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In order to provide a means for analysis of heat, water, and soluble gas exchange
with the airways during tidal ventilation, a one dimensional theoretical model describ-
ing heat and water exchange in the respiratory airways has been extended to include
soluble gas exchange with the airway mucosa and water exchange with the mucous
layer lining the airways. Not only do heat, water, and gas exchange occur simulta-
neously, but they also interact. Heating and cooling of the airway surface and mucous
lining affects both evaporative water and soluble gas exchange. Water evaporation
provides a major source of heat exchange. The model-predicted mean airway tem-
perature profiles agree well with literature data for both oral and nasal breathing
validating that part of the model, With model parameters giving the best fit to exper-
imental data, the model shows: (a) substantial heat recovery in the upper airways,
(b) minimal respiratory heat and water loss, and (c) low average mucous tempera-
tures and maximal increases in mucous thickness. For resting breathing of room air,
heat and water conservation appear to be more important than conditioning effi-
ciency. End-tidal expired partial pressures of very soluble gases eliminated by the
lungs are predicted to be lower than the alveolar partial pressures due to the absorp-
tion of the expired gases by the airway mucosa. The model may be usable for design
of experiments to examine mechanisms associated with the local hydration and
dehydration dynamics of the mucosal surface, control of bronchial perfusion, trig-
gering of asthma, mucociliary clearance and deposition of inhaled pollutant gases.

Keywords— Airway exchange model, Soluble gas exchange, Respiratory air condition-
ing, Respiratory heat and water conservation, Respiratory mucous hydration
dynamics.

INTRODUCTION

The respiratory airways play several important roles in mammalian respiration: (a)
the airways heat and humidify the inspired air, protecting the delicate alveolar tis-
sue from dehydration (3,11), (b) the surfaces of the airway mucosa, cooled by the
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sensible heat lost by conduction and convection and the latent heat lost by evapora-
tion, recover heat and water from the expired air, conserving body heat and regu-
lating temperature (17,22), and (c) the sticky mucous gel coating the airway surfaces
traps inhaled microorganisms and pollutant particles and clears them from the air-
ways, acting as an immuno-defense mechanism.

In addition to conditioning and filtering the inspired air, the airways participate
in gas exchange between the airway lumen and the bronchial circulation. Although
bronchial gas exchange contributes minimally to overall pulmonary gas exchange for
the healthy lung in the absence of any environmental or physiological challenges,
changes in bronchial circulation in response to common physiological stimuli or in
compensation for decreased pulmonary blood flow in disease, coupled with the heat
and water exchange between respired air and airway mucosa influence the exchange
of gases. The significance of this gas exchange will depend on three factors: (a) the
solubility of the gas, (b) the temperature dependence of the gas solubility, and (c)
the degree of cooling experienced by the airway mucosa which in turn is affected by
the breathing pattern and inspired air conditions.

This study focuses on the exchange of heat, water, and a soluble gas between the
respired gas and airway mucosa. The bronchial exchange of soluble gases is relevant
to understanding the consequence of inhaling pollutant gases, the effectiveness of
aerosol therapy, and the exchange properties of soluble inert gases used in methods
to characterize lung function such as the multiple inert gas elimination technique,
MIGET (29). Recent studies of gas exchange during high frequency ventilation
(16,20) suggest that the capacitance of the tissues of the conducting airways can sig-
nificantly enhance the elimination of soluble infused inert gases. Thus, the study of
the interaction of a soluble gas with the airway mucosa may allow a more accurate
interpretation of inert gas exchange data.

While in vivo experimentation remains the primary means of obtaining informa-
tion, mathematical modeling is a valuable tool which aids in the interpretation and
contributes to the overall understanding of the dynamic events observed in the liv-
ing system. Recent efforts to mathematically model transport phenomena occurring
in the conducting airways (7,12,13,15,21) were limited to heat and water exchange
with the mucosal surface with less attention given to events occurring in the airway
mucosa. In this study, a one-dimensional mathematical model was developed to
describe the dynamic heat and gas exchange processes occurring in the airways. The
current model incorporates three new features: (a) the exchange of a soluble gas
between the respired air and the airway mucosa, (b) a mucous layer which expands
or contracts when either condensation or evaporation, respectively, takes place, and
(c) the secretion of fluid from the tissue to the mucus as liquid evaporates from the
airway surface.

This paper describes the mathematical model in some detail, deriving the major
equations and briefly describing the numerical solution methods. By comparing the
model predictions to available literature data, the model parameters giving the best
fit are selected. The model is used to investigate airway conditioning efficiency, water
and heat conservation, mucous layer dynamics, and soluble gas exchange during quiet
tidal breathing and hyperpnea of room air. The sensitivity of the model predictions
to changes in the model parameters is examined. Subsequent papers will investigate
more fully the effects of breathing pattern and inspired air conditions on the dynamic
airway exchange of heat, water, and soluble gases.
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MODEL DEVELOPMENT

Air enters the respiratory airways through the nose or mouth, passes into the phar-
ynx and through the larynx before entering the trachea (26). The trachea branches
into the two main bronchi, which lead to the right and left lungs. Each bronchus
bifurcates up to twenty-two more times into smaller and smaller airways, terminat-
ing in the alveolar region of the lung. The airway wall tissue contains a rich supply
of blood vessels, lymph vessels, and nerves (18). Numerous mucous glands are imbed-
ded in the tissue. Ciliated epithelial cells line the airway surface and continually move
the mucus, secreted by the mucous glands, toward the pharynx. The mucus consists
of long glycoprotein molecules, which form the framework of the gel, and other inor-
ganic ionic species. Recent studies of the mucous gel propose that the mucous glands
secrete concentrated packages of mucins which undergo spontaneous swelling, and
that gel hydration is controlled by membrane transport of ions and water in a Don-
nan type equilibrium process (23,28).

