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A numerical solution of the convection-diffusion equation with an alveolar source
term in a single-path model (SPM) of the lung airways simulates steady state CO,
washout. The SPM is used to examine the effects of independent changes in physio-
logic and acinar structure parameters on the slope and height of Phase III of the sin-
gle-breath CO, washout curve. The parameters investigated include tidal volume,
breathing frequency, total cardiac output, pulmonary arterial CO, tension, func-
tional residual capacity, pulmonary bloodflow distribution, alveolar volume, total aci-
nar airway cross sectional area, and gas-phase molecular diffusivity. Reduced tidal
volume causes significant steepening of Phase 111, which agrees well with experimental
data. Simulations with a fixed frequency and tidal volume show that changes in blood-
Sflow distribution, model airway cross section, and gas diffusivity strongly affect the
slope of Phase III while changes in cardiac output and in pulmonary arterial CO,
tension strongly affect the height of Phase IIl. The paper also discusses differing ex-
Dplanations for the slope of Phase I1I, including sequential emptying, stratified inho-
mogeneity, and the issue of asymmetry, in the context of the SPM.

Keywords— Convection, Diffusion, Pulmonary gas exchange, Numerical model,
Phase I1I slope.

INTRODUCTION

The CO, expirogram is a plot of gas concentration versus expired volume and is
customarily divided into three phases as shown in Fig. 1. Phase I is the washout of
the uppermost conducting airways and is almost completely free of CO,. Phase II is
the rapidly rising portion of the curve and Phase 111, also known as the alveolar pla-
teau, represents gas contained in the acini or peripheral alveolated airways. Phase I1I
contains most of the exhaled CO, and is usually characterized by a relatively linear
increase in concentration versus exhaled volume (8). The cause of the Phase III slope
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FIGURE 1. Experimentally measured CO, washout from a healthy human subject {with FRC = 3307
ml, V=742 mi, and f= 10.3 bpm} is compared to a computed washout curve obtained from the
SPM. Note the distinct phases |, Il, and Hl marked on the tracings.

of gas washout curves recorded at the mouth has been a subject of debate for many
years.

Three explanations have been offered: (a) sequential or out-of-phase emptying of
different parallel lung regions, each containing different concentrations of the mea-
sured gas (28); (b) continuing evolution of gas from the blood into a contracting al-
veolar volume (5,7); and (c) the presence of longitudinal gas concentration gradients
in the airways (stratified inhomogeneity) due to a combination of factors such as gas
convection, molecular diffusion, airway geometry, and gas evolution from the biood
(6,18,22). The third explanation, based on stratified inhomogeneity, is presented here
as the solution of the airway convection-diffusion equation in a symmetric single-path
trumpet bell model (SPM). The SPM has been proposed to explain many features of
the normal expirogram and steady state gas elimination (18,22). Refer to the Discus-
sion section for a detailed comparison of the explanations of Phase I1I slope and com-
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ments on the adequacy of the SPM to represent gas washout in the real asymmetric
airway system.

Anatomic dimensions for the standard healthy lung model are taken from Weibel’s
symmetric Model A (25) which specifies airway length, diameter, and number of al-
veoli per generation for 23 generations of dichotomous branching airways. The con-
ducting airways are represented by generations z = 0-16 and the alveolated airways
by generations z = 17-23. In the computer model, airway volume V(z) is held con-
stant and inhalation and exhalation of the tidal volume V7 is accomplished by expan-
sion and contraction of the surrounding alveolar volume V,(z,¢). Figure 2 shows the
distinction between airway and alveolar volumes in the lung model. The airway cross
section A (z) in the SPM is the summed cross section of all branches in generation z.
Airway anatomic models similar to Weibel’s have been developed more recently
(9,10), however, the original Weibel model was chosen for this study because it rep-
resents the oldest and best known symmetric morphological model of the lung airways
and provides a good starting point for parameter sensitivity studies.

