exchange

Figure Ga) shows that the model predicted expiro-
grams of some low blood-soluble gases,(<15) have
a phase | volume that is 20% of the expired volume, a
slightly positive phase Il slope, anfl.,q that increases
as blood solubility increases. These trends can be pre-
dicted from classical respiratory physiology because
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ing air is represented by phase | on the expirogram.
Here, the concentration of soluble gas is zero in the first
~20% of the expirate. In addition to phase |, the phase
Il slope of a low blood-soluble gas is thought to result
from ventilation/volume effects, a longitudinal stratifica-
tion of soluble gas in the alveolar region, and continuing
gas exchang?. Because the model has a symmetrical
airway structure and the alveolar space is modeled as a
well-mixed compartment, the small positive phase Il
slope for these gases as predicted by the model must
result from continuing gas exchange, the transport of
soluble gas from the pulmonary blood into the contract-
ing alveolar compartment. At the end of phase IIEig4
which increases as blood solubility increas&g,q is
representative of the alveolar gas concentration and as
such, this trend can be predicted by the alveolar gas
exchange kernel developed by FaPh[E=\,../(Apa
+ValQp)l.

Before examining the model predicted expirograms of
the high blood-soluble gases (£3,.,>2700) that pri-
marily exchange with the airway$-ig. 6(b)], it is help-
ful to briefly describe the mechanisms of airway gas
exchange. As fresh air is inspired, this air absorbs
soluble gas from the mucous layer thereby depleting the
soluble gas concentration in the airway wall. Because the
small bronchial blood flow and the significant tissue bar-
rier between the bronchial circulation and mucus layer,
the mucus is not replenished with soluble gas before
expiration begins. During expiration, the air encounters a
lower concentration of soluble gas in the mucus and
therefore a larger driving force for the redeposition of
soluble gas on the mucus. This large air-to-mucus gradi-
ent promotes recovery of soluble gas by the mucous
layer and delays the rise in soluble gas concentration at
the mouth, thus accounting for the steep phase Il slope.
These absorption—desorption phenomena decrease the
amount of soluble gas leaving the lung late in exhalation
and is the major mechanism of pulmonary gas exchange
when \y,.,>100.

Examining the expirograms from Fig(l§, the model
predicts the following for these high blood-soluble gases:
the phase | volume decreases with increases,ip, the
phase Il slope is strongly positive, aikg,,;decreases as
blood solubility increases. First, the air in the conducting
airways contains soluble gas and thus the airways are
considered part of the exchange space. As a result, the
volume of nonexchanging aiphase ) which originates
in the airways is less than that for gases with.,
<15. As blood-solubility increases, the phase | volume
decreases because more proximal airways participate in a
larger portion of gas exchange. This result is nicely dem-

these gases exchange solely in the alveoli and do notonstrated in Fig. 5 where the axial distribution of gas

interact with the airways. On exhalation, air in the res-

exchange moves towards the proximal airways\gs

piratory tract does not contain soluble gas and leaves theincreases from cyclopropane to acetone. In addition to

lung before the alveolar air. This volume of nonexchang-

this model prediction, experimental observations have
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reported that these soluble gases appear in the expirate CONCLUSIONS

earlier than gases of low-blood solubili§® Second, _

the positive phase Il slope of these gases reflects the A mathematical model of heat, water, and soluble gas
temporal exchange mechanism described above and byeXchange in the airways was improved by incorporating
Georgeet al*® The model predicts the phase Ill slope anatomical data on the airway wall and expanding the
decreases for gases witk,.,~800 (isopropanol and model to include a time varying glveolar compartment.
larger. This result coincides with the appearance of a The model was tested using experimental ethanol expiro-
large soluble gas flux in the trachBeompare Fig. &) to grams and the uptake of seven soluble gases from human
5(c)] and might simply imply that the phase Il slope supjects. To acgurately predict the;e dgtz?\, the model re-
decreases as the majority of gas exchange occurs in thequ'r_ed a bronchial blood flow that is swmlar to the ex-
more proximal airways. Third, the model prediéts, of perimentally measured values of bronch_lal blood flow in
these gases to be inversely proportional to the blood Numans. The model was used to predict gas exchange
solubility. This trend is caused by the absorption— location in the lung(airways versus alvegliand found
desorption phenomena which decrease the amount ofthat gases with a blood:air partition coefficiemt,. ,
soluble gas leaving the lung late in exhalation and causes!€SS than 10 exchange almost solely in the alveoli and
the end-exhaled concentration of soluble gas to be lessgases withhy.,>100 exchange almost exclusively in the

than its alveolar concentration. This finding was sug- airways. Gases with, between 10 and 100 have sig-
gested by Schrikkeet al3® nificant interaction with the airways and alveoli. Many

more soluble gases than previously thought exchange

) primarily in the airways. The exchange of these gases
Intermediate Soluble Gas Exchange may be affected by inspired air conditions and bronchial
blood flow. The exchange of soluble gases that interact