Mathematical modeling of any system, especially biological ones, necessarily
requires abstraction and simplification. The goal is not so much to reproduce the real
system in detail but to include the major aspects of the real system that influence the
processes of interest. Two alternative approaches have been used to model the heat,
water, and soluble gas transport processes occurring in the human airways: (a) that
taken by Kruse (15,21) which uses detailed continuity and energy balance equations,
and (b) that taken by Hanna (7) and Ingenito (12,13) which uses a control volume
analysis. The control volume analysis offers several advantages over the detailed anal-
ysis: (a) detailed knowledge of the velocity flow field is not required, (b) complicated
geometries are more easily handled, (¢) semi-empirical expressions for the rates of
heat and mass transport are used which allow “fine tuning” of the model, and (d)
greater detail can always be incorporated into successive versions of the model. For
those reasons, the control volume analysis approach was taken.

Control Volume Description of Airway -

Figure 1 depicts a cylindrical control volume in an airway with radius R positioned
axially a distance z from the airway entrance. The airway is radially divided into three
regions: the airway lumen, a thin mucous layer of thickness AR, coating the airway
wall, and an underlying nonperfused tissue layer of thickness AR,. A capillary bed
lies beyond the nonperfused tissue layer and has an assumed temperature profile
T.(z) and blood alcohol mole fraction profile x,.(z). The variables describing tem-
perature and concentration in each region are bulk average values for the entire
region. The gas in the airway is treated as a ternary system of dry air, water vapor,
and one soluble gas and is assumed to behave ideally. The model only considers the
exchange of water and soluble gas with the airway mucosa, neglecting the exchange
of the less soluble respiratory gases (i.e., oxygen and carbon dioxide). Heat and mass
transfer coefficients are used to calculate the exchange rates of heat (Qgens) and
mass (7;) between the mucosal surface and gas in the airway.

Figure 2 describes the airway mucosa in more detail. The entire mucosal tissue is
treated as a dilute binary solution of soluble gas 4 in water with the physical prop-
erties of water. Diffusion of soluble gas A and water through the mucosa is assumed
to be governed by Fick’s law. The control of mucous hydration is simulated as fol-
lows: (a) the mucous thickness, AR, varies as liquid evaporates from or condenses
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FIGURE 1. Control volume depiction of airway used to determine material and energy balances
within any segment of the respiratory tract. The temperature and concentration variables shown rep-
resent bulk average values for each region: airway lumen, mucus of variable thickness AR,, and
nonperfused tissue layer of thickness AR,.
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FIGURE 2. More detailed description of airway mucosa. Liquid lost from the mucus by evaporation
is replenished by liquid secretion from the tissue, S,, and filtration from the capillaries, S,. Diffu-
sion of water and soluble gas A through the mucosa is governed by Fick’s law.
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to the mucous surface, (b) reduction of the mucous thickness to a minimum value,
AR i, triggers the secretion of liquid from the nonperfused tissue to the mucus,
preventing further dehydration; and (c) filtration of liquid from the capillaries main-
tains the nonperfused tissue hydration.

While the simulated changes in mucous thickness may seem somewhat artificial,
they reflect the following aspects of the in vivo system. Mucus is a polyionic gel
which contains two types of water, bound water in the gel matrix, and free water
(23,28). Initially, the free water evaporates from the mucous gel. However, the much
lower vapor pressure of the bound water makes it resistant to evaporation and,
instead, further drying of the mucosal surface may stimulate secretion of more free
water from the underlying tissue. The model assumes a simple relationship between
mucous thickness and water content. However, a more complex function between
mucous volume and water content may be included in future versions of the model.
Incorporation of a variable mucous layer into the model allows the study of local
hydration and dehydration of the mucus which may ultimately be significant to
understanding how drying of the mucosal surface affects changes in local blood per-
fusion, stimulates mucus secretion, triggers bronchoconstriction, and affects acute
and chronic dysfunctions of the mucociliary clearance.

Material and Energy Balances

The derivations of the energy and material balance equations are described in
detail elsewhere (25). However, in this paper, the derivations will be outlined and the
final forms of the equations presented.

The rate of accumulation of species i (either water or soluble gas, A) in the con-
trol volume depends on the net transport of 7 into and out of the control volume by
convection of gas through the airway lumen, and by evaporation or condensation of
species i from or to the airway mucosal surface. Using an order-of-magnitude anal-
ysis, Ingenito (12) demonstrated the axial diffusion of species i may be neglected.
Assuming ideal gas law behavior, the total moles and total concentration in the con-
trol volume may be expressed in terms of the pressure and temperature of the con-
trol volume. Thus, the rate of accumulation of species 7 in the control volume may
be written as follows:

3 [ P,A(z)dzy; ] _ 9 [ Py ] dz 4, )
at | R(T + 273.15) 3z | R(T + 273.15) |,
where P, is the total pressure, A(z) is the cross sectional area of the airway at z, R
is the universal gas constant, y; is the mole fraction of species /, 7 is the temperature
in the control volume, V is the volumetric flow rate, and #; is the molar evaporation
rate of species i from the mucosal surface.

The molar flux may be expressed in terms of a local mass transfer coefficient and .
the mole fraction difference:

n; = P(2)dzk, [ yim — ¥i] )

where P(z) is the airway perimeter at z, k,, is the local mass transfer coefficient for
i, and y; ,, is the mole fraction of / at the mucosal surface.
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The macroscopic energy balance written for the airway control volume is:

0w | _ _[3(AH?) : o e

[ at ]cv - [ 6z ]zdz + Qsens + 1=21 nsz (3)
where E,, is the total energy in the control volume, # is the convective molar flow
rate, H¢ is the enthalpy per mole of gas, Q. is the sensible heat transfer from the
mucosal surface and H¥ is the enthalpy associated with the evaporation of species
i from the mucosal surface. The sensible heat transfer rate may be expressed in terms
of a local heat transfer coefficient:

Qsens = hP(Z)dZ(T,n -7 4)

where 4 is'the local heat transfer coefficient, and 7, and T are the temperatures of
the mucus and air, respectively. Neglecting the changes in potential and kinetic
energy, the total energy E,,, may be replaced with the internal energy, U, which
may be expressed in terms of the mole fractions and molar internal energies for each
species, U;. Specifying the reference state for the airway energy balance as all spe-
cies in the gas phase at 0°C having zero enthalpy and assuming ideal gas behavior
yield the following expression for the total internal energy in the control volume:

P A(Z)dz :
_JrAlR)az T - 2270.0 5
R(T + 273.15) ,Zy’(cv’ ) ©

Uit =
where Cv; is the constant volume molar heat capac1ty for species /, —2270.0 is the
reference state internal energy for each species (Note: U, = H.ey — RT). Similarly,
by expressing the molar enthalpies in terms of the constant pressure molar heat
capacities and by converting the molar'flow rate to a volumetric flow rate using the
ideal gas law, the final form of the energy balance in the airway may be derived from
Eq. 3:

PtA(Z)dZ d P, 3 ~
£A(z)dz . Cp.T
at{ RT,, 2ol 22700’] Toz [RTabsgy P Ldz

6)
+ Qsens + Zl ﬁiépiTm
i=

where Ty, is the absolute temperature, Cp; is the constant pressure heat capacity of
species I, and all other terms are as prev1ously defined.

The mass and energy balances in the mucosa are derived neglecting ax1al d1ffus1on
of soluble gas 4 and axial conduction of heat since these terms were shown to be neg-
ligible by Ingenito (12). Assuming that the mucus has the physical properties of
water, the mucous thickness may be related to the moles of liquid in the control vol-
ume by a total molar balance:

on; _ P(z)dzp, dAR,

2 . '
ar M, a1 =Sl_l§(ni)l ‘ : (7
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where 7n; is the moles of liquid in the mucous control volume, p,, is the density of
water, M,, is the molecular weight of water, S, is the rate of liquid secretion from
the tissue to the mucus, and (#;), is the molar flux rate of species / from the mucous
surface defined by Eq. 2. The secretion rate depends on whether evaporation or con-
densation is occurring:

2
If 3, (A;), <Othen §; =0
i=1
2 .
If 2 (fl,’)l > 0 and ARI > ARmin then Sl =0 (8)
i=1

2
otherwise $; = Y, (#;); -
i=1

Since the moles of soluble gas A in the mucous control volume depend on the
mucous thickness and mole fraction of A4, the molar balance of 4 in the mucus may
be written as follows:

aﬂA i) P(Z)dZARlpw .

—_— = = ————= | = (Ay), — (A4 + S x 9
ot at[Am My (R4)2 — (M4 1Xat &)

where n, is the moles of A in the mucous control volume, Xx4,, and x,, are the mole
fractions of A in the mucus and tissue, respectively, (#74), is the diffusion rate of A
from the tissue to the mucus and all other terms are as previously defined. The dif-
fusion rate of A into the mucus is approximated using Fick’s law as follows:

P(z2)dzp, D
(g)y = R0 Daw (o (10)

1
My, 2 (AR, + AR»)

where D,y is the liquid phase diffusivity of A4 in water. The balance of soluble gas
A in the nonperfused tissue is:

P(z)dzp,AR, %

M, 3 = (Fa)s — (Ra)y + SaXac — SiXas (11

where (114); is the diffusive flow rate of A from the capillaries to the tissue, S, is the
filtration rate of liquid from the capillaries to the tissue, and x4 is the mole fraction
of A in the capillaries. Assuming that the density and volume of the tissue are con-
stant, the filtration rate S, is equal to the secretion rate S;. The diffusive flow of 4
into the tissue, (714), is similar to that in Eq. 10:

. P(z)dzp,D
(Rq)s = —A)/[mﬂ (X4c — Xas) - (12)
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The energy balance in the mucus depends on the conductive and convective heat
fluxes and the enthalpy transport associated with the molar fluxes:

P(z)dzp, Cpl, T, AR _ . .
MW AR 1 ot + Tm ot = Q2 Qsens
(13)

2 _ 2 _ N
+ ; ()2 (H))2 — ; (n) (HE), + S| HY

where Cpl, is the molar heat capacity of liquid water, T, is the mucous temperature,
©, is the conductive heat transfer rate to the mucus, H! and H? are the molar
enthalpies for species / in the liquid and gas phases, respectively, and all other terms
are as previously defined. Assuming that the mucus has the thermal properties of
water, the conductive heat transfer rate is approximated by Fourier’s law:

0, = M (T, — T,) (14)

1
2 (AR, + AR,)

where (k) is the thermal conductivity of water and 7, is the tissue temperature.
For the mucous energy balance, water, and soluble gas A4 in the liquid phase at 0°C
will be the reference states. Thus, the molar enthalpy terms appearing in Eq. 13 are
defined as follows:

(Hf), = AHY*(0°C) + Cpf T,
(FL’[ 2 = épile 15)
A= [(1 = x4)Cpi, + x4, CPAIT,
where AH**(0°C) is the latent heat of vaporization for species i, and Cp# and Cp/

are the molar heat capacities for species / in the gas and liquid phases, respectively.
Finally, the energy balance in the nonperfused tissue may be written as follows:

P(2)dzp,,AR,Cpl, 3T, ) X 2 .
22 = 0y~ Oy + D) (AN — (AL,
My, at P (16)

+ S, H - §, Hi

where Q, is the conductive heat transfer rate between the capillaries and the tissue,
and H} is the molar enthalpy of the filtrated fluid. The enthalpy terms are similar to
those appearing in Eq. 15 and the rate of heat conduction from the capillaries to the
tissue is given by:

_ P)dz (k)

0= —Z I (= T (a7)

where T, is the capillary bed temperature.
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Parameter Specification

Before the equations describing the dynamic heat and gas exchange processes
occurring in the respiratory airways can be solved, several model parameters need to
be specified. In order to provide maximal sensitivity in the analysis of soluble gas
interactions with the airways, ethyl alcohol, which has the highest solubility of any
gas exchanged by the lungs and for which data are easily found, was chosen as the
soluble gas A for this study. Mean heat capacities for air, water vapor and alcohol,
and heats of vaporization at 0°C were taken from Felder and Rousseau (6). Values
for the Prandtl number, viscosity of air, density of water, thermal conductivities for
air and water, and gas phase molecular diffusivities for alcohol and water in air at
37°C were obtained from Holman (10). The diffusivity of alcohol in water at infi-
nite dilution was found in Reid, Sherwood, and Prausnitz (19).

