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A Model for the Uptake of Inhaled Vapors in the Nose of the Dog during Cyclic Breathing.
GERDE, P., AND DaAHL, A. R. (1991). Toxicol. Appl. Pharmacol. 109, 276-288. A model was
developed to simulate the uptake of inhaled vapors in the nasal airway of the Beagle dog during
cyclic breathing. Input data to the model were morphological and physiological data for the dog,
and physiocochemical data for the vapors. The model simulates the nasal airway as a slit-like
duct, where air passes between the two airway walls in an ideal plug flow. The thickness of the
walls corresponds to the distance between the air interface and the average position where vapor
molecules are removed into the capillary blood. All resistance to radial mass transfer is assumed
10 arise on the liquid side in the diffusion of vapors through the air/blood tissue barrier and in
transport by the blood. The model results agreed reasonably well with experimental data. The
nasal absorption of vapors on inhalation increased from 1% for a compound with a blood/air
partition coefficient of 1 to around 95% uptake for a compound with a partition coefficient of
2000. Desorption from the nasal tissues on exhalation increased from approximately 1% to ap-
proximately 30% over the same range of partition coefficients. The nasal uptake over one complete
breathing cycle, defined as absorption on inhalation minus desorption on exhalation, was almost
zero for low partition coefficient compounds and plateaued at around 65% for high partition
coefficient compounds, The model indicates that diffusional resistance and inertia of the nasal
tissues result in temporary storage of absorbed vapors upon inhalation, followed by desorption
of vapors back into the airstream upon exhalation, An important consequence of this phenomenon
is a shift in exposure to inhaled vapors from the lungs to the nasal airway during cyclic flow
compared with predictions from experiments and models based on unidirectional flow. ¢ 1991
Academic Press, Inc.

The nasal passages condition inhaled air and
they are the first line of defense against air-
borne infectious or toxic agents (Brain, 1970;
Morgan and Frank, 1977; Proctor and Swift,
1977). The uptake of inhaled toxic agents—
including aerosols, gases, and vapors—has
been studied both experimentally and theo-
retically. Because particles rarely reentrain into
the air once deposited on the airway walls,
particle deposition models are focused entirely
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on events in the gas phase of the lumen. This -
is equivalent to assuming as a boundary con-
dition for the model equations that the particle
concentration at the airway wall is zero (Yeh,
1974). When gases and vapors are deposited,
this assumption is rarely warranted. Most of-
ten, deposited molecules can reentrain into the
airways and, thus, exert a back pressure at the
airway wall. This back pressure depends
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heavily on events in the liquids of the mucus
layer and the tissue below. Therefore, processes
on the liquid tissue side are likely to be equally
important, in determining the uptake of in-
haled gases and vapors than are processes in
the gas phase of the lumen.
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TABLE |

OVERVIEW OF CURRENT MODELS DESCRIBING NASAL UPTAKE OF VAPORS

Contact pattern? Flow regime®

e
( Major
L compartments/
transport
Model mechanisms?
uBeile et al. (1955) Air/blood
conv/conv
ysarenson et al (1974) Air/tissue/blood
2 conv//conv
tum et al. (1976) Alir/tissue
| conv and diff//
Morris and Cavanagh (1986) Air/blood
% conv/conv
Stott et al. (1986) Air/blood
e conv/conv
model Air/tissue/blood

conv/diff/conv

Tank reactor Unidirectional

”I:ube reactor Unidirectional
Tube reactor Unidirectional
Tank reactor Unidirectional
Tank reactor Unidirectional

Tube reactor Cyclic

the interface.

sway wall as in a tube reactor.

& )
Maving, cyclic flow.