METHODS

Carbon dioxide transport in the airways is simulated by performing a mass balance
across a slice of the trumpet bell model (18) to yield the airway convection-diffusion
equation

STANDARD  (a) INCREASED (b) REDUCED  (c) BLOODFLOW  (d) INCREASED (e) REDUCED
SPM Q (2)

. cy DISTRIBUTION v

FIGURE 2. Standard SPM is illustrated along with some schematic examples of variations of model
parameters. During simulated breathing, the airway volume V{z} is held constant and the surrounding
alveolar volume V,(z, t) expands in proportion to the number of alveoli in each generation to allow
for inhalation of tidal volume. Evolution of CO, from the blood into the alveolated airways is pro-
portional to the total cardiac output Q; and the number fraction of alveoli in each generation N4/Ny
(a) shows increased cardiac output; {b) shows reduced pulmonary arterial blood CO, tension;
{c) shows two extreme bloodflow redistributions; (d) shows increased alveolar volume; and (e) shows
reduced airway cross section both with and without airway lengthening.
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and appropriate boundary conditions (18). (See Nomenclature for symbol definitions.)

The last term on the right in Eq. 1 is a source term that represents CO, evolution
from the blood into the lung airspace according to the local bloodflow distribution.
Pulmonary bloodflow distribution in the SPM is based on the number of alveoli in
each generation of the Weibel lung (25) and the evolution of CO, from the blood is
described by (18)

S = a8 ¢

QsN\(cg — V) . )
T
If Eq. 1 is integrated from a given generation z to the end of the model at z =23
and the resulting equation is rearranged and solved for dc/dV = (1/41)(0¢/9z), one
obtains

1 . dc
= m[chz—Lz [[V+ Val E]dz+‘£z$[z,t]d2] . 3

Equation 3 shows that at any instant the slope, dc/dV, of the concentration profile
at a given point z in the airways is especially sensitive to the total airway cross sec-
tion A(z) and the blood source emission rate.

Dimensions of the standard model lung used in this study were derived from the
morphometric data of Weibel’s model A (25) which were obtained from measure-
ments on a human lung at 3/4 inflation, with a total airspace volume of 4800 ml. This
volume is much larger than the normal functional residual capacity (FRC) in man.
A typical adult male human lung has an FRC of only 2500 ml (26). Airway dimen-
sions for the numerical model were therefore reduced by isometrically scaling the air-
ways of Weibel generations 5-23 by using the following formulas:

ac
av

Amode1 (2) = Aweivel (2) (SF)?? z>4 (42)
Inode1(2) = Iweibet (2) (SF)'3 z>4 (4b)
where SF is a scaling factor defined as

v
FRCmodel - V; + TT
SF = 4
FRCueel — Ve (<)

with FRC 4. = 2500 ml for a healthy model lung, FRCyies = 4800 ml, and V, as
the volume of the conducting airways of generation 0-4. Model generations 0-4 were
unaltered because they represent the more rigid airways of the mouth, nose, and main
bronchi. The airways of generations 5-23 were sized according to an assigned
FRC,cqa Plus V7/2 in order to approximate the average distention that occurs dur-
ing a breath of volume V7. After scaling airway dimensions, alveolar volumes were
assigned according to the number of alveoli in each Weibel generation.



Airway Structure and CO, Washout 683

Using the SPM, we examined changes in numerically-calculated CO, washout due
to variations in model parameters. These simulation experiments were compared to
the calculated gas exchange in a standard or normal lung with a standard breathing
pattern. Adjustable parameters and physiologic variables in the SPM include V7,
breathing frequency f, total cardiac output Qg, pulmonary arterial CO, tension cg,
FRC, pulmonary bloodflow distribution (N,/N7)Qs, total alveolar volume at the
beginning inspiration of ¥, r, airway cross-sectional area A(z), and gas-phase mo-
lecular diffusivity D,.

Standard values of physiologic and structural parameters were chosen consistent
with normal breathing in a healthy adult male (3,26). Normal breathing is simulated
with a symmetric sinusoidal air-flow pattern at the mouth with V=750 ml, f =12
breaths per minute (bpm), Qg = 6.6 1/min, and ¢z = 48 mm Hg in a SPM with
FRC = 2500 ml. Standard bloodflow distribution is based on the values of N, and
Nr from Weibel’s model A (25). The standard value for V, 7 is the difference be-
tween the FRC and the total airway volume of the scaled Weibel geometry, which re-
sults in V4 7= 1440 ml. A(z) for the standard SPM is also determined according to the
scaled Weibel geometry and D,,,; = 0.17 cm?/s, the value for CO, in alveolar air (29).

