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Abstract: A nonlinear dynamic model is proposed to reproduce and interpret the influence of pulmonary inhomogeneities
on the single-breath nitrogen washout (SBNW) curve. The model is characterized by two parallel zones. In each zone, the
upper airways are described by a Rohrer resistor. Intermediate airways are represented as a collapsible segment, the vol-
ume of which depends on transmural pressure. Smaller airways are described by a resistance which increases when tran-
spulmonary pressure decreases. The respiratory region is modeled as a Voigt element. Three different conditions were
simulated: a reference case, characterized by airway-parameter values for normal conditions, and two pathological states
corresponding to different levels of disease. In the reference case, a straight line was a good approximation of SBNW
phase III and the last point of departure of the nitrogen trace from this line unambiguously identified the onset of phase
IV. The slope of phase III rose with disease severity (from a 1.1% increase in nitrogen concentration per 1000 ml of ex-
pired volume in the reference case to 3.6% and 7.7% in the pathological cases) and the distinction between phases III and
IV became less evident. The results obtained indicate that the slope of phase III depends primarily on nitrogen-
concentration differences between lung zones, as determined by different mechanical properties of the respiratory airways.
In spite of the simplified representation of the lungs, the similarity of the simulation results to actual data suggests that the
proposed model describes important physiological mechanisms underlying changes observed during SBNW in normal and
pathological patients.

Keywords: Airway mechanical properties, breathing mechanics, lung inhomogeneity, mathematical model, single breath nitro-
gen washout.

1. INTRODUCTION

The single-breath nitrogen washout test provides three
useful pieces of information: (a) an estimate of anatomical
dead space; (b) an assessment of the distribution of ventila-
tion, and (c) a measure of closing volume [1]. In this test the
patient takes a single vital capacity inspiration of pure oxy-
gen and then exhales slowly to residual volume (RV). The
exhaled volume and the nitrogen concentration in that vol-
ume are measured to obtain the nitrogen-washout curve. The
shape of the curve is generally characterized by four phases
[2]. At the beginning of expiration (phase I), lung volume
changes but the nitrogen concentration in the exhaled vol-
ume is zero, as nitrogen-free gas (pure oxygen) leaks out of
the anatomical dead space. Then there is a sudden increase in
nitrogen concentration making the nitrogen washout curve S-
shaped (phase II). This phase represents the transition be-
tween emptying of the dead space and the arrival of mixed
alveolar gas. During midexpiration, when mixed alveolar
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gas is emptied from all parts of the lungs, the nitrogen wash-
out curve is relatively straight (phase III). The expired gas of
the initial part of phase III usually has a lower nitrogen con-
centration than that of the latter part, so that a gas concentra-
tion change is observed during this phase. Finally, an abrupt
rise in nitrogen concentration is observed at the end of expi-
ration (phase I'V) due to a drastic change in rates of emptying
of different parts of the lungs. During phase III, the average
slope of the curve for normal lungs does not exceed a 1.5%
increase in nitrogen concentration per 500 ml of expired vol-
ume for an interval of expired volume between 750 and 1250
ml below total lung capacity [2]. Increases in phase III slope
are generally regarded as a marker of small airway altera-
tions. This slope is influenced by a variety of factors [3], but
the quantitative effect of the different mechanisms is not
clear. A key mechanism seems related to inhomogeneities in
the conducting airways at branch points, generating concen-
tration differences between parallel lung units, which fill and
empty in sequence. Another more peripheral mechanism
may occur in the intra-acinar airways, where asymmetry of
acinar structure generates intra-acinar concentration differ-
ences.
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Approaches based on lung models have been widely used
to reproduce the effects of lung inhomogeneities on the sin-
gle breath washout test since Pardaens et al, [4] simulated
asymmetries in the lung-airways system using a model with
two parallel branches having the dimensions of Weibel’s [5]
fifth bronchial generation and elastic properties representa-
tive of bronchioles. In particular, various studies have been
carried out to investigate the generation of phase III assum-
ing asymmetry at acinar level [6-9]. Dutrieue et al, [9] ana-
lyzed the intra-acinar contribution to the alveolar plateau for
gases of differing diffusivities, using a multi-branch-point
model of the human acinus that took diffusive and convec-
tive gas transport into account. They proved that phase III
slope increases were greatest when asymmetry and variabil-
ity of asymmetry increased in airways of the respiratory re-
gion characterized by different gas diffusion fronts. The
study is interesting because it points out the sensitivity of
phase III slope to the diffusive mechanism in asymmetric
airways. However it does not consider the role of inhomoge-
neities in conducting airways that may greatly influence the
phase III time course.