Several papers have discussed the general
principles for vapor uptake in the respiratory
(Morgan and Frank, 1977; Overton,
1984: Hanna er al., 1985; Ultman, 1986). Up-
take of gases and vapors in the respiratory re-
fion involves gas/liquid interfacial transport,
: d the importance of the liquid/air partition
tefficient for uptake was recognized early
(Henderson and Haggard, 1943; La Belle et
al, 1955): the higher the partition coefficient
(PC) the higher the nasal uptake. Interfacial
t‘an‘sllk)rt processes have been treated exten-
ively in engineering literature (Bird er al.,
. 960). A gas/liquid interfacial transport in-
: "Ol_ves two separate resistances connected in
ries: the gas phase resistance and the liquid
resistance. “Resistance” in this sense
“Rfers to a slowing of transport, for example,
, 33 aresult of limiting diffusion rates. Usually
; - Qe resistance at the interface (e.g., the bound-
v “'Y between the gas phase and the tissue phase)
'3388umed to be zero, and the concentrations
90 both sides of the interface are assumed to

Refers to the assumed principal physicochemical transport mechanism, which is either convection or diffusion.
indicates a simple equilibrium at an interface, whereas “//” indicates a more complicated relation for transport

Indicates if the air is either in contact with the airway wall as in a well-stirred tank reactor or if it flows along the

Distinguishes between models assuming a constant, one-way inspiratory flow, and models assuming a sinusoidally

be equilibrium with each other. This approach
has been used to model the uptake of gases
and vapors in the respiratory tract, particularly
in the pulmonary airways (DuBois and Rogers,
1968; Davidson and Schroter, 1983; Miller et
al., 1985).

In the nasal airway, the interfacial transport
connects the resistance in the gas phase with
the resistance on the liquid tissue side. In the
gas phase, axial transport in the airway occurs
with bulk movement of the air and through
turbulent and diffusional dispersion, while ra-
dial transport occurs mostly through diffusion.
The dominating mode of transport in the lig-
uid (i.e., tissue) phase is radial diffusion
through the mucosa to the capillaries.

The few models describing uptake of gases
and vapors by the nasal airway (Table 1) can
be divided into broad categories according to
their major properties: property 1, the major
compartments (e.g., air, mucus/tissue, and
blood) that are involved; property 2, the
mechanisms used to describe transport (con-
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Fi1G. . Critical dimensions of the nasal airway of the Beagle dog used in the model (Schreider and Raabe,
1981). (A) Cumulative surface area of the airway wall, and cumulative airway volume with distance frop
the tip of the nose. (B) The hydraulic diameter and corresponding diffusional relaxation time of the airspace
as a function of distance into the nose. The relaxation time is the time it takes for molecular diffusion 1o
even out radial concentration gradients in the airspace.

vection or diffusion); property 3, the contact
pattern assumed between air and airway walls
(the two extremes are the tank reactor, with a
total backmixing of the air in contact with the
airway wall, and the tube reactor, with a flow
of air along the airway wall); property 4, the
airflow regime (either undirectional flow or si-
nusoidally varying cyclic flow).

The purpose of this study was to develop a
model for predicting the uptake of stable va-
pors in the nasal airway of the Beagle dog un-
der cyclic breathing conditions and to compare
predictions with results of parallel experiments
in the same species. The results of the exper-
iments are published in a companion article
in this tissue (Dahl er al,, 1991). Input data
for the model were intentionally limited to
morphological and physiological parameters
for the dog and physicochemical parameters
for the vapors. In addition, the experimentally
derived concentrations of vapor exhaled from
the lungs into the nasal airway were used as
input to the model.

MODEL CONSTRUCTION

The morphology of the nasal airway has
been mapped in several species of laboratory
animals using airway casts (Schreider and
Raabe, 1981) and in humans using magnetic
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resonance imaging (Guilmette e al, 1989y
Proceeding caudally in the dog, the crosss
tion of the nasal airway takes the shape of
slit-like ducts in the nares that branch in '
turbinates and abruptly form a circular dyg
in the nasopharynx. The slit-like duct in the
turbinate region has a considerably smallefs4
width than the airways posterior to the p
ynx, until the point within the lung at which
a high degree of branching is reached (Proci&
and Swift, 1977). Figure 1A shows the cpe’!
mulative wall surface area and the cumulativ
volume of the nasal airway of the Beagle dog"
as a function of position along the nasal air-"
way. The hydraulic diameter is a useful con-
cept to describe heat and mass transfer to the’
walls of noncircular ducts, like the nasal air- '
way. Therefore, the hydraulic diameter canbe. |
used to estimate the relative resistance to mass..”
transfer in the gas phase compared with resis-