<100 exchange partially with the airways and partially With both the airways and alveoli will be affected to
with the alveoli. The gases that lie within these two V&TYing degrees by all pulmonary gas exchange mecha-

extremes, the intermediate soluble gases, are encounterediSMS- In general, these results suggest that the airways
daily and monitored as a result of their importance in the P/ay @ larger role in pulmonary gas exchange than pre-
biological, medical and occupational venues. Toluene, Viously assumed and we may need to reevaluate the
diethyl ether, and methy! isobutyl ketone are all solvents IMPlications of pulmonary tests employing soluble gases

but are also used as a gasoline component, anesthetic‘,""th Mp:a=>10.
and lacquer, respectively. Because these intermediate
soluble gases interact with both the airways and alveoli,
the exchange of these intermediate soluble gases is likely

dependent on both alveolar and airway gas exchange This work was supported, in part, by Grant

mechanisms: alveolar ventilation, pulmonary perfusion, Ng H24163 from the National Heart Lung, and Blood
bronchial perfusion, and the diffusing capacity of the |.qiitute. ’ '

airway tissue. The influence of these factors on interme-

diate soluble gas exchange may vary depending on the

spatial heterogeneity of these factors within a subject and APPENDIX

the temperature and water concentration of the inspired

air. Consequently, we may have to reevaluate how the The equations describing the transport of mass and
exchange of these gases are interpreted. In particular, theenergy in each radial compartment are briefly described
multiple inert gas elimination technique relies on diethyl and presented below. Derivation of the equations are not
ether to quantify heterogeneity of alveolar ventilation presented as the methodology is similar to the control
and perfusiof® This measure of heterogeneity may be volume approach used by Tai al*? For each compart-
affected by changes in airway tissue thickness, bronchial ment, the volume is assumed to be constant with the
blood flow, or inspired air conditions—factors that im- exception of the mucous layer. The gas in the airway
pact airway gas exchange. Conversely, an understandingumen is assumed to behave like an ideal gas so that
of the exchange of these gases in normal subjects inCy=P;/(RTags) WhereP, is the total pressureR is the
conjunction with our current knowledge of low and high gas constant, and ,gs is the airway temperature in
soluble gas exchange should provide new insights into Kelvin (=T,+273.15). The total molar concentration,
secondary factors that determine pulmonary gas ex-C, in each radial compartment is assumed to be equal to
change. Perhaps such new information on intermediatethat of water and can be expressedGss p/M,, where
soluble gas exchange will lead to tests that focus on gr is the density of water and/,, is the molecular
these gases to more accurately predict the exchange efweight of water. The molar concentration of soluble gas
ficiency and health of the airways and alveoli. in each radial layer is expressed as the mole fraction,

Figure 4 shows that soluble gases with<10,.,

ACKNOWLEDGMENT



Gas Exchange in the

X=C,/C. The mole fraction between radial compart-
ments can be related using a partition coefficient, e.g.
Xe=Ne:mXm -

Airway Lumen

Material Balance. The molar balance of a speciés
either soluble gas or water, for a control volurt@.V.)
in the airway lumen was described by Tstal*2 A term
has been added to account for axial diffusion in the
airway. Equation(Al) shows the accumulation of mass
in the airway lumen to be equal to the convection of
mass by ventilation, axial diffusion of mass, and molar
evaporation of species i from the mucosal surface:

J (NiotY) V J ( A
— (Neot ¥ -V z
at C.V. 9z Az
&(CgYi) .
+ E ADa,iT AZAZ‘l‘ n;.