Kaneko [10] proposed a model characterized by an up-
right lung with 12 horizontally sliced regions to simulate si-
multaneous helium and nitrogen single-breath washout. Al-
though the model aims to account for the effects of inhomo-
geneous lung elasticity and unequal critical airway closing
pressure, it does not completely consider mechanisms due to
inhomogeneities occurring at branch points in the conducting
airways and is limited to analysis of the quasi-static condi-
tion. A much more anatomically accurate three-dimensional
model was used to directly analyze the influence of conduct-
ing airway asymmetry on the slope of the alveolar plateau in
phase III of the gas washout curve normalized by the average
expired concentration of resident gas [11]. However, despite
its complexity, the model considers each branch of the bron-
chial tree as a cylinder of constant diameter and therefore
does not account for dynamic airway modifications occur-
ring during inspiration and expiration. An accurate mor-
phometric description of the tracheobronchial tree would ac-
tually require a vast number of model equations and parame-
ters which would may make it very difficult to consider fun-
damental phenomena influencing dynamic system behavior.
Approaches based on functional models may overcome such
problems, providing a realistic, effective and much simpler
description of the system.

Arieli et al [12] proposed a functional three-compartment
viscoelastic model of the lungs, intended to consider the ef-
fect of heterogeneity of pressure-volume properties of lung
units and the effect of heart beat on expired nitrogen, but the
model ignores the characteristics of the intermediate airways
which may strongly influence expiratory pattern [13]. Hook
et al [14] compared a variety of elementary functional mod-
els for simulating single-breath washout of insoluble gases.
Although these models use a very simple description of the
bronchial tree, the results indicate that the slope of the alveo-
lar plateau is closely related to models featuring unequal dis-
tribution of diffusive conditions and/or unequal specific ven-
tilation of parallel compartments. The basic role played by
structural and functional lung inhomogeneities during phase
IIT was confirmed by a paper in which single-breath nitrogen
washout curves were simulated using a lung deformation
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model, in which the lung was regarded as a porous elastic
body similar to a sponge [15]. Although the model seems to
reproduce the effects of gravity on lung deformation, it fails
to mimic phase III slope because it does not account for lung
inhomogeneities.

In the present study, we introduce a nonlinear dynamic
functional model of breathing mechanics to investigate the
manner in which inhomogeneities of the bronchial tree may
influence phase III slope. The proposed model, based on
previous work [13,16,17], reproduces respiratory mechanics
during spontaneous breathing both in tidal breathing and the
single-breath nitrogen washout test. It incorporates two par-
allel zones and accounts for different properties of upper, in-
termediate and smaller airways, thus taking series and paral-
lel inhomogeneities of the bronchial tree into consideration.
Physiological and pathological conditions are simulated to
reproduce different single-breath nitrogen washout curves
and the role of lung inhomogeneities in determining different
shapes is discussed. The simulation results obtained by this
model provide useful information for pathophysiological in-
terpretation of the results of single-breath nitrogen washout
tests.

2. METHODS

In the model, parallel heterogeneity is considered by
simply dividing the pulmonary system, including the acini,
into two parallel zones, hereafter referred to as Z1 and Z2,
characterized by different mechanical properties. Identical
values of pleural pressure (Pp(t)) are assumed throughout the
lungs.

The model structure might be easily modified to simulate
more complex parallel inhomogeneities, by including more
than two parallel zones.