tance on the liquid tissue side. It is defined as
twice the cross-sectional area of a duct divided .
by its perimeter (Bird ef al., 1960). The smaller
the hydraulic diameter, that is, the larger the

wall surface area compared with the volume

of the duct, the more rapid the heat-mass

transfer to the walls of the duct. Figure 1B

shows the calculated hydraulic diameter as a .
function of position along the nasal airway of
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FiG. 2. A schematic view of the nasal airway model consisting of two vertical paraliel plates. Air passes
in the gap between the plates in a cyclic flow Q(1), and the thickness of the plates corresponds to the average
distance between the air and the capillary blood of the nasal airway. Blood perfuses the outside of the mucus/
tissue plates at a flow rate Q,. For definitions of letters, see Table 2.

} the Beagle dog. The morphometric data are
{ from Schreider and Raabe (1981).

' The hydraulic diameter can be used to es-
- timate radial transfer rates of gases and vapors
. in the different regions of the respiratory tract.
- Ifa stagnant fluid is assumed, a conservative
- &timate of the radial transport capacity in the

" . 88 phase is obtained if the hydraulic diameter

iS used to calculate the characteristic time re-
- Quired for molecular diffusion to even out any
- fadial concentration gradients within different
. Rctions of the airways. The diffusivity of small
- Organic molecules at 37°C in air was estimated
, from Perry et al. (1963) to be about 1.0 X 1073
(m%/sec). In a rectangular slit-like duct, the
- hydraulic diameter approximates the width of
the duct. The rate at which a stagnant fluid
Wil attain equilibrium through diffusion can
then be obtained from the solution of the case
; Where a solute diffuses in a plane sheet (Crank,
1975). Figure 1B shows the characteristic time
~ Rquired to attain 90% of the equilibrium con-
®ntration in various sections of the nasal air-
Way (the relaxation time). In reality, the trans-

fer rate is considerably faster because of the
turbulent mixing of the air during breathing.
This is indicated by the high Sherwood’s
numbers that have been obtained in experi-
ments with nasal casts (Hanna et al, 1985;
Hanna and Scherer, 1986). The Sherwood’s
number is a dimensionless parameter that
characterizes mass transfer in a streaming
fluid. The higher the Sherwood’s number, the
faster the rate of mass transfer in a streaming
fluid than in a stagnant fluid.

We have simulated the turbinate region of
the Beagle dog as one slit-like duct between
two vertical parallel plates (Fig. 2), a concept
that has been used by others for particle de-
position models (Scott er al., 1978; Bailey,
1984). Inhaled air passes through the gap be-
tween the plates. The surface area of the plates
corresponds to the cumulative surface area of
the turbinate region down to the pharynx, and
the gap (W in Fig. 2) between the plates cor-
responds to the width of the airway duct or
the average hydraulic diameter of the turbinate
region. The thickness of the plates corresponds




280

to the average thickness of the air/blood bar-
rier. This is the distance between the air in-
terface and the average position where vapor
molecules are removed by the capillary blood
of the nasal airway mucosa.

Air passes between the plates in an ideal
plug flow, and the flow rate varies sinusoidally
over time. Because of the efficient radial air
phase transport in the nasal airway (Hanna e
al., 1985), we have assumed that, for the range
of PC simulated, the air is instantaneously
equilibrated with the tissue/air interface, and,
thus all resistance to mass transfer is assumed
to be on the liquid side. The vapor molecules
diffuse through the mucous lining and the
mucosa to the capillaries below, thus estab-
lishing a concentration profile through the tis-
sue barrier that changes over the breathing
cycle.