(A1)

The molar evaporation rate of speciesan be ex-

pressed in terms of a local mass transfer coefficient and

the mole fraction difference:

n|:Asky,i[YwaII,i_Yi]- (AZ)
Substituting Eq(A2) into (A1) and assuming, and

C,4 have ideal gas behavior, the governing equation can

be written for gas specidsli.e., water(subscriptw) or

soluble gag(subscripta)]:

Ny [ Y\ T, |4V Ni avY; | iT,
T\ Tres) 0 \7@®) Tz | 70T pme) 72

4R Tpags

+(d—Pt Ky,il Ywani = Yil+ Dayiaris ~ (A3)
where

D axiali =D PYi 2 Y 9T, 2Y; [dT4)\?
@Al 572 Tppg 9z 9z Tagg| 0Z

Y, 9°T,

Tass 02°

Energy Balance.The accumulation of energy in the
control volume is equal to the convection of energy by
ventilation, conduction of energy from the mucl.,
sensible heatingand transportation of energy associated
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with water vaporization/condensatigie., latent heating

, and was initially described by Tset al.:*?

2
AZ+ Qgenet Z,l HY.
(A4)

a(hHY)
9z

IE ot
ot

C.V.

Az

After simplification and substitution of EqA3) into
Eq. (A4), the governing equation is similar to that by Tsu
et al*? with an additional term I ,,,;) resulting from

axial diffusion of soluble gas and water:

AR Trgs
AT, 4V JT, dP, h(Tm=Ta)
Tt ad? oz 273 1& 2
+2 Y,ACY,
TABS
2
Z Daxial,i(ACg,iTa'}'AH;/ap)
273 15,
T Clq +E Y;ACS
AR Tygs _
9P Z(cde Coi T Ky (Youani = Y1)
+ > ,
273. 15_
Tre pda+2 YACY,
(A5)
where
ACg = dea, AC%]W=C3 dea
and

gvap_ pyvap__ pyvap vap_ yvap__ pyvap
AHZP=H " —Hy3", AHG=H—H .

Mucus

Thickness of Layer.The governing equation for the
thickness of the mucous layer is the same as the one
derived by Tstet al*2 The thickness of the mucous layer
is assumed to be independent of airway curvature. The
mucous layer thickness is decreased by evaporation of
liquid but a minimum thickness is maintained by secre-
tion of fluid from the bronchial bed into the layer via the
connective tissue. The general equation describing thick-

ness of the mucous layer can be written
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9 m . secretion from the connective tissue, and energy trans-
AL —= = ALS—Ky ol Ywaia= Yal =Ky wl Ywaiw=Ywl)- port resulting from evaporation and condensation of wa-
(A6) ter and soluble gas:
This general equation is subject to two conditions that T o K
depend on the thickness of the mucous layer. These con-— == - T T4 il (Te—Tw)
ditions result in the following two specific solutions used ~ dt Em It CCpylms(mtty)
in the mathematical model. _
When the mucous layer thickness is less than a mini- h SCp i Tt 1
mum thickness{ <€, min, the secretion rate is equal to - cet ¢ (Tm=T)— cel ¢ - ccl ¢
the evaporation rate of liquid from the mucus to the p,wrm p,w™m p,w™m
lumen and the change in mucous layer per time can be 2 o o
written xgl (AHY®—C{ T+ C3 Ta)Ky i Yopan,i — Yi)-
9 (A10)
T 0. (A7)

Connective Tissue Layer
When the mucous layer thickness is greater than a
minimum thickness,€ > €, min, the secretion rate is Material and Energy BalancesThe accumulation of
equal to zero and the change in mucous layer per time mass/energy in the connective tissue is equal to the dif-
can be written fusion of mass/energy to the layer from the adventitial
layer and bronchial bed, diffusion of mass/energy from

P 1 the layer to the mucous layer, and mass/energy transport
i~ ¢ Kyal Ywana= Yal+ky ul Ywanw= Ywl)- via secretion of fluid into and out of the layer from the

(A8) bronchial bed and to the mucous layer, respectively.
Material Balance. The accumulation of mass in the mu- X, (1-d,)D;, D[ Xe
cous layer is equal to the diffusion of mass to the layer ot T X Xp)+ > I~ X
from the connective tissue, and transfer of mass from the 2(faat €06 24 b:t
layer to the airway lumen. When the mucous layer thick- D
ness falls below a minimum thickness, fluid is secreted - l—m(Xt—Xm)\t:m)
from the bronchial bed into the layer via the connective (Emt €€,
tissue to maintain a minimum mucous thickness. 5 (x

+—(—C—xt>, (A11)
&Xm_ Dn ( X ) €C \ Ay
I €€\ Mem
) 5_Tt: I(th (1_(I)c)(Tad_Tt) n q)c(Tc_Tt)
- C_fm ( rjm ky,w[ Y wall,w ™ Y] at %CEg,t€t (€agt€y) €y
Xi (T Th) S
—|1- N I(y,a[Ywall,a_ Yall, (A9) - + — (Cp ch_CptTt)-
j:m €t t ' ‘
(Emt €] cCy i,

where j=mucous layer 1) when S=0 (i.e., €, (A12)
>{mmin) and j=tissue layer {) when S>0 (.e., €
<L m,min)- Bronchial Bed