2.1. Tracheobronchial Tree Model

For each zone, the tracheobronchial tree is divided into
conductive and respiratory regions that include the first 16
generations and the last 7 generations, respectively, of the
Weibel representation [5]. The conductive region is further
divided into three segments in series, characterized by differ-
ent mechanical properties:

1. upper airways, i.e. airways between mouth and lobar
bronchi (generations 0-4);

2. intermediate airways, which in the present model include
the airways between segmental bronchi and small bron-
chi (generations 5-11) and the first generations (12-14) of
terminal bronchioles;

3. smaller airways, i.e. the last conducting airways (genera-
tions 15-16).

Since the model equations are the same for each zone, we
give the relationships in a generic zone Zi, where i = 1, 2. All
the zones originate from the mouth, therefore total mouth
flow rate (V) is given by the sum of flow rates (V;) leaving
Z1 and Z2.

Upper airways are described as in the Barbini model [13]
using a nonlinear Rohrer resistor [18], Ryz; (see Appendix).
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The intermediate airways are represented as a collapsible
segment of constant length [13], the volume (V¢z) of which
varies with transmural pressure (ptmgz) according to a sig-
moidal elastic curve based on that proposed by Lambert [19]
(see Appendix). Elastic and viscous properties of this seg-
ment are modeled by non linear elastance (E,yz) and non
linear resistance (Riz) given by the equations:

o dpthi 1

awZi chZi ( )
Kxo:

Rizi = =2 2)
Vezi

where Ksz; is a constant.

Smaller airways are represented by a nonlinear resistance
(Rszi) which increases when transpulmonary pressure (Pgizi,
i.e. difference between alveolar pressure and pleural pres-
sure) and consequently alveolar volume decrease. If pgy;
falls below a set threshold (pyzi), the smaller airways are as-
sumed to collapse (see Appendix).

Finally, the respiratory region was modeled as a parallel
combination of a spring and dashpot. According to previous
findings [13,16], its resistance (Rz;) increases as alveolar
volume (V|z) decreases, as follows

kazi
Rizi = 3
I Vizi

where K,z is a positive constant.

The elastance of the alveolar space (E,z) is obtained by
differentiating pgz with respect to vz, where the relationship
between Viz and pgyz; is represented by an exponential curve
based on the Glaister equation [20] (see Appendix).
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The differential equations describing respiratory region
dynamics are:

dptmy; v ; i

pdt &= —Eanzi(Vzi —Vizi)  1=12 @
d . . -

pdEtIZI =—EgzViz 1=12 ©)

The initial values of ptmz and pgz (I = 1,2) were as-
sumed equal to —Pyiric, where Ppric is pleural pressure at
TLC.

Flow coming out of the i-th zone is

Poi + ptmy;
iy A ©)
Ruzi + Rizi
while flow coming out of the alveolar space is
Vizi = M for Peizi > Piszi or PpI < —Piszi (7
RSZI + RIZ|

Vizi =0 elsewhere.

The electrical analog of the above-described nonlinear
lumped model of the human lung is shown in Fig. (1).

Equations describing how pleural pressure varies during
tidal respiration and during the single breath nitrogen wash-
out test are reported in Appendix.

2.2. Nitrogen Concentration During the Single-breath
Washout

In this model, it is assumed that the conductive region
contains pure oxygen at the end of the vital-capacity inspira-
tion of pure oxygen, while both oxygen and nitrogen are pre-
sent in the respiratory region. The quantity of nitrogen con-
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Fig. (1). Electrical analog of the nonlinear lumped model of the human lung. Parallel heterogeneities are taken into account by dividing the
pulmonary system into two parallel zones, while series heterogeneities are described by different series segments of the tracheobronchial

tree.
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tained in the respiratory region of each zone, Zi, is equal to
that contained in Zi before the vital-capacity inspiration, i.e.
equal to the nitrogen fractional concentration in air (assumed
equal to 0.8), multiplied by RV (the volume of Zi at RV). If
we consider that the air volume of the global respiratory re-
gion at TLC is very near to total lung capacity, the nitrogen
fractional concentration in the respiratory region of each
zone at the end of the vital-capacity inspiration of pure oxy-
gen can be calculated as

RVy;
TLCy;

Fnoizi =0.8- (®)

where TLCj; is the volume of Zi at TLC.