A considerable diffusional resistance on the
tissue side of the air/tissue interface was dem-
onstrated in a unidirectional flow experiment
by Aharonson et al. (1974). The concentration
of acetone downstream from the nasal region
in a dog was measured during the beginning
of the experiment. Some 20 sec were required
for the concentration to rise from zero to a
quasi-steady-state level. Most likely, this
“missing”” amount of acetone was involved in
establishing a concentration gradient from the
air interface to the capillary net of the nasal
mucosa. The experiment also demonstrated
the rapid attainment of quasi-steady-state
during unidirectional flow, even for a high PC
compound like acetone (blood/air PC 245;
Sato and Nakajima, 1979).

In the model presented here, vapor uptake
in the Beagle dog turbinate region has been
simulated using a simplified numerical scheme
(See Appendix). This was accomplished by di-
viding the region containing one of the model
airway walls (from the tissue/blood interface
to the symmetry line in the airspace between
the plates) into three compartments: the air-
space compartment, the mucus/tissue com-
partment, and the blood compartment (Fig.
2). The tissue compartment was further di-
vided into M sections of equal size along the
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direction of inspiratory flow, and each ¢
section was divided into N equally sp
nodes with depth from the air interface toy,
the tissue/blood interface. Transport of vy
was assumed to occur in the gas phase gp,
through convective flow along the duct ang
radially through the tissues by means of g
lecular diffusion. The problem was solveq
the method of fractional steps (Press ¢ d,
1986). The concentration in each section of
the gas phase was assumed to be instant,.
neously equilibrated with its neighboring tissye
node. For each time step, the concentrationg |
in the M sections of the gas phase and the y
interfacial tissue nodes were calculated. The
radial transport through the M arrays of N tis.
sue nodes was then solved.

The concentration of vapor in the inhaled
air was normalized to 1. The tissue/blood in.
terface was assumed to cover the whole outside
of the tissue plate, and each node at the tissue/
blood interface was presented with fresh blood
of zero vapor concentration (Brain, 1970),
This assumption was strengthened by exper-
imental results (Dahl ez al,, 1991), in which,
with the possible exception of dimethyl pen-
tane, no indication of back pressure from sys-
temic circulation was observed with the com-
pounds modeled during 10- to 30-min expo-
sures. Based on the observation of a substantial
bloodborne vapor removal from the nasal air-
way, as indicated by unidirectional, ventila-
tion—perfusion models (Stott et al, 1986;
Morris and Cavanagh, 1986), it was assumed
that the exiting blood was in equilibrium with
the neighboring tissue node at the blood/mu-
cosa interface. Table 1 compares our model
with earlier models.

SIMULATION

Two critical input parameters for the model
are the average thickness of the air/blood bar-
rier and the average blood flow removing the
vapor from the nasal mucosa (Table 2). Im-
portant information on the latter parameter
can be obtained from Morris and Cavanagh
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TABLE 2

PHYSIOLOGICAL AND PHYSIOCHEMICAL DATA FOR DOG MODEL

Nasal airway dimensions®
Length of airway duct § {m);®
Height of airway duct H (m):*
Width of airway duct W {m):*
Thickness of air/blood tissue barrier L (m):¢

Breathing and perfusion characteristics
Tidal volume {m?).¢
Breathing frequency (min~'):?
Perfusion rate Q, (m’/m?/sec):®

Vapor properties
Diffusivity in tissues D {m?/sec):”
Blood/air partition coefficients K, {vol/vol):#
Blood/tissue partition coefficients:¢

Average concentration of vapor exhaled from lung:?

0.10
0.105
2.2 X 1073
60 % 107¢

300 X 10°¢
14.0
1.6 X 1073

05x10°°
1-2000

1.0

From experiments

See Fig. 2.

® Based on data from Schreider and Raabe (1981).
¢Derived in this paper.

40btained from experiments. Dahl et al. (1991).

¢ Estimated from Morris and Cavanagh (1986), Pfeffer and Frohlich (1972), and Muggenburg and Mauderly (1974).

fEstimated from Perry ef al. (1963) and Lightfoot (1974).
# Assumed approximation,

‘{1986). Measuring nasal uptake of vapors in
‘the rat under unidirectional flow, Morris and
Cavanagh concluded that about 0.7% of the
“cardiac output of the rat (Pfeffer and Frohlich,
1972) was instrumental in removing the vapor

from the nasal region. Because the turbinate

fegion of the dog has a degree of complexity
| Smilar to that of the rat, it may be assumed
 that the same percentage of the cardiac output

fMuggenburg and Mauderly, 1974) is involved
I removing vapors in the Beagle dog. This
would give a blood flow of 20 ml/min.