For each parameter sensitivity test, one parameter was varied through a range of
values while all other parameters were held constant according to the standard model
lung described above. Some examples of acinar structure changes are shown schemat-
ically in Fig. 2.

Tidal volume was varied through the range 350 < V < 1250 ml.

Breathing frequency was varied through the range 4 < f < 22.

Total cardiac output was varied through the range 1.8 < Qg < 13.2 I/min. The
parameter ranges for ¥V, f, and Qg were chosen to be consistent with the breathing
patterns and cardiac output of a healthy adult male at rest and during moderate ex-
ercise (3).

Pulmonary arterial CO, tension was varied through the range 36 < ¢p < 60 mm
Hg. This range of cg represents the conditions of hypocapnia and hypercapnia mea-
sured in healthy subjects during exercise and in patients with severe emphysema
3,13).

FRC was varied through the range 1500 < FRC < 3500 ml. Changes in FRC cause
corresponding changes in prescribed airway dimensions according to Eq. 4. This range
for FRC was chosen to be consistent with the lung volume increases associated with
obstructive lung disease (4).

Bloodflow distribution was changed from the standard Weibel distribution by vary-
ing the fraction N,/Nr in Eq. 2 which then changed the distributed source S(z). The
alveolar volume in each generation was not changed during this parameter sensitiv-
ity test —only the bloodflow in each generation was varied. For instance, perfusion
can be diverted to more proximal generations by cutting off bloodflow to generation
23 and redistributing cardiac output among the remaining generations 17-22. A range
of perfusion distributions was generated in this way, with the extreme distributions
of all bloodflow to generation 17 or all bloodflow to generation 23 (Fig. 2).

Alveolar volume was varied through the range 400 < V, r < 2800 ml. Like the
range of FRC values, this range for ¥, r was chosen according to increases in lung
volume associated with obstructive lung disease (4).

Total airway cross section A (z) was varied by multiplying the areas in generations
17-23 by a constant area reduction factor R. R = 1.0 in the healthy standard SPM.
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R was varied through the range 0.5 < R < 2.0, which includes both airway constric-
tion and dilation. This range was chosen based on an analysis of the differences be-
tween healthy and emphysematous lung tissues. Patients with emphysema have a
reduced number of abnormally large respiratory airspaces (as shown in the micro-
graphs of Fig. 3) and an increased FRC (1). An area reduction factor can be derived
for the disease state by idealizing human lung morphology as a collection of spheri-
cally shaped airspaces grouped sequentially in the acinar generations of a SPM. The
number of such spheres in each generation of the healthy standard lung model is

[ I/airway ( z) + I/alveolar (Z)]

Ny(z) =
r(2) Ed},
6

and the number of spherical airspaces in the diseased lung is

o [ I/airway (Z) + I/alveolar (Z)]

Np(z) =
p(2) Id};
6

where o = FRC;,/FRCy, the ratio of diseased to healthy functional residual capac-
ities. By approximating longitudinal diffusing area in each airspace as the maximum
cross section of the sphere, the total cross sectional area in each generation of the
healthy and diseased Iungs can be expressed as

FIGURE 3. Micrographs of a normal lung (left) and a lung known to have panlobular emphysema
(right). Both images are magnified 10 x. Note the dramatic increase in airspace sizes between health
and disease. [From Heard, B.E. Pathology of Chronic Bronchitis and Emphysema, London: Churchill;
1969.]
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di dp
An(x) =Np(@) =7 and  Ap(x)=Np(x) 7.2 .

By defining the ratio of diseased to healthy airspace diameters as 8 = d/dy, the to-
tal airway cross section of the diseased and healthy lung structures can be compared
in terms of the two ratios « and 3. The resulting area reduction factor is

_a_ Ap(®)
B Au(z)

Airspace sizes measured from micrographs of excised lung sections, such as those
shown in Fig. 3, have typical airspace diameters ranging from dy = 0.2 mm in a
healthy lung to dp = 1.33 mm in a lung with severe panlobular emphysema (1,27).
Appropriate values for « and 8 are in the ranges 1 <o < 1.7 and 1 < 8 < 5, which
result in area-reduction factors in the range 0.2 < R < 1.7. This implies that the to-
tal mouthward cross-sectional diffusing area for CO, in a severely diseased lung may
be as small as one fifth of that in a healthy lung. In order to preserve the total air-
way volume V(z) in each generation, airway lengths /(z) were increased in genera-
tions 17-23 as A(z) was decreased. This maintains tidal volume penetration to the
same generational depth in an area-reduced lung as in the standard lung. A group of
simulations was also done in which airways were not lengthened. Area reduction with-
out airway lengthening causes the tidal volume to penetrate to deeper generational
depths than airway reduction with lengthening.