To investigate the manner in which inhomogeneities in
the bronchial tree may influence emptying of mixed alveolar
gas from all parts of the lungs, diffusive and convective gas
mixing was assumed to be approximately complete within
the respiratory region of each separate zone at the beginning
of phase III. Hence, the fractional concentration of nitrogen
in the respiratory region of the i-th zone (Fyyizi) was assumed
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Fig. (2). Elastic characteristics of the respiratory region of lung
zones Z1 and Z2 in normal and pathological cases. The percentage
volume of each zone (with respect to its maximum admissible vol-
ume) is plotted against transpulmonary pressure.
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constant during subsequent expiration, and the time course of
fractional concentration of nitrogen in expired mixed gas
(Fxn2) was calculated as the flow-weighted mean of concen-
trations leaving each zone, i.e.

2

ZVIZi “Faoizi

Frp =t —— ©)

ZVIZi

i=l

Starting from the beginning of phase III, equation (9)
shows that the concentration of nitrogen would be constant if
its fractional concentration in Z1 and Z2 was the same (i.e. in
the absence of inhomogeneities), irrespective of the airflows
from the two zones. However, when the nitrogen concentra-
tions in the two zones are different, the time course of the
resulting concentration in the expired gas also depends on
the airflows from the two zones. In fact, the total airflow rate
from the respiratory region V, =V,;; +V;, can be consid-
ered constant, because the total expiratory flow is constant
throughout the slow vital-capacity expiration. Thus the slope
of the nitrogen concentration curve can be written as

’ dvyz,
=
dTI\lIz: (V(?t)z (Faaizi = Fraiza) (10)

where V| = Viz1 + Vizo.

Equation (10) shows that the slope depends on the con-
centration difference, the total airflow rate and the time
iz Mizy o

variation of airflow from Z1. Of course, it

cause the total expiratory airflow is constant.

2.3. Simulation Setting

Three different conditions were simulated by the nonlin-
ear model of Fig. (1). A first case (Normal in Table 1) was
defined as reference and was characterized by airway-
parameter values for normal conditions of breathing mechan-
ics during spontaneous ventilation (see West [2]). Next, we
considered two altered conditions, in an attempt to simulate
two levels of disease that may exhibit increased lung inho-
mogeneity (Patho 1 and Patho 2 in Table 1). These two con-
ditions have been simulated by modifying the model parame-
ters according to qualitative knowledge related to the main
mechanisms involved in the pathological changes of breath-
ing mechanics.