_ The average diffusivity of the test vapors in

Ussues was estimated in the following way. The

dverage diffusivity in water for solutes of sim-
lar mojecular weight to the ones simulated
Was estimated from Perry ef al. (1963) to be
09 X 109 (m¥/sec). By comparison, Lightfoot

 (1974) gave the diffusivity for oxygen in water

and tissues at 37°C to be 2.5 X 10~° and 1.4
X 107° (m?/sec), respectively. Assuming that
¢ same reduction in diffusivity in tissues rel-

| ative 1o that in water occurs for the test vapors,

an average tissue diffusivity of 0.5 X 107 (m?/
sec) was derived.

The most difficult parameter to obtain was
the average air/blood barrier thickness of the
nasal mucosa. The nasal mucosa of the dog is
a well-perfused organ. The capillaries are nor-
mally found immediately below the epithe-
lium, where blood vessel lumens make up be-
tween 17 and 43% of the tissue volume
(Adams and Hotchkiss, 1983). The thickness
of the canine respiratory epithelium, which
covers a large portion of the turbinate region,
ranges from 16 to 80 um, and the distance to
the most superficial capillaries is 12-18 um
(Adams and Hotchkiss, 1983). Because of the
greater variability in the nasal airway vascu-
larization, a crude optimization was made by
varying this parameter to fit with the experi-
mental data (Dahl et al, 1991). The desired
parameter was the average distance from the
air interface to the position where the vapor
molecules are removed with the blood. This
distance exceeds the distance to the most su-
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perficial capillaries. The optimization gave a
distance of 60 um.

The vapor uptake was simulated over eight
full breathing cycles, starting with inhalation
and zero concentration of vapor within the
model compartments. The vapor concentra-
tion of various elements in the model was
compared at the same sinusoidal phase angle
in the last two cycles, and uptake was calcu-
lated during the last cycle. Nasal absorption is
defined as the fraction of the inhaled vapor
taken up by the nasal mucosa during the in-
halation phase of the breathing cycle. Nasal
desorption is the fraction of the inhaled vapor
released to the exhaled air on passage through
the nasal region. Lung uptake is defined as the
fraction of the total inhaled vapor taken up
by the lungs. Finally, nasal uptake, or the
bloodborne removal of vapors from the nose,
is defined as nasal absorption minus nasal de-
sorption.

RESULTS

The model predicts that the uptake of va-
pors in the nasal region of the dog is highly
dependent on the liquid/air PC. All simula-
tions were done with the blood/air PC, which
yielded a better fit with the experimental data
than did the air/water PC (Dahl et al., 1991).
In Fig. 3, the model simulations are shown as
solid lines together with the experimental data
points. The nasal absorption on inhalation in-
creases from about 1% at a PC of 1 to almost
95% at a PC of around 2000. The nasal de-
sorption of vapors ranges from about 1% to
about 30%, giving a total bloodborne uptake
in the nose of about 65%. Thus, less than 100%
uptake in the nasal airway does not indicate
incomplete absorption, because a portion of
the vapor absorbed in the nasal airway during
inhalation is subsequently desorbed during
exhalation.