Diffusivity was varied through the range 0.05 < D, < 0.8 cm?/s. This covers a
range of tracer gases familiar to the pulmonary physiologist including SFs (Dgpy—air =
0.103 cm?/s), COADco,—air = 0.17 cm?/s), and He (Dye_qir = 0.74 cm?/s) (29).

All airways have an initial CO, concentration in equilibrium with the pulmonary
arterial blood, that is ¢(z,¢ = 0) = cg. After steady state had been attained (usually
~3 breaths) in each numerical breathing simulation, the Phase III slope dc/dV |
and the minute CO, excretion Vcoz were calculated. Phase III is defined as a fixed
range of the washout tracing. The midpoint of Phase III is positioned at the volume
containing 60% of exhaled CO,. Phase III slope is then computed by linear regres-
sion on points +35% of the calculated alveolar volume, which was calculated using
the Bohr equation (2). Vcoz is the product of the area under the washout curve and
the breathing frequency.

RESULTS

The standard model lung produces a Phase I1I slope of 0.76 %/1, a Vcoz of 378
ml/min, and an end tidal CO, concentration of 42.0 mm Hg, in good agreement
with mean values measured on healthy human subjects breathing normally at rest in
our pulmonary laboratory (14). Results of the parameter sensitivity studies will be pre-
sented in two groups—the sensitivity to breathing pattern (Vr and f), followed by
the sensitivity to other structural and physiologic parameters.

Reduced ¥V, causes significant Phase III steepening to values as high as 6.7 %/1
when V= 350 ml (Fig. 4). Figure 4 also shows the agreement between the SPM and
671 Phase I1I slopes measured from 6 healthy volunteers breathing normally at rest
with tidal volumes between 5 and 23 ml/kg body weight (14). The measured slopes
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FIGURE 4. Comparison of the SPM and experimentally measured Phase Ill slopes versus tidal vol-
ume from 6 healthy volunteers. The numerical data shown is that of the standard model lung with
FRC = 2500 ml and an assumed body weight of 70 kg.

are plotted against the measured tidal volume per kg body weight and compared to
the SPM data (assuming a body weight of 70 kg for the SPM data). The trend of rap-
idly decreasing slope with V7 is observed, just as the SPM predicts. As V- goes from
350 to 1250 ml, Vco2 increases linearly from 148 to 627 ml/min. As f goes from 4 to
22 bpm, Phase III slope increases only slightly from 0.6 to 1.1 %/1 and VCO2 rises
linearly from 131 to 670 ml/min.

By far the largest increase in Phase III slope due to a structure change is caused
by area reduction with airway lengthening, which results in slopes as high as 2.4 % /1
with an area reduction factor of R = 0.5. Decreasing D,,, below the value for CO,
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in alveolar air also strongly increases Phase III slope to 2.0 %/1, as expected from
Eq. 3 and shown in Fig. 5. In Fig. 6, the washout curve from the area-reduced lung
with airway lengthening has the most obvious Phase I1I steepening compared to the
standard washout curve. More modest Phase III steepening, with slopes only as high
as 1.1 %/1, occurs as a result of area reduction without airway lengthening, increased
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FIGURE 5. Sensitivity of Phase lll slope to changes in physiologic and acinar structure parameters.

All curves intersect at their normal values.
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FIGURE 6. Specific examples from Fig. 5 of computed CO, washout curves that exhibit Phase I
steepening.

cardiac output, increased pulmonary arterial blood CO, tension, increased FRC, and
reduced alveolar volume.

The most significant Phase III flattening due to a SPM structure change occurs
when all bloodflow is diverted to the most proximal alveolated generation 17, with
a slightly negative calculated slope of —0.04 %/1. This flattened CO, washout is the
uppermost curve in Fig. 7 and corresponds to the leftmost point on the associated sen-
sitivity curve in Fig. 5. Less significant Phase III flattening, with slopes only as low
as 0.5 %/1, occurs for cases of area dilation with and without airway shortening, re-
duced cardiac output, reduced blood CO, tension, reduced FRC, and increased al-
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FIGURE 7. Specific examples from Fig. 5 of computed CO, washout curves that exhibit Phase 1lI
flattening.

veolar volume. Figure 7 also includes a washout curve from a lung with zero cardiac
output, in which the source term S(z,¢) is eliminated, resulting in a nearly horizon-
tal Phase III slope of 0.17 %/1. In this case, the only CO, in the lung is that speci-
fied by the initial conditions of the SPM simulation, and each breath depletes the
residual CO,.

Substantial increases in Vc02 occurred when cardiac output was increased, blood
CO, tension was increased, or all bloodflow was diverted to generation 17 as shown
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in Fig. 8. As cardiac output is increased from 30 to 220 ml/s in the model, VCO2 in-
creases from 299 to 416 ml/min. As blood CO, tension is raised from 36 to 60 mm
Hg, minute CO, excretion increases linearly from 293 to 461 ml/min. The simulation
with all bloodflow to generation 17 resulted in elevation of the alveolar plateau to an
end-tidal CO, tension of 46.6 mm Hg and Vo, of 443 ml/min, but Vo, decreases
only to 372 ml/min as bloodflow is diverted to the most distal generation 23.
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FIGURE 8. Sensitivity of Vcoz to changes in physiologic and acinar structure parameters. Param-

eter ranges are identical to those plotted in Fig. 5.
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Significant reduction of VCO2 occurred due to airway reduction with lengthening,
reduced cardiac output, and reduced blood CO, concentration. Changing the airway
reduction factor with lengthening from R = 2.0 to R = 0.5 causes CO, excretion to
drop by 31% from 388 to 267 ml/min. Area reduction without lengthening results in
deviations of only +10% from standard minute CO, excretion. Vc02 is nearly un-
affected by changes in alveolar volume, airway reduction without lengthening, FRC,
or redistributing bloodflow toward the more distal alveolated generations.

Figure 1 shows a simulation in which the SPM is matched to a typical experimental
washout curve from a healthy volunteer (14). The match was made by first setting ex-
perimentally measurable SPM parameters. For this subject, these parameter values
are FRC = 3307 ml, V=742 ml, and f = 10.3 bpm. While all other model param-
eters were fixed at their standard values, ¢z was incremented during successive nu-
merical simulations until the calculated end-tidal CO, concentration matched
experiment. Next, R was incremented (with airway lengthening) until the calculated
Phase I1II slope matched experiment. The resulting matching parameters are cg =
46.0 mm Hg and R = 1.0.

DISCUSSION

Due to the very small convective velocities in the lung periphery, gas transport by
diffusion is the dominant mechanism in the acinar airways. Steepened Phase I1I slopes
represent increased diffusional resistance in the peripheral lung airways. These steep-
ened slopes occur when breathing involves a smaller than normal maximum interfa-
cial area between the tidal volume and the FRC during a respiratory interval. Small
tidal volumes produce steeper slopes because the inhaled air penetrates to shallower
than normal depths in the lung and therefore encounters smaller than normal maxi-
mum interfacial areas and longer gas-phase diffusion paths. Area reduction with air-
way lengthening also results in a smaller maximum interfacial area and longer
diffusion paths, thus increasing diffusional resistance to CO, transport and steepen-
ing Phase III slopes. Area reduction without airway lengthening results in nearly nor-
mal Phase III slopes because the V7-FRC interface then penetrates deeper into the
Iung and encounters larger airway cross sectional areas and shorter diffusion path
lengths. The weak dependence of Phase III slope on breathing frequency indicates
that shorter transport times have only a minor effect on Phase III steepening. The
slope changes by less than 50% of the standard value when frequency goes from 4 to
22 bpm and tidal volume is fixed. This represents a range of breathing periods from
15 seconds to less than 2 seconds in the SPM.