Since the model equations were derived for a control volume in any airway seg-
ment, the entire respiratory tract may be modeled by dividing the nasal, oral, pha-
ryngeal, tracheal, and bronchial passages into a series of compartments: 25 for oral
breathing and 29 for nasal breathing. The average lengths and diameters of each com-
partment were taken from Hanna (7) for the upper airways and from Weibel (30) for
the lower airways down to the 18th Weibel generation. The minimum mucous thick-
ness, AR_;,, was assumed to be 10y in the first compartment and the ratio of the
mucous thickness to the diameter of the compartment was maintained in subsequent
compartments.

In the studies by Hanna (7), Ingenito (12), and Tsu (25), the capillary bed temper-
ature profile, gas phase transfer coefficients, and nonperfused tissue thickness were
identified as the model parameters having the largest effect on the model predictions.
Thus, in this study, a range of values for each of these parameters was investigated.
The tissue thickness, AR,, was varied between .005 and .05 cm. Since Hanna
assumed that the local blood temperature in the nasal or oral compartments, Ticaq,
was 32°C or 34°C, respectively, which qualitatively agrees with the findings of
Varene, Ferrus, Manier and Gire (27), the following capillary bed temperature pro-
file was used: starting at Tj,q of either 32°C or 34°C in the nasal or oral compart-
ments, 7, will rise linearly with axial distance to the mid-trachea, then level off at
37°C for all distal compartments. The effect of varying Tj..q on the model predic-
tions was also examined. A more exact description of the airway mucosa requires
more detailed information about the local blood flow, the local blood temperature,
and the thermoregulatory and vascular responses to various stimuli. For example, the
studies by several investigators (2,5,22) indicate that airway cooling occurs during
hyperpnea of cold or dry air. Also, cold or dry air hyperpnea has been found to stim-
ulate increased airway blood flow in response to reduced mucosal temperatures and
airway drying (2). Full incorporation of airway perfusion into the model is complex
and would probably involve some kind of feedback control mechanism which is
beyond the scope of this study. Instead, the tissue thickness and capillary blood tem-
perature profile parameters were chosen to characterize airway perfusion indirectly.

Different gas phase transfer coefficients were used in the model studies by Hanna
(7) and Ingenito (12). Hanna measured mass transfer coefficients for the upper air-
way compartments using a naphthalene sublimation technique and derived analogous
heat transfer coefficients. Ingenito measured heat transfer coefficients for the upper
airways using a similitude technique and derived analogous mass transfer coefficients.
Here, both sets of transfer coefficients will be used and the predicted results com-
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pared. The correlation used by Hanna relating heat transfer coefficients to the Reyn-
olds and Prandtl numbers has the following form:

hD

Nug, = —=
¢ (k) air

= C, ;Re®s Prl/3 (18)

where Nu, ; is the Nusselt number for phase of respiration (inspiration or expira-
tion) ¢ and compartment i, (k,,).;; is the thermal conductivity of air, C, ; is a coef-
ficient, Re is the Reynolds number, oy ; is an exponent and Pr is the Prandtl
number. The correlation used by Ingenito has the following form:

hD

Nu =
¢ (kth)air

= C, ;(RePr)*si 19)

Using the Chilton-Colburn analogy (24) and assuming ideal gas behavior, the mass
transfer coefficient may be calculated from the heat transfer coefficient:
h [ C,Diai P, 7

wy=u—m*={—L——~] 20)
> M Cp (kth)airRTabs
where (1 — y;)as is the log-mean difference in the mole fraction of i, Cp is the molar
heat capacity of the mixture, D,_,;, is the binary gas phase diffusivity of species i in
air, and all other terms are as previously defined.

Boundary Conditions

At the airway-mucus interface, equilibrium between the gas and liquid is assumed.
Assuming that Raouit’s law holds for water, the gas phase mole fraction of water at
the air/mucus interface, (y,),,, may be calculated from the saturation vapor pres-
sure of water given by the Antoine equation (6) and the liquid phase mole fraction,
(x.,)m- For a very dilute solution of ethanol in water, the following vapor-liquid
equilibrium expression holds:

a) = RIGH+2T315) by Xam
YA = P, My N(T,)

@1)

where A (7,,) is the partition coefficient defined as the ratio of the concentration of
alcohol in the liquid phase to the concentration in the gas phase. Jones’ correlation
for the partition coefficient as a function of temperature for the alcohol/water/air
system is used (14). The capillary blood alcohol mole fraction, (x4)., assumed con-
stant along the entire airway tract, is calculated from a specified blood alcohol con-
centration, BAC.

During inspiration, the inlet conditions at the proximal end of the airway will cor-
respond to those of the ambient air. The concentration of alcohol in the inspired gas
is assumed to be zero. During expiration, the model assumes that the alveolar gas
entering the distal end of the airway is at body temperature, fully saturated with
water and equilibrated with the blood alcohol. The volumetric flow rate is.a sinusoi-
dal function of time. Initially, at # = 0, all eight variables, T, T,,, T;, Y4» Vs (X4)ns
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(x,):, and AR, are functions of axial position. These functions are chosen by the
user for the very first simulation, but are provided by preceding simulations for suc-
ceeding ones.

Numerical Solution Methods

The mathematical model described by Eqs. 1 through 17 consists of eight hyper-
bolic differential equations which must be solved simultaneously for each axial posi-
tion, z, and time, ¢. If the length of each compartment is divided into N control
volumes, the resulting system would require simultaneous solution of (8 X N) equa-
tions for every iteration. This enormous task can be handled only by a numerical
solution scheme solved on a computer.