The simulated vapor concentrations in air
after passing through the nasal cavity during
inhalation and exhalation are shown in Fig.
4. Simulations were made for compounds
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F1G. 3. The simulated uptake of vapors in the nag) V
airway of the Beagle dog during cyclic breathing asa fung.

tion of the blood/air partition coefficient. The simulatiog |

results are shown together with experimental data gy

whole-breath uptake of vapors. Curve A, Amount exhaleg- 1
from the lung, derived from the experimental data (Daly"
et al., 1991), was used as input to the model. Curve B, -
Nasal absorption on inhalation. Curve C, Nasal desorptioy !
on exhalation. Dashed lines show the simulated effect of |
the constant sampling flow rate over the breathing cyde

AFVHNG A % BV TIIWHXE LNIOWY,

al., 1991). Experimental data are shown for the following
vapors, given in the order of increasing PC: 2,4-dimethyl
pentane, propyl ether, butanone, dioxolane, and ethanol,
Error bars represent standard error of the means. B

that was used in collecting the experimental data {Dahl ¢ 1

i

having high (PC = 2000), medium (PC = 200), 4
or low (PC = 1) blood/air PCs. For a high PC
compound, the absorption of vapor, indicated
by the difference between nose and tracheal
concentrations, was predicted to occur over
the entire inhalation phase (Fig. 4A), whereas,
for a low PC compound, absorption was pre-

dicted to occur rapidly—almost immediately

s
i

after the flow reverses (Fig. 4C). The higher !

the PC, the larger the air volume that is needed
to effect significant change in the vapor con-
centration in the nasal mucosal tissues. De-
sorption during the exhalation phase, indi-
cated by the difference between the tracheal
and the nose concentrations, we predicted to
occur in the early part of the exhalation phase
for the entire range of PC simulated. The un-
even absorption and desorption over the
breathing cycle pointed toward a potential ex-
perimental problem. In the experimental ap-
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proach (Dahl et al., 1991), air was sampled to
the gas chromatograph at a constant flow rate
over the breathing cycle (Snipes ef al., 1991),
whereas the breathing flow rate varied sinu-
soidally. The sampling strategy used in the ex-
periments tended to overemphasize the vapor
concentration when the breathing flow rate
was lowest, which occurs near the point of re-
versal of flow. The effect of a constant sam-
pling flow rate on absorption and desorption
of vapors was simulated in the model, and the
results are shown as dashed lines in Fig. 3. The
dashed lines should, thus, give the best fit with
the uncorrected experimental data, which were
derived using a constant sampling flow rate
over the whole breath of the dog (Dahl ef a/.,
1991). As expected, the constant sampling flow
rate gave the largest errors for low PC com-
pounds. Both the measured nasal absorption
and nasal desorption, albeit low, could be two
times the correct value for a compound with
a PC of 1. A similar, but coarser, correction
for the constant sampling flow rate was made
directly on the experimental data (Dahl e al.,
1991).

DISCUSSION

Model simulations indicate that the uptake
of vapors in the nasal region during cyclic flow
is qualitatively different than that during ex-
perimentally created unidirectional flow. In
general, less vapor is likely to pass the nasal
region and continue into the lungs during
cyclic flow than would be predicted from uni-
directional flow data and models. The reason
for this is the considerable diffusional resis-
tance and inertia of the air/blood barrier of
the nasal airway, which give the nasal mucosa
a temporary storage capacity. On inhalation,
vapors will dissolve in the lining layer liquids
at the air interface and will gradually establish
a concentration gradient toward the capillary
bed of the mucosa. When the airflow reverses
and air exits the lungs, the direction of diffu-
sion reverses, and a fraction of what 1s dis-
solved in nasal mucus, as well as in the un-
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derlying mucosa, will diffuse back to the A

interface and desorb into the exhaled ajr,
vapor molecules absorbed during inhalaﬁ(m
simply do not have time to pass into the blogg
before they reentrain into the air stream Upoy
exhalation. In contrast, during unidirectiow
flow, the mucosa will not be given time tg de.
sorb and will rapidly attain a comparativejy
high and constant vapor concentration at
air interface, and more vapor will be passeq
onto the lungs because the nasal absorptioy
capacity is not renewed by desorption. Thege.

fore, during cyclic flow, the nasal region j .

likely to absorb a larger fraction, and the lungy
will receive a smaller fraction of inhaled vapor
than would be predicted based on hypothet;.
cal, unidirectional flow. This effect will be
most pronounced for compounds having high
PCs, for which the lungs experience very little
exposure to the vapors during cyclic flow (Dakh}
et al., 1991).