Even though each of the millions of alveoli and terminal
airways potentially could act as a separate mechanical unit, it
is known that, in a pair of normal lungs, the vast majority of
these units behave as a single homogeneous entity that in-
cludes most lung volume. The few units with different char-
acteristics represent a much smaller compartment, which has
little influence on the overall behaviour of the system. Patho-
logical changes can lead to substantial heterogeneity, i.e. ab-
normal pulmonary systems may require models containing
significant combinations of different mechanical units. With
reference to the model of Fig. (1), this means that the influ-
ence and the weight of a second compartment becomes in-
creasingly greater.
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Table 1.  Model Parameter Values
Case
Zone Quantity Parameter
Normal Patho 1 Patho 2
kizi [emH,0 s 1] 2.5 1.25 0.909
Ruz1
koza [emH,0 s? 1] 5 1.25 0.661
Vemaxza [1] 0.02 0.04 0.055
Vominza [1] 6.4e-4 1.28e-3 1.76e-3
VOez1 [-] 0.6 0.6 0.6
Ve VOl [l emH,0™) 0.04 0.04 0.04
pfezi [emH,0] -5 -5 -5
Nlez [-] 4 4 4
N2¢z1 [-] led led le4
Riz1 Ksz1 [emH,0 s 1] 6e-4 1.2¢-3 1.65e-3
1
Resz1 [emH,0 1" 5] 100 100 100
Reminza [cmH,0 17" s] 4e-3 4e-3 4e-3
Rozi Sisza [ 1] 530.3 53.03 29.7
Prisz1 [emH,0] 0.01 0.01 0.01
Nsz1 [-] 2.69 2.69 2.69
Vimaxza [1] 1.28 2.56 3.52
pfizi [emH,0] 0.01 0.01 0.01
Vizy
iz [1] 0.64 1.78 2.86
kizs [cmH,0™] 0.286 0.286 0.314
Riz1 Kazy [emH,0 s] 1.36 1.36 1.36
kizo [emH,0 s 1] 0.625 0.833 1.11
Ruzz
Kazz [cmH,0 s 17] 0.313 0.556 0.988
Vomaxzz [1] 0.08 0.06 0.045
Veminza [1] 2.56¢-3 1.92¢-3 1.44e-3
2 VOcz2 [-] 0.6 0.6 0.6
Vezo Volezz [1 cmH,0™] 0.04 0.04 0.04
pfezo [emH,0] -5 -5 -5
Nezz [-] 4 4 4
N2z [-] led led led
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Table 1 Contd.....
Case
Zone Quantity Parameter
Normal Patho 1 Patho 2
Riz Kszz [cmH,0 s 1] 2.4e-3 1.8e-3 1.35e-3
Riszz [emH,0 1™ ] 100 100 100
Reminzz [cmH,0 17 5] 4e-3 4e-3 4e-3
Roz Suz2 [s 1] 1.56e3 1.77¢2 74.24
Piszz [cmH,0] 1.01 1.01 1.01
2 Nszz [-] 2.69 2.69 2.69
Vimaxzz [1] 5.12 3.84 2.88
pfiz2 [cmH,0] 1.01 1.01 1.01
Vizz
Viizo [1] 0.96 0.72 0.54
kizz [cmH,0™] 0.136 0.136 0.136
Riz Kazo [emH,O s] 1.36 1.36 1.36
Vimaxz1 + Vimaxzz = TLC [1] 6.4 6.4 6.4
Vfizy + Vfizo = RV [1] 1.6 25 34

Small airways may suffer early changes, later extending
to most bronchial airways. The alterations generally com-
prise two related diseases, chronic bronchitis and emphy-
sema, one rarely occurring without some degree of the other.
These changes lead to an increase in the resistance of in-
volved airways, which is associated with a significant in-
crease in residual volume and functional residual capacity,
culminating in a chronically overinflated lung. To mimic
such a scenario we accordingly modified the characteristics
of the simulation model with respect to the normal case from
the trachea to the respiratory zone.

In the normal case (see Table 1), TLC and RV were
about 6.4 and 1.6 1, respectively (conductive region volumes
were neglected with respect to respiratory region volumes
[5]). The percentage volumes of Z1 and Z2 at TLC (i.e.
Vimaxzi/ TLC-100, i=1,2) were equal to 20% and 80% of TLC,
respectively, while the residual volumes of the respiratory
region of the two zones (Vfiz i=1,2) were set at slightly dif-
ferent values. Finally, the parameters of each zone were de-
fined so as to reproduce a healthy condition. Thus, during
quiet breathing, the values chosen for the model parameters
led to a resistance value of the conducting airways equal to
about 2 cmH,O 1! s for Z2. The resistance of Z1 was about 3
times larger, in agreement with the fact that the number of
parallel conducting airways of Z1 is coherently less than that
of Z2. The resistance value of the whole model (i.e., Z1+Z72)
was equal to approximately 1.5 cmH,O I s and the smaller
airway resistance was negligible, corresponding to a typical
normal condition.