First, the variables are nondimensionalized and normalized to allow for both more
accurate and more efficient numerical solution. The spatial derivatives are described
by upstream finite differencing. Let the subscript j on any term designate the value
of that term at the jth grid point. Thus, for any function x the z-derivative is:

N _ X=Xt 2)

9z Az

Numerical integration of the time derivatives is handled using LSODE, a time-
integration software package developed by Hindmarsh (9) which solves systems of
differential equations of the following form:

ay; ,
3_):‘=fi(y1,}’2,---,yn) l=1’2""’n' (23)

There are several advantages to using LSODE: (a) the user need not develop his own
algorithm, (b) an implicit integration scheme is employed for greater accuracy, (c)
error tolerances are specified by the user, (d) a variable time step is used, and (e)
problems with steep gradients, are handled easily.

The Alcohol Elimination Simulator consists of three FORTRAN programs writ-
ten by Tsu (25), CREATE, ETOH, and FEX, which are linked with the LSODE
packaged subroutine. CREATE is an interactive program which creates the first input
data file. ETOH, the main program in the Alcohol Elimination Simulator, solves the
system of hyperbolic differential equations for one complete phase of inspiration or
expiration and creates an output file. FEX, a subroutine called by LSODE, calcu-
lates the time derivative of each variable. Compiled versions of ETOH, FEX, and
LSODE are linked to form an executable program which is submitted as a batch job
for the simulation of each breathing phase to a VAX computer.

RESULTS AND DISCUSSION
Simulations

Before the model predictions can be interpreted with any confidence, the simulated
results need to be compared to in vivo experimental data. For oral breathing, McFad-
den et al. (17) measured the end-inspiratory and end-expiratory airway tempera-
ture profiles between the trachea and the subsegmental bronchus using a multiple
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thermistor probe for several levels of ventilation. For nasal breathing, Hanna and
‘Scherer (8) compiled airway temperature and water concentration data from several
sources. Thus, for purposes of comparison, the conditions used in the oral breath-
ing simulations were the same as those of the McFadden experiments: Vg = 15 I/min
(f=15min™! and V7 = 1.0 liter); Tomp = 26.7°C; and RH = 34.8%. Similarly, the
nasal breathing simulations were made using the conditions assumed by Hanna:
Vave = 300 ml/sec (f = 12 min~! and V; = 750 ml); Tymp = 23.0°C; and RH =
30.0%.

In order to choose the set of model parameters that gives the best fit with the data
and to analyze the sensitivity of the predictions to changes in the parameters, the fac-
torial design method (1) was used to design each “experiment” or simulation. Ta-
ble 1 describes the lower and upper values of each parameter used in each simula-
tion in the 23 full factorial design (there are 2 levels for each of the 3 parameters).
Each simulation consisted of either three breaths or six breaths for AR, equal to
.005 cm or .05 c¢m, respectively, since the thinner tissue thickness required fewer
breaths to reach periodic steady state conditions. The set of eight simulations was
executed twice, once for oral breathing and again for nasal breathing. Calculated with
Yates’ algorithm (1), the main effect of each parameter for several responses of
interest are shown in Table 2.

Model Predictions vs. Experimental Data— Oral Breathing

Since the model uses average lengths of airways determined by Hanna (7) and
Weibel (30), the axial positions measured by McFadden et al. were adjusted to match
various anatomical landmarks. Comparison between the measured and predicted end-
inspiratory and end-expiratory temperatures was poor for all simulations and the set
of parameters giving the best fit for the inspiratory data gave the worst fit for the
expiratory data and vice versa. This result, however, may be attributed to the slow

TABLE 1. Parameter values used in each simulation of the 23 factorial design.

Model Parameters

Level Thead!°C) AR, {cm) hiz)
34.0-oral
Lower Level () (32.0-nasal) .005 Hanna
Upper Level (+) 37.0 .05 Ingenito
Simulation
1 — — —
2 + _ —
3 - + _
4 + + -
o - - +
6 + - +
7 - + +
8 + + +
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response time of the thermistors. McFadden ef al. (17) reported a 63% response time
of .250 seconds for the thermistors in a stirred water bath. However, the heat transfer
coefficient for the thermistor in air is much less than it would be in water, and thus,
the response time of the thermistor in air must be much longer than that for water
(4). Consequently, the experimental data cannot be an accurate reflection of the
instantaneous temperatures predicted by the model; the slow response time causes the
measured minimum and maximum airway temperatures to be attenuated relative to
the actual values. While the amplitude of the measured cyclical changes in airway
temperature may be reduced, the mean airway temperatures measured by the therm-
istors should be identical to the actual mean values. Thus, a more appropriate cri-
terion for best fit of the model predictions to the experimental data may be some
mean Or average airway temperature. Two alternative mean temperatures can be
used: (a) the integrated time average temperature over the entire inspiratory and
expiratory phases, (7.y.)1, and (b) the arithmetic mean of the minimum inspiratory
and maximum expiratory temperatures, (7T,..),. Since the sum-of-squared-error
using (T,v.), was less than that using (T,,.); for every simulation, a comparison
between (7,.), and the arithmetic mean of the measured end-inspiratory and end-
expiratory temperatures was used as the criterion for best fit.

The first row in Table 2 gives the average sum-of-squared-error, L(7, — T,)?
where T}, is (T,.); and T is the mean of the measured inspiratory and expiratory
temperatures, for all simulations and the effects of changing the model parameters.
The choice of heat transfer coefficient, #(z), had the most significant effect on the
fit; using Ingenito’s coefficients rather than Hanna’s reduced the Z(7, — 7,)? from
12.69 to 1.61. The next most significant parameter was the nonperfused tissue thick-
ness, AR,, and the capillary bed temperature in the head, 7j..q, affected the error
the least; decreasing Ti.,q Or increasing AR, decreased the error. Thus, the set of
parameters giving the best fit between the predicted and measured mean airway tem-
peratures is: The.q = 34°C; AR, = .05 cm; and Ingenito’s heat transfer coefficients.
These parameters will be referred to as the base case parameters for the remainder
of this paper.

Figure 3 shows the comparison between the predicted and measured airway tem-
peratures for the base case parameters. The arithmetic mean, (7,.),, fits the data
better than the integrated average, (7..);. The predicted airway temperature fluctu-
ations are attenuated in differing degrees by the various thermistors suggesting that
the thermistor response is nonlinear in addition to being slow. During inspiration,
the inspired air is essentially completely conditioned by the 10" generation. During
expiration, the air experiences the greatest amount of cooling in the oral and pha-
ryngeal regions. The average expiratory temperature at the mouth is 34.8°C which
is 1.6°C cooler than the predicted end-expiratory temperature.

Conditioning Efficiency

The average minimum-air temperature at the carina for all simulations is 33.4°C
(see Table 2) which is affected most significantly by changes in A(z). Using Ingenito’s
coefficients, reducing 7Ti.,4 and increasing AR,, reduces 7,,, at the carina and,
hence, reduces the conditioning efficiency of the extrathoracic airways. Figure 4
shows the effects of changing the model parameters on the minimum relative humid-
ity profile in the airway. Using Hanna’s heat transfer coefficients rather than
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FIGURE 3. Comparison of predicted end-expiratory, end-inspiratory, and average airway temper-
ature profiles with literature data for quiet, oral breathing of room air using base case model param-
eters {see text). While the measured minimum and maximum airway temperatures are greatly
attenuated relative to the predicted values, the mean airway temperature profile agrees well with
the predicted averages. i

Ingenito’s dramatically increases the relative humidity of the inspired air beyond the
oropharynx. Hanna assumed that the heat transfer coefficient function in the oro-
pharynx during oral breathing is approximately seven times what it is during nasal
breathing because of the sharp change in the direction of the airflow in the oro-
pharynx during oral breathing. This assumption results in the dramatic differences
observed between the.model predictions using Hanna’s coefficients and Ingenito’s
coefficients. Thus, during oral breathing of room air at rest, the greatest amount of
conditioning of the inspired air occurs in the trachea and larger bronchi, the smaller
bronchial airways participate in the conditioning process, and the inspired air is not
fully conditioned until the 10" generation.

Conservation of Water and Heat

The respiratory water loss (RWL) and respiratory heat loss (RHL) were calculated
by numerically integrating over one breath the amount of water in the air and the
enthalpy of the air, respectively, at the mouth. The average RWL and RHL for all
simulations are .487 g/min and 1706 J/min, respectively (see Table 2). Changing the
capillary bed temperature in the head, T..q, had the most significant effect on the
water ‘and heat losses; increasing Th..q from 34.0°C to 37.0°C increased the RWL
from .479 to .495 g/min and increased the RHL from 1683 to 1730 J/min. The pré-
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FIGURE 4. Predicted minimum relative humidity profiles in the airway during inspiration for the base
case model parameters and the effects of changing (a) the heat transfer coefficient correlation, (b}
the nonperfused tissue thickness, and (c) the capillary bed temperature in the head. Deeper pene-
tration of unconditioned air is predicted by the model when Ingenito’s coefficients are used instead
of Hanna's.

dicted losses were also increased by decreasing the nonperfused tissue thickness and
using Hanna’s transfer coefficients. Reduction of the RWL and RHL largely depends
on the ability of the airways to recover water and heat lost during inspiration from
the expired air. Cooling of the airway mucosal surface due to the sensible and
evaporative heat losses enhances the recovery of water and heat.

Thus, a tradeoff exists between conditioning efficiency and body heat and water
conservation. A thicker mucosal tissue better insulates the airway surface from the
capillary bed resulting in greater cooling of the surfaces, reduced conditioning effi-
ciency and greater penetration of unconditioned air, but increased heat and water
recovery. A cooler steady-state capillary bed temperature reduces the conditioning
efficiency causing deeper penetration of unconditioned air, but increases the recov-
ery of heat and water from the expired 4ir. In the absence of better information per-
taining to the perfusion characteristics of the airway tissue, a study of how the model
parameters affect the predicted heat and water losses has revealed the following: the
model parameters giving the best fit between the model predictions and in vivo exper-
imental data, namely T;..q = 34°C, AR, = .05 cm, and Ingenito’s coefficients, are
also the model parameters predicting the lowest RWL and RHL, the greatest percent
heat recovery, but the poorest conditioning efficiency. This suggests that for the oral,
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quiet breathing of room air, the conservation of body heat and water may be more
important than the efficient conditioning of the inspired air.

Figure 5 shows the heat flux from the mucosal surface at the mouth as a function
of time for one complete breath. The total heat flux consists of two components, the
sensible heat flux due to the temperature gradient and the latent heat flux due to the
evaporation and condensation of water and alcohol. The latent heat transfer-com-
prises 92% and 83% of the total heat transferred during inspiration and expiration,
respectively. The heat flux from the mucosal surface is maximum during mid-
inspiration when the volumetric flow rate is greatest. The surface continues to lose
heat during the early part of expiration while the incompletely conditioned dead space
volume of air is being eliminated. The sensible and latent heat fluxes are negative for
the rest of expiration, demonstrating the transfer of heat and condensation of lig-
uid from the expired air to the cooler airway surface. The heat recovered during expi-
ration is only 8.0% of that lost during inspiration, and thus there is a net loss of heat
from this point during each breath.

Changes in Mucous Thickness

The average for all simulations of the maximal percent increase in the mucous
thickness in the proximal trachea is .78% (see row 7 in Table 2). The capillary bed
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FIGURE 5. Base case predictions of the total heat flux and the sensible and latent component heat
fluxes from the mucous surface to the air at the mouth entrance as a function of time for one com-
plete breath. The sensible heat flux is that due to the temperature gradient and the latent heat flux
is that due to the evaporation and condensation of water and alcohol.
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temperature in the head, 7i..q, affected the increase in the mucous thickness the
most; the mucous thickness increased by 1.38% for Tj..q equal to 34°C but only
increased by .19% for Tj..q €qual to 37°C. The predicted percent -increase in the
mucous thickness was greater when Ingenito’s transfer coefficients were used and
when AR, was increased. Thus, a cooler capillary bed temperature, a thicker non-
perfused tissue layer, and higher heat transfer coefficients increase the local heat
transfer from the mucous surface, resulting in lower mucous temperatures, greater
condensation of liquid during expiration, and greater swelling of the mucous layer.