The results of the model simulations agreed

well with the experimental data, especially

considering the relative simplicity of the mode] -

and the fact that only physically or physiolog-.

ically relevant parameters were used as input -
data. The good agreement between exper- |

mental results and model predictions supports
our assumptions regarding the physicochem-

ical nature of the mechanism influencing nasal -

uptake of vapors. The model also provides in-
teresting predictions on the relative influence
of the gas, tissue, and blood compartments on
nasal uptake. Vapors of compounds having
very high PCs should be rapidly removed from

the inhaled air by absorption in the anterior |

part of the nasal cavity. For such compounds,
air flow patterns should have an important in-
fluence on the local nasal tissue dose (Morgan
and Monticello, 1990). When the PC of the
compound under consideration is low enough
that the vapor breaks through to the lungs,
however, nasal absorption and uptake of the
vapor are also highly dependent on the rate of
diffusion of the vapor through the tissue barrier
between the gas phase and the capillaries. The

shorter the distance of diffusion and the higher !

the perfusion rate, the lower the local dose to

i v b
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the nasal tissues. For vapors with relatively low
PCs, the entire surface of the nasal cavity will
pe exposed to nearly the same air concentra-
gon of vapor, and systemic uptake of vapor
&om the nasal cavity will depend almost com-
pletely on perfusion and rate of diffusion
through the tissue barrier separating inhaled
gir from the capillaries. We note that the rel-
gtive importance of airflow patterns and per-
fusion and diffusion rates will change gradually
with changes in the PC of the vapor under
‘onsideration. Thus, all-or-none categoriza-
Yon of vapors, such as is implied with terms
Eke “soluble” and “‘insoluble,” are inappro-
pnate
= The two major model simplifications are the
mgero resistance and zero axial dispersion in the
%;as phase. If the PC of an inhaled vapor is high
si!nough that there is no substantial back pres-
¢ from absorbed vapor, there will be a steep
?eoncentratlon gradient from the center of the
Humen to the air/tissue interface, and the sim-
gplification of zero resistance in the gas phase
ay lead to overestimation of the nasal up-
e. Experimental data for ethanol (PC
2000) (Dahl et al.,, 1991) indicate that, for
f%ihls vapor, sufficient back pressure from the
t!ssues occurs to allow measurable penetration
“through the nasal airway, which indicates, in
turn, that the liquid side resistance is consid-
cstrable. Thus, for gas phase resistance to be-
:tome important relative to liquid phase resis-
tance in the dog nasal airway, the PC of the
z¥apor under consideration must exceed ap-
;}Prommately 2000.
& Our model can be used to help design ex-
“Periments to determine vapor uptake. For ex-
zample, the model indicates that experimental
~‘data will be most difficult to collect for low
PC compounds, because only a small amount
of vapor is taken up on inhalation and is sub-
:%quently desorbed from the nasal airway. The
tmass transfer for such vapors should occur
Immediately after the breathing flow reverses,
Which for the experimental techniques used
“by Snipes et al. (1991) should be overrepre-
+ %nted by the constant sampling flow rate used
Dahl ez al, 1991).
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CONCLUSIONS

Uptake of “*stable” (IDahl, 1990) vapors by
the nasal region is essentially a physicochem-
ical process. The main parameters influencing
uptake are the tissue/air PC of the vapor; the
breathing characteristics of the subject; the
airway dimensions and surface area; the
thickness of the air/blood tissue barrier; and
the perfusion rate of the nasal mucosa.

In the dog, there is a shift from compounds
with a PC of less than 1—where almost noth-
ing is taken up by the nasal region, and most
of the uptake is in the lungs—to compounds
with a PC of larger than 2000—where most
of the vapor is taken up in the nose and little
reaches the lungs.

Because of the diffusional resistance and in-
ertia of the nasal mucosa, cyclic flow leads to
the temporary storage of absorbed vapors in
nasal tissues on inhalation, followed by de-
sorption of vapors on exhalation. Cyclic flow,
in contrast to unidirectional flow, simply does
not provide sufficient time for all of the ab-
sorbed va