For the pathological cases, the total lung capacity was set
equal to the normal case, but the residual volume was sig-
nificantly increased to reproduce pathological alterations. In
particular, RV was 2.5 and 3.4 1 for Patho 1 and Patho 2, re-
spectively. Furthermore we increased significantly the
weight of Z1, which in the normal case is very small and,
therefore, has little influence on the overall behavior of the
system. This was done by increasing the volume of the respi-
ratory region of Z1 and simultaneously decreasing that of Z2
(see Table 1). Thus, the proportion of Z1 grew from 20% to
40% of TLC passing from the normal case to Patho 1, and
reached 55% for Patho 2.

Fig. (2) shows the elastic characteristics (in terms of per-
centage volume) of the respiratory region of lung zones Z1
and Z2 in normal and pathological cases. The percentage
volume of each zone (with respect to its maximum admissi-
ble volume, i.e. Vizi/Vimaxzi' 100) is plotted against transpul-
monary pressure. With reference to Z1, Fig. (2) shows that,
for equal pressure, higher percentage volumes are reached by
increasing the level of disease; thus, for high levels of dis-
ease, the respiratory region of Z1 is more stretched and this
results in an overinflated lung. In order to simplify analysis,
the elastic characteristics of Z2 was taken to be identical for
all cases.

The values chosen for the model parameters corre-
sponded to a remarkable increase in the resistance value of
the entire model for Patho 1, and even larger Patho 2, also
during quiet breathing. In particular, both Z1 and Z2 showed
an increase in the resistances of conducting airways. For ex-
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ample, the resistance of Z2 was approximately 4 cmH,O 1" s
and 12 cmH,0 I s for Patho 1 and 2, respectively. This con-
siderable increase was largely due to the consequences of
significant changes in the smaller airways, whose resistance
became no longer negligible passing from the normal case to
Patho 1 and 2. From a qualitative point of view, this was
fully consistent with pathological changes, which usually
have an important impact on smaller airways. Less signifi-
cant changes interested the upper and intermediate airways.
In order to simplify the analysis, the elastic characteristics of
the intermediate airways were taken to be equal for the three
cases here considered (see Fig. 3).

The whole system was implemented in MATLAB-
SIMULINK using a variable-step solver for stiff problems.
3. RESULTS AND DISCUSSION

The results refer to single-breath nitrogen washout repro-
duced by the proposed functional model with an exhaled air-

100

8 0 ........... o
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flow rate (V,) equal to 0.2 /s for all cases considered. Fig.
(4) shows the fractional concentration of nitrogen in the ex-
haled volume starting from the beginning of phase Il in
normal and pathological simulated conditions. The obtained
curves point out an almost constant percentage rate of in-
crease in nitrogen concentration for a wide interval of ex-
pired volume in phase III of the test.

In the normal case, the slope of the single-breath nitro-
gen-washout curve remained almost constant for lung vol-
umes from about 6.5 to 2.2 1. In this volume range the in-
crease in nitrogen concentration during the test was about
1.1% per 1000 ml of expired volume. Toward the end of the
vital capacity expiration (lung volume of about 2.2 1) there
was an abrupt rise in nitrogen concentration, signalling the
onset of airway closure or phase IV. The model results show
that in this case the onset of phase IV can easily be identified
by drawing a straight line through phase III and noting the
last point of departure of the nitrogen trace from this line. In
particular, the closing volume is equal to about 2.2 —

X f
O 60 ........... IRREEE,
: |
E |
20 .......... ........

— All cases

0 )
—40 —20

0 20 40

Transmural pressure (cmH_O)

Fig. (3). Elastic characteristics of the intermediate airways. The percentage volume of air in these airways (with respect to their maximum

admissible volume) is plotted against transmural pressure.
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Fig. (4). Fractional concentration of nitrogen in exhaled volume for the three simulated cases starting from the beginning of phase III.
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1.6 = 0.6 1, which, for this case, corresponds to about 12.5%
of the vital capacity, VC (VC =6.4 — 1.6 =4.8 1). This value
of closing volume is close to that of a young healthy man. In
fact, in young normal subjects, the closing volume is about
10% of the vital capacity. It increases steadily with age and
is equal to about 40% of the vital capacity at about the age of
65 years [21].