Figure 6 shows the predicted dynamic changes in the mucous layer for several ax-
ial positions using the base case model parameters. For all positions, evaporation dur-
ing inspiration causes a rapid decrease in the layer thickness down to the controlled
minimum mucous layer thickness, AR ;.. During the rest of inspiration and the
early part of expiration, liquid lost by further evaporation is compensated by the sim-
ulated secretion of liquid from the tissue and no change in the mucous thickness
occurs. During expiration, condensation of liquid from the expired air to the cooler
mucous surface causes the mucous layer to swell. Evaporation during inspiration
occurs sooner in the proximal airways than in the distal airways while condensation
occurs sooner in the distal airways than in the proximal ones, reflecting the transport
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FIGURE 6. The predicted mucous layer thickness normalized with respect to the minimum controlled
thickness, AR,,;,. as a function of time during one complete breath at various locations in the
respiratory tract. The mucous thickness is quickly reduced by evaporation to the minimum level
where it is maintained by simulated fluid secretion from the tissue during inspiration. Condensa-
tion of liquid from the expired air to the cooler mucosal surface causes the mucus to thicken during
expiration. ;
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time of the flowing air between the various positions in the airway. The mucus in the
proximal trachea experiences the greatest amount of swelling relative to that in the
mouth, oropharynx, and distal trachea.

Alcohol Interactions with the Airway Mucosa

For the proximal trachea, the average alcohol mole fractions normalized with
respect to the mole fraction of alcohol in the capillary bed, {x,)/x4., in the mucus
and nonperfused tissue are .796 and .905, respectively (see rows 8 and 9 in Table 2).
Thus, the airway mucosa is relatively stripped of alcohol and represents a sink for
alcohol both from the capillaries and from the expired air. The nonperfused tissue
layer had the largest impact on the alcohol mole fraction; increasing AR, decreases
{x4) /X4 in both the mucus and tissue by decreasing the diffusion rate of alcohol
through the airway mucosa. Increasing 7Tj..q also decreases {x,)/x4. by reducing the
solubility of alcohol in the warmer airway mucosa. Since the model predicts higher
heat and mass transfer rates in the proximal trachea using Ingenito’s coefficients, the
predicted {x,)/x,4. in the mucus and tissue of the proximal trachea is lower when
Ingenito’s coefficients are used.

Figure 7 describes the partial pressure of alcohol, P4, normalized with respect to
the alveolar partial pressure, as a function of time for the air, mucus, and tissue at

0.9 — PA—air, mouth === PA—gir, dist. trachea
T e PA—mucus, mouth —= PA—mucus, dist. tracheo
0.8 | ~ -~ PA-tissue, mouth —="" PA-tissue, dist. trachea

e ——— e —— e
-
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! ! i ] i T Ll I !
0 0.4 0.8 1.2 1.8 2 2.4 2.8 3.2 3.6 4

TIME, (sec)
FIGURE 7. Base case predictions of the alcohol partial pressure, normalized with respect to the

alveolar level, as a function of time for one breath in the air, mucus, and tissue in the mouth and
distal trachea.
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the mouth and distal end of the trachea. The partial pressures in the mucus and tis-
sue were calculated using Eq. 21. Periodic fluctuations in P, occur in all three
regions of the airway with the amplitude of the fluctuations decreasing from the air
to the mucus to the tissue. The relative magnitude of the P, in the air to the P, in
the mucus determines the direction of alcohol transport; when the P, in the air is
less than that in the mucus, alcohol is stripped from the mucus while absorption of
alcohol by the mucus from the air occurs when the situation is reversed. In any given
region, the P, increases with increasing distance from the mouth. Because of the
absorption of alcohol by the mucus from the expired air along the entire airway, the
final P, at the mouth is only 74.5% of the alveolar level. Thus, during tidal breath-
ing of room air, the final P, measured at the mouth is not an accurate measurement
of the alveolar P,.

Nasal Breathing

Assuming that the temperature sensing devices had a relatively slow response time,
the airway temperature data compiled by Hanna for nasal breathing more accurately
reflects the mean rather than the inspiratory airway temperatures. Thus, the compar-
ison between the predicted and measured mean airway temperatures will again be
used as the criterion for degree of fit. The average sum of squared error, I(7, —
T,)?, for all nasal breathing simulations is 25.2 (see Table 2, row 10). Decreasing
Tjcaq, increasing AR,, and using Hanna’s transfer coefficients decreases the I(7, —
T,)?. Thus, for nasal breathing, the base case model parameters giving the best fit
are: Theaq = 32.0°C, AR, = .05 cm, and Hanna’s transfer coefficients. Figure 8
shows the comparison between the literature data and the predicted airway temper-
atures using the base case parameters. The integrated average, (T,..);, and the arith-
metic mean, (7,,.),, give a similar fit with the average airway temperature data. The
average temperature of the inspired air increases steadily, reaching body core tem-
perature by the 6™ generation. The average temperature of the expired air at the
nose is 33.9°C while the end-expired temperature is 34.9°C. As for oral breathing,
the cooling of the expired air in the upper respiratory airways is caused by the recov-
ery of heat and water by the cooler mucosal surfaces and serves to minimize the RWL
and RHL from the body. For nasal breathing, the base case predicted RWL and
RHL are .298 g/min and 1002 J/min, respectively.