Energy Balance. The accumulation of energy in the mu- Material Balance. The mass balance describing soluble
cous layer is equal to the energy change associated withgas accumulation in the bronchial bed is similar to that
the changing mucous thickness, the conduction of energyderived by Buiet al® The accumulation of material in
to the layer from the connective tissue, transport of en- the bronchial bed is equal to the convection of mass via
ergy to the lumen resulting from convective and conduc- bronchial perfusion, diffusion of material into and out of
tive effects, transport of energy associated with fluid the layer from the adventitia and to the connective tis-
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sue, respectively, and transport of material via secretion
to the connective tissue layer. A general material balance

can be written

(v CX;) ) .
T = 0pCXa— (Gpr— SAs)C X~ SALCX;
L ADLCDy
1€ (Xadkbt c)
ad
AD.CD,
— = (X Xkp). (A13)
2 t

After simplification, the final form of the equation is:

&xc qbr sq)c
ot zv_( a— X))+ (Xad\b:t—Xc)
c 2tadlc
DiAsDP,
T (Xc_xt)\b:t)- (A14)
2w

Energy Balance. The governing equation for the energy

balance in the bronchial bed can be derived the same

way as the material balance and may be written as fol-
lows:

JT AP
AL LS S L S
at Uc ZUCCCp,b
Tar=Te) (Te—T
% ( ad c) ( c t) (A15)
€ad €t

Adventitial Layer

Material and Energy Balances.The accumulation of

mass/energy in the adventitial layer is equal to the dif-
fusion of mass/energy into the layer from the pulmonary
bed, and from the layer to the connective tissue and
bronchial bed via diffusion. These equations can be writ-

ten as:

6'Xad_ DA (Xp-I—XC X )

dt 3 ad ad 2\p:t e
DA, Xe
L g
ladad b:t
DA{(1—d

S 2B XX, (ALH

1
5(€agt€)vag
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aTad: kthAs (Tbody_ Tad) _ (Dc(Tad_ Tc)
at %ng,ad) ad gad €ad
1-D ) (T T
(19T )| e
(€agt €1)

Alveolar Compartment

The alveolar gas and pulmonary blood spaces are as-
sumed to be separate, well mixed, and without a diffu-
sion barrier between the spaces. On inspiration, the mole
fraction of soluble gas entering the alveolar spacg, ,
is equal to theY, leaving the 18th generation. On expi-
ration, the mole fraction of soluble gas leaving the al-
veolar spaceY,, is the boundary condition for the 18th
generation. The mole fraction of soluble gas leaving the
blood compartment is assumed to be in equilibrium with
the soluble gas mole fraction in the gas space. Through-
out the breathing cycle, the alveolar air is assumed to be
fully saturated with water and to have a temperature
equal to the mean body core temperature, 37°C. The
final form of the equation describing conservation of
soluble gas in the alveolar compartment can be written
for both inspiration[Eq. (A18)] and expiration[Eqg.
(A19)]:

dYa dV,/dt Qphbia
At OVt Ve | VAT YA Gy g (Yo YA )
(A18)
dy dVa/dt | Qp\p.
2% _ A ohoe (v v, (at9
dt  (Ap.aVp+Va) [dVa/dt
where
v RT p X,
v Pt MWW )\b:a.
NOMENCLATURE
A cross-sectional area of the airway lumen ¢gm
A,  airway surface areawdAz(cnr)
C molar concentration of airway walproperties of
water, assumed(mol cm3)
Ca molar concentration of soluble gas (molci)
Cy molar concentration of airway lumefproperties

of ideal gas, assumgqmol cm 3)

6%’3 average volumetric heat capacity of soluble gas
B in the vapor phase (Jmot°C™?)
Cg'da average volumetric heat capacity of dry air

(ImolteCc™h



g vap
H da

HyP
AHYP
AH
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average volumetric heat capacity of water vapor Ky,w
(JmolteCc™?

average volumetric heat capacity of soluble gas Ken

in the liquid phase (Jmof°C™1) f; ad
average volumetric heat capacity of adventitial ¢
tissue (Jmoll°C™?)