As in the normal case, the curve of Patho 1 showed two
different phases (phase III and IV), but in this case the onset
of phase IV could not be easily identified. For lung volumes
from about 6.5 to 3.5 1 the increase in nitrogen concentration
was about 3.6% per 1000 ml of expired volume, indicating a
pathological condition.

Finally, the curve of Patho 2 did not show two different
phases. In particular, no significant change in the slope of the
curve was observed from the beginning of phase III to resid-
ual volume (3.4 1 in this case). The rate of increase in nitro-
gen concentration remained about constant at 7.7% per 1000
ml of expired volume, indicating a more severe pathological
condition.

Fig. (4) shows that in all cases the slope of the single-
breath nitrogen-washout curve remained almost constant for
lung volumes from about 6.5 to 3.5 1, but progressively in-
creased with the severity of pathology. This indicates that the
nitrogen concentration of the expired alveolar gas was much
more uniform in the normal case, reflecting a much more
uniform dilution of alveolar gas by the inspired pure oxygen.
On the contrary, the slope increased dramatically as patho-
logical condition deteriorated, reflecting uneven dilution of
alveolar nitrogen by the inspired pure oxygen. It is well
known that the single-breath nitrogen-washout curve is a re-
liable measure of uneven lung ventilation, which increases in
most types of lung diseases [2]. The results obtained by the
simulation suggest that the proposed model reproduces phase
IIT of the test under different pathophysiological conditions.
Moreover, the slope of phase III did not change appreciably
when we used different values of V,, (less than 0.5 I/s [2]) to
simulate a vital capacity expiration.

The reasons for the rise in nitrogen concentration in
phase III are not fully understood [2] and the model may
help to provide some insights. The values in Table 1 show
that the percentage volume changes in Z1 corresponding to a
vital capacity inspiration are 200%, 144% and 123% for
Normal, Patho 1 and Patho 2 cases, respectively. This im-
plies that the fractional concentration of nitrogen in Z1 at the
end of vital capacity inspiration gradually increases between
normal and increasingly severe cases. In other words, this
zone has a significantly increasing concentration of nitrogen
because there is less oxygen to dilute the gas. At the same
time, the final volume of Z1 is 20%, 40% and 55% of total
lung capacity for Normal, Patho 1 and Patho 2 cases, respec-
tively. An increasing volume of gas with an increasing nitro-
gen concentration is therefore exhaled during vital capacity
expiration as lung condition deteriorates.

The pattern of outflow from the respiratory region of Z1
and Z2 during phases III and IV (when present) of vital ca-
pacity expiration is shown in Fig. (5) as a function of total
lung volume (Please note that the volume is drawn with an
inverse axis for consistency with the convention used for the
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Fig. (5). Outflow from Z1 and Z2 as a function of total lung volume
for normal (a) and pathological (b and c) cases.
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single-breath nitrogen washout curves). At the beginning of
phase III, expiratory flow came mostly from Z2 in all cases,
while outflow from Z1 was close to zero. Outflow from Z1
then rose continually while that from Z2 decreased, so that
their ratio increased significantly, approaching one towards
the end of the expiration. This increase was accentuated by
severe pathology. As a result, the nitrogen concentration in
total exhaled flow and the slope of phase III increased be-
tween the normal case and the pathological cases.

Interestingly, in Patho 2 outflow changes from Z1 and Z2
could be represented simply as two straight lines with oppo-
site slopes during the portions of expiration considered. This
explains the absence of phase IV in the corresponding single-
breath nitrogen washout test. On the contrary in the normal
case the outflow curves from Z1 and Z2 showed an abrupt
inflection in the final part of expiration. For a given lung
volume, flow from Z2 suddenly decreased and that from Z1
increased. As a result, the nitrogen concentration of the ex-
pired gas increased abruptly, producing an unambiguous
phase IV in the single-breath test. Patho 1 showed an inter-
mediate pattern: the outflow curves from Z1 and Z2 did not
approximate straight lines; there was a slope change, but the
inflection was not so evident.