Hyperpnea of Room Air

Since part of the utility of the computer model rests in its ability to predict the
dynamic physiological events at other conditions, the model was used to simulate
hyperpnea of room air. Two additional simulations were made at ventilation rates
of 30 I/min and 60 1/min with T, = 26.7°C; and RH = 34.8% and compared to
the data reported by McFadden ef al. (17). Since one would expect the steady-state
capillary bed temperature profile to decrease as ventilation increases, the model
parameter Th..q was adjusted until the best fit was obtained while all other model
parameters remained unchanged. Figure 9 shows the comparison between the pre-
dicted average airway temperatures and McFadden’s data for V¢ = 15, 30, and 60
1/min. The values of Tj..q used are 34°C, 32°C, and 30°C, corresponding to Vg =
15, 30, and 60 I/min. Thus, in order to maximize the model’s predictive value, the
capillary bed temperature profile must be known as a function of inspired air con-
ditions and ventilation rate.
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CONCLUSIONS

A one dimensional theoretical model describing the heat and water exchange pro-
cesses occurring in the respiratory airways has been extended to include the exchange
of a soluble gas with the airway mucosa, the change in the mucous layer thickness
due to evaporation and condensation of water during respiration, and the secretion
and filtration of liquid from the tissue and capillary bed, respectively, to maintain
mucosal tissue hydration. The predicted mean airway temperature profiles agreed well
with in vivo experimental data taken from the literature for both oral and nasal
breathing. Using Ingenito’s heat transfer coefficient correlations gave a better fit for
oral breathing while Hanna’s correlations gave a better fit for nasal breathing. For
both oral and nasal breathing, decreasing the capillary bed temperature in the head
and increasing the thickness of the nonperfused tissue improved the degree of fit with
the experimental data and resulted in a set of model parameters that also increased
the heat recovery in the upper respiratory airways and minimized the respiratory heat
and water losses from the body. For the quiet breathing of room air, the conserva-
tion of heat and water may be more important than the conditioning efficiency of
the airways, since the inspired air continues to be conditioned within the larger bron-
chial airways and is not fully conditioned until the 10" and 6™ generations for oral
and nasal breathing, respectively. The model parameters maximizing the heat and
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water recovery in the airways predicted the lowest average mucous temperatures and
the greatest increases in the mucous thickness due to the condensation of liquid to
the cooler mucosal surface during expiration. For the quiet, tidal breathing of room
air through the mouth, the model predicts a final expired partial pressure of alcohol
that is only 74.5% of the alveolar level due to the absorption of alcohol from the
expired air by the airway mucosa during exhalation. In future studies, the model will
be used to compare oral and nasal breathing of dry room air, analyze the effects of
large changes in inspired air conditions and breathing pattern, simulate the interac-
tions of alcohol with the airway mucosa during a prolonged exhalation, and simu-
late the dynamic uptake of inhaled toxic gases by the airway mucosa. Improvement
of the model requires a better understanding of the nature of the airway mucosa, spe-
cifically, the physical chemistry and secretion mechanism of the mucus, the thickness
of the nonperfused tissue layer, the temperature of the capillary bed and the changes
in the perfusion of the mucosa in response to drying and cooling of the tissue.
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NOMENCLATURE

= airway cross sectional area, cm?

exponent in Nusselt number correlation

blood alcohol concentration

= coefficient in Nusselt number correlation

= gas phase constant pressure molar heat capacity, J/(°C mol i)

= constant pressure molar heat capacity of gas mixture, J/(°C mol i)

liquid phase constant pressure molar heat capacity, J/(°C mol)

= constant volume molar heat capacity for species i, J/(°C mol i)

= airway diameter, cm

liquid phase diffusivity of A in water, cm?2/s

= binary gas phase diffusivity of species i in air, cm?2/s

= total energy in airway control volume, J

= breathing frequency, breaths/s

= local heat transfer coefficient, J/(cm? s°C)

= latent heat of vaporization for species i, J/(mol 1)

= gas phase molar enthalpy, J/mol

= molar enthalpy of filtrated fluid, J/mol

= molar enthalpy in gas and liquid phases, respectively, for species /,
J/(mol 1)

= reference state molar enthalpy, J/mol

= thermal conductivity of air and liquid water, respectively, J/(cm s)

local gas phase mass transfer coefficient for species i, mol i/(cm? s)

partition coefficient for alcohol in water and air

= multiple inert gas elimination technique

= molecular weight of water, 18.016 g/mol

= convective molar flow rate, mol/s

= moles of A and liquid, respectively, in mucous control volume, mol

= diffusion rate of A from tissue to mucus and capillary to tissue,
respectively, mol/s

= molar evaporation rate of species / from mucus, mol i/s

= Nusselt number, AD/ (k) air

= phase of respiration

= partial pressure of alcohol, mmHg

= Prandtl number, Cpp/k,

= total pressure, mmHg

= airway perimeter at z, cm

= sensible heat transfer rate from mucosal surface, J/s

= conductive heat transfer rate from tissue to mucus and capillaries
to tissue, respectively, J/s

= density of water, g/cm?

= universal gas constant, 62360 (ml mmHg)/{mol K)

= airway radius, cm

= mucous layer thickness, cm

= nonperfused tissue thickness, ¢cm

= Reynolds number, p{v)D/u

= relative humidity, %

= respiratory heat and water loss, respectively, J/min and g/min
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= minimum controlled mucous layer thickness, cm

= liquid secretion rate from tissue to mucus, mol/s

= liquid filtration rate from capillaries to tissue, mol/s

= time, §

= half cycle time, s

= dimensionless time

airway luminal temperature, °C

absolute temperature of air, K

ambient air temperature, °C

integrated time averaged air temperature, °C

arithmetic mean of minimum inspiratory and maximum expiratory
air temperature, °C

capillary bed temperature, °C

= temperature of capillary bed in head region, °C

= temperature of mucus and tissue, respectively, °C

= reference state molar internal energy, J/mol

= total internal energy in airway control volume, J

= molar internal energy for species i, J/(mol i)

= volumetric flow rate of gas, ml/s

= tidal volume, ml

= dimensionless variable

= dimensional variable

= average alcohol mole fraction

= capillary soluble gas mole fraction

= mole fractions of A in mucus and tissue, respectively

= maximum and minimum values of dimensional variable
= gas phase mole fraction of species i

= gas phase mole fraction of species / at air/mucus interface
= axial position from airway entrance, cm