average volumetric heat capacity of blood Mba
(Jmoltec™? Mot
average volumetric heat capacity of mucous layer N\
(Jmolrtec™? Nem
average volumetric heat capacity of connective Mw
tissue (Jmolt°C™1) n
average volumetric heat capacity of water Mot
(Jmolrtec? n
§g,a_é%,da (J mol *°C~ 1) N
CPw=Clga (dmoltoC™h) P,
airway diameter(cm) .
molecular diffusion coefficient of gas species, o
through air (cmis™ 1) q
diffusing capacity of the airway tissue (émsi %) br
molecular diffusion coefficient of soluble gas
through mucus (cfs 1) Qor
molecular diffusion coefficient of soluble gas Qp
through tissue (chs 1) R
weighting factor that describes the axial depen-
dence of bronchial blood flowRef. 5 p
functional residual capacity (éin S
capillary area fraction, ratio of surface area par- EI'

ticipating in exchange between the bronchial cap- 2
illary and airway Tad
generation number

heat transfer coefficient between the mucus and
airway lumen (Js'°C tcm™?) c
latent heat of vaporization of a soluble gas

(Jmol 1) im
latent heat of vaporization for dry air (Jmd) T;_C
latent heat of vaporization for water (J md) Uad
H2P—H2 (Jmol™?) Ve

ﬁﬁp— ﬁ‘é";p (Imor 1) Ut
number of control volumes in a compartment
total number of control volumes

molar flux of soluble gas into the airway lumen
within an airway generation during expiration
(mol breath' ) i
molar flux of soluble gas into the mucous layer
within an airway generation during inspiration p
(mol breath'*) Vi
local mass transfer coefficient for soluble gas \
(mol soluble gas s'cm ?)

local mass transfer coefficient for speciés

Vexp
(moli s tem ?)

local mass transfer coefficient for water
(molwaterscm ?)

thermal conductivity of tissue (Jcms 1°C™ 1)
adventitial layer thicknes&cm)

mucous layer thicknes&m)

connective layer thicknegse., distance from the
bronchial capillary to the airway lumegricm)
blood:air partition coefficient

blood:tissue partition coefficient

mucus:air partition coefficient

tissue:mucus partition coefficient

molecular weight of water (g mot)
compartment number

total number of moles in the airway lumémol)
molar evaporation rate of speciesrom the mu-
cus to airway lumen (mols)

total number of compartments

total ambient pressurenmHg)

mean blood flow per unit volume of tissue
(mlblood s ! mltissue 1)

airway blood flow within a control volume
(mls™1

total airway blood flow (mls?)

pulmonary blood flow (mls?)

universal gas constant

(62360 mmHg crimol K1)

density of water (gcm?)

total flux of fluid via secretion (molstcm™?)
time (s)

temperature of the airway lumen (°C)
temperature of the adventitial layer (°C)
absolute temperature of the airway lumgg)
Body temperature (37 °C)

temperature of blood leaving the bronchial capil-
lary bed (°C)

temperature of the mucous layer (°C)
temperature of the tissue layer (°C)

total lung capacity (cr)

adventitial tissue layer volume (&n

bronchial capillary volume (cf)

volume of tissue surrounding an airway from lu-
men to alveolar-adventitial boundary of thickness
Az (cnv)

vital capacity (crm)

lung volume at end expiration (cin

lung volume at end inspiration (cin

alveolar gas volume (cth

pulmonary blood volume (¢

total volume of airway tissue (Gt

volumetric flow rate of air (crhs™ 1)

alveolar ventilation (crhis 1)

volumetric flow rate of air during expiration

(cms™Y)



Gas Exchange in the Airways and Alveoli

Vinsp volumetric flow rate of air during inspiration
(cm®s™1)

Xa mole fraction of soluble gas in the systemic
blood

Xag  mole fraction of soluble gas in the adventitial
layer

X mole fraction of soluble gas leaving the bronchial
bed

X mole fraction of soluble gas in the mucous layer

Xpp ~ Mole fraction of soluble gas in the pulmonary
bed layer= (X,+ X,)/2

Xy mole fraction of soluble gas in the connective

tissue
X, mole fraction of soluble gas in the venous blood

Y. mole fraction of soluble gas in the airway lumen

Ya mole fraction of soluble gas in the alveolar gas
space

Ya1  mole fraction of soluble gas entering the alveolar

gas space from generation 18
Y, mole fraction of soluble gas in air that is in
equilibrium with X,

Yw mole fraction of water in the airway lumen

Ywai,a Mole fraction of soluble gas at the air—mucus
interface

Ywaiw Mole fraction of water at the air—mucus interface

z axial direction(cm)

Az control volume lengthicm)
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