The slope of phase III significantly changed with increas-
ing obstruction of small airways. The rate of emptying of
each zone was determined by its time constant (RC): the lar-
ger the time constant, the longer it took to empty. The zone
was therefore slow to empty if resistance increased.

Analysis of these results suggests that the proposed
model may be useful for investigating the key mechanisms
involved in determining different behaviours of the curve
observed during the single breath nitrogen test. However, the
model has limits due to simplification. A small number of
zones is included in the model with respect to real lung struc-
ture. Real lungs branch at a number of levels (from the tra-
chea to the alveolar ducts), in contrast to the single branching
of the proposed model. Besides, the distributed changes in
viscoelastic characteristics of the conducting airways are ba-
sically represented using three compartments in series. Fi-
nally, the respiratory region is modelled simply as a parallel
combination of spring and dashpot. Although a simplified
structure is assumed, the number of model parameters is still
too large to be determined from the measured data. Selection
of the set of parameters explaining the results is therefore to
some degree arbitrary and certainly does not exclude other
combinations.

Gravity is not explicitly included in the present model,
for the sake of simplicity. However, it is remarked that 1)
most of the methods for measuring regional ventilation have
found that ventilation distribution cannot be accounted for by
gravity alone since a large heterogeneity of ventilation
within isogravitational planes was observed [22], and 2) the
effect of gravity on heterogeneity of respiratory mechanics
and gas transport can be seen as incorporated in the different
mechanical properties of the lung zones.

4. CONCLUSION

The single-breath nitrogen-washout curve is a reliable
test for measuring uneven lung ventilation, which increases
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in most types of lung disease. In the present study a nonlin-
ear dynamic functional model of breathing mechanics was
proposed to reproduce the test in different pathophysiologi-
cal conditions. The simulation obtained with the model
showed that phase III slope depends on nitrogen concentra-
tion differences between lung zones, as determined by dif-
ferent mechanical properties in the respiratory region of air-
ways.

The normal simulated case showed well-defined phases
IIT and IV. In this condition the slope of the single-breath
nitrogen-washout curve remained constant during phase III
and the corresponding increase in nitrogen concentration was
about 1.1% per 1000 ml of expired volume. Thus a straight
line could be used to approximate changes in the fractional
concentration of nitrogen in the exhaled volume during
phase III and the last point of departure of the nitrogen trace
from this line marked the onset of phase IV.

The slope of phase III progressively increased with the
severity of pathology, reflecting much more uneven dilution
of alveolar gas by the inspired pure oxygen. The distinction
between phases 1l and IV also became less evident as patho-
logical condition worsened.

These preliminary results indicate that a nonlinear model
incorporating two parallel zones, each divided into different
series segments, can reproduce a variety of experimental data
usually obtained by the single-breath nitrogen washout test
in different patients. Simulations performed using the model
provided quantitative information about main mechanisms
involved in determining the slope of the single-breath nitro-
gen washout curve during phase III. The fact that the results
of these simulations are consistent with the usual results of
SBNW test in real situations encourages use of the model to
investigate other features that may influence the slope of
phase III and the causes determining the presence or absence
of phase IV.

In conclusion, although the proposed model is a simpli-
fied functional representation of the bronchial tree, it seems
to retain key aspects of breathing mechanics which are es-
sential for reproducing and interpreting changes observed
during the single-breath nitrogen washout test in normal and
pathological patients. The present model appears also useful
for teaching and training applications.

GLOSSARY
Vezi = Volume of intermediate airways in zone Zi
Vizi = Alveolar volume in zone Zi
v = Overall lung volume, given by
2
V= Z(Vm +Vezi)
i=1
TLC = Total lung capacity
TLCy; Total lung capacity of zone Zi
RV = Residual volume
RV = Residual volume of zone