Flattened Phase III slopes result primarily from bloodflow redistribution toward
more proximal alveolated generations. In the most extreme case, in which all blood-
flow is diverted to generation 17, the tidal volume penetrates well beyond generation
17 into more distal acinar airways. A reverse diffusion gradient along the acinar air-
ways occurs because tidal air is inhaled peripheral to the concentrated CO, source in
generation 17. This gradient expresses itself on the washout curve as a downward
sloping alveolar plateau and as an increased end-tidal CO, tension. This variant of
bloodflow distribution demonstrates the trend toward higher CO, output and rela-
tively flat or negative Phase III slope as bloodflow is directed away from the most pe-
ripheral generations of the lung model and toward the proximal alveolated airways.

Diverting all bloodflow to the most distal generation 23 results in CO, washout
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nearly identical to the standard conditions. This is expected since according to
Weibel’s morphometric data, 76% of all alveoli reside in generations 22 and 23, with
48% in generation 23 (25). The largest portion of pulmonary circulation is directed
to the most distal generations even in the standard case. The standard tidal volume
of 750 ml penetrates only to airways in generation 22. The slightly increased average
diffusion distance between blood source and the tidal volume-FRC interface does lit-
tle to change the gas transport behavior when all bloodflow is diverted to generation
23. CO, washout with Qg = 0.0 causes Phase III to flatten appreciably (Fig. 7). This
is due to the very small concentration gradient in the lung periphery in the absence
of CO, evolution from the blood and is similar to the flat Phase III slopes generated
by other single-path lung models that do not include the distributed CO, source term
(15,22). The lower value of end-tidal CO, concentration on this curve (= 25.5 mm
Hg) results because, without gas evolution from the blood, CO, is depleted from the
initial concentration in the lung airways.

The height of the simulated alveolar plateau is affected primarily by Op or cp
when a normal breathing pattern and bloodflow distribution are assumed. Variations
in Qp and cp in the model cause changes in Phase III amplitude but do not signifi-
cantly alter Phase III slope, while mouthward bloodflow redistribution in the model
causes both an increased amplitude and significantly flatter or negative slopes. The
parameter-matching shown in Fig. 1 and the overlay of numerical and experimental
data in Fig. 4, suggest that the SPM may be useful for understanding how acinar
structural changes affect the CO, washout curve.

The SPM does not include parallel sequential emptying, which has been proposed
as the basic mechanism for the sloping Phase III in spite of the contradictions pre-
dicted by the classical physiological theory when N, and CO, washout are considered
in normal subjects. Sequential emptying is most often used to explain the upward
sloping alveolar plateau of the single-breath nitrogen washout curve which is observed
on expiration after the inhalation of a breath of pure oxygen (28). It is argued that
during a normal inspiration from functional residual capacity in a healthy upright
subject, the inspired O, goes preferentially to acini in the lung base, creating a ver-
tical N, gradient at end inspiration with a greater N, concentration in the lung apex
than in the base. During expiration, acini in the lung base are assumed to empty first
followed by those in the apex, thus producing the rising N, alveolar plateau mea-
sured at the mouth.

This sequential emptying idea cannot simultaneously explain the shape of both the
CO, and N, washout curves. A contradiction arises based on the well-established
finding (26) that in a healthy upright individual during normal breathing, the CO,
concentration is lower in acini located in the apex of the lung, where P, co, =30 mm Hg,
than in acini located in the base, where P40, = 42 mm Hg. This vertical concentra-
tion gradient occurs because of the inequality between air ventilation and blood per-
fusion that exists normally in the upright lung. Sequential emptying of the airways
in the same sequence as in the N, washout case, with the apex emptying last, would
result in a CO, washout curve recorded at the mouth with a downward-sloping alve-
olar plateau rather than the upward-sloping alveolar plateau that is almost always ob-
served experimentally.

Another explanation of the Phase III slope postulates that, during expiration,
steady evolution of gas at the alveolar membrane into a well-mixed contracting alve-
olar volume results in a steady rise in gas concentration seen at the mouth (5,7).
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However, this idea does not explain published observations of CO, washout from
patients with severe emphysema. These expirograms generally have much steeper
Phase III slopes than normals (8,23). Since the residual volume and FRC are greatly
increased in patients with severe emphysema while the evolution and absorption rates
of CO, and O, are about the same as normals, these gases are being excreted into or
absorbed from larger peripheral volume reservoirs in the diseased state. During ex-
piration, the gas concentrations in these larger volume reservoirs should therefore
change more slowly with time or cumulative expired volume, not more rapidly as
observed.

The SPM, which leads to the idea of stratified inhomogeneity or longitudinal air-
way concentration gradients, is based on the assumptions that (a) the spatial average
concentration in the airways of the real lung is very close to the measured volume
flow-weighted average concentration at the mouth; and (b) the degree of asymmetry
in the real lung is small compared to the total airway path length or volume.

The first assumption of the SPM is supported by computing the difference between
the experimentally measured volume flow-weighted average concentration and the
spatial average gas concentration in an equivalent single path model. The SPM as-
sumes spatial averaging of all airway paths between the mouth and the lung acini. The
flow-weighted average concentration is what is actually measured at the mouth dur-
ing expiration as a large number of lung regions empty simultaneously. Assuming that
complete convective mixing predominates as gas streams from different regions come
together on expiration at bronchial bifurcations (20,24), the flow weighted average
seen at the mouth is given by (21)

0
_ iCi
=) L ©)

i=1 tot

where g; and ¢? are the gas volume flow rate and concentration at the beginning of
expiration in the i th alveolar duct (for washout of the alveolar plateau), Q. = D, q;
is the total expiratory volume flow rate out of the lung and N is the total number of
alveolar ducts (ADs) emptying at a given instant or given expired volume. N is very
large for washout of the alveolar plateau (e.g., N = 107 in Weibel’s morphometric
model). For this reason it is convenient to replace the summation in Eq. 5 with an in-
tegral, and to write

L
Zp = fo nac) g ©)

tot

where dx is an increment in lung height, L is the total height of the lung measured
in cm from the apex (Table 1), n(x) is the number of alveolar ducts emptying per unit
height of lung tissue (assumed to be proportional to the transverse cross sectional area
of the lung at position x), g(x) is the mean gas volume flow rate, and c(x) is the con-
centration present in the ADs located at position x. The flow-weighted average in
Eq. 6 can be compared to the spatial average gas concentration, given by

~ 1 (L
Cop = X’j(; nc(x)dx . )
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TABLE 1. Regional properties of lung tissue used for the calculation of the volume
flow-weighted average and the spatial average CO, concentrations according
to Egs. 6 and 7. x is the dimensionless position measured down from
the lung apex and L is the dimensionless lung height.

X n{x) gix) cix)
L 1 1.00 0.24 28.0
2 3.12 0.31 34.0
3 447 0.39 37.0
4 5.36 0.46 38.0
5 548 0.53 38.0
6 5.76 0.60 39.8
7 6.15 0.68 40.5
8 5.39 0.75 41.5
9 210 0.82 42.0

N —

When typical values for n, based on anatomical photographs (17), ¢, and ¢, based
on regional gas exchange data (26), are substituted into Eq. 6 and Eq. 7 and the in-
tegrals are evaluated, one finds that the flow-weighted and spatial average concen-
trations differ by less than 2%. Since a spatial average CO, concentration is
computed in the SPM, one would conclude that the SPM provides an adequate es-
timate of the actual volume flow-averaged CO, concentration at the mouth and
within the airways at a given cumulative volume.

The second assumption of the SPM is supported by examining the degree of an-



Airway Structure and CO, Washout 695

atomic asymmetry that exists in the real respiratory airway system. Although there
is considerable variation in path length between the carina and the respiratory bron-
chioles as reported by Horsfield and Cumming (11), who found a mean of 13 ¢m with
a standard deviation = 5 cm, the variation in path length along the acinus is much
smaller. A recent study by Haefeli-Bleuer and Weibel found a mean acinar path length
of 8.25 mm with a standard deviation of 1.41 mm (9). The difference in these vari-
ances is significant since 90% of airway volume is contained in the acini and the aci-
nar path length deviation of 1.41 mm represents less than 2 generations out of a total
of about 25 between the mouth and the end of the acini. Furthermore, the volume
of these 2 generations of acinar airways is less than 10% of total acinar gas volume
(including the volume of gas in the alveoli). When considered in terms of cumulative
volume in from the mouth, the natural spatial parameter of gas washout, the devia-
tion of the asymmetric airways from a single path is seen to be rather small.

CONCLUSION

The SPM is a simple but complete distributed parameter model of the complex
phenomenon of gas-phase CO, transport from the lung periphery. The SPM has a
small number of parameters that describe the main features of acinar anatomy and
accurately simulates experimental results. The quantitative effects of independently
varying breathing pattern, physiologic variables, and structural parameters on the
shape of the steady state CO, washout curve reveal distinct relationships between
model lung structure and function. Table 2 is a summary of the relationships between
the SPM parameters and their effects on Phase III. The influence of V-, A(z), and
D, on the slope of Phase III is clear. These findings may lead to a better under-
standing of small airways diseases.

TABLE 2. Phase Il changes due to acinar parameter variations. Major and minor causes of
changes of Phase Il slope and Vcoz in the SPM are listed. Major causes are in bold print
and minor causes are in normal print.

To Increase Phase Il Slope To Decrease Phase Il Slope
reduce V7 divert bloodflow proximally
reduce A(z) with lengthening raise Vr
reduce gas diffusivity reduce cardiac output
raise breathing frequency reduce venous CO, tension
raise cardiac output raise A(z) with shortening
raise venous CO, tension raise A(z) without shortening

divert bloodflow distally
reduce alveolar volume
reduce A(z) without lengthening

To Increase Phase Ill Height To Decrease Phase Il Height
raise cardiac output reduce cardiac output
raise venous CO, tension reduce venous CO, tension

divert bloodflow proximally reduce A(z) with lengthening
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NOMENCLATURE

A(z) = total airway cross sectional area of generation z [cm?]

Ap(2) = total airway cross sectional area of generation z in diseased lung [cm?]

AD = alveolar ducts

Ap(z) = total airway cross sectional area of generation z in healthy lung [cm?]

c(x) = CO, concentration in lung tissue at position x measured from the lung
apex [mm Hg]

c(z,1) = CO, concentration in generation z at time ¢ [cm® CO,/cm?, dimen-
sionless]

Cp = CO, concentration in equilibrium with the pulmonary arterial blood
[mm Hg]

Crw = flow-weighted concentration average [mm Hg]

Cop = spatial average concentration [mm Hg]

COPD = chronic obstructive pulmonary disease

D, = molecular diffusivity [cm?/s]

dp = airway diameter in generation z of diseased lung [cm]

dy = airway diameter in generation z of healthy lung [cm]

f = breathing frequency [breaths per minute, bpm]

FRC = functional residual capacity [cm?]

1(z) = airway length in generation z [cm]

n(x) = number of alveolar ducts per unit height of lung tissue [dimensionless]

Ny = number of alveoli in generation z [dimensionless]

Np(z) = number of alveoli in generation z in diseased lung [dimensionless]

Ng(2) = number of alveoli in generation z in healthy lung [dimensionless]

Nr = total number of alveoli in Weibel lung [dimensionless]

Paco, = alveolar CO, concentration [mm Hg}

q(x) = mean gas volume flow rate per unit height of lung tissue [dimensionless]

0(z,t) = volume flowrate through airways in generation z at time ¢ [cm?3/s]

Os = total cardiac output [cm3/s]

R = airway reduction factor [dimensionless]

SPM = single path model

S(z,1) = alveolar capillary CO, emitted from blood in generation z at time ¢
[cm3/sec]

t = time [seconds]

V(z) = airway volume of generation z [cm?]

Va(z,t) = alveolar volume of generation z at time ¢ [cm?]

Var = total alveolar volume in lung at beginning of inspiration [cm?]

V. = volume of conducting airways in generations 0-4 [cm?]

Veo, = CO, excretion [cm?/min]

Vr = tidal volume inhaled at mouth [ml]

X = position in lung measured from apex [dimensionless]

z = generational coordinate [dimensionless]

Az = finite increment in generational coordinate [dimensionless]

o = alpha = FRC,/FRCy, ratio of diseased to healthy functional residual capac-
ity [dimensionless}

B =beta = ratio of diseased to healthy airspace diameters, dp/dg

A\ = lambda = CO, solubility in blood [cm? CO, dissolved/cm? blood/CO, concen-
tration over blood, dimensionless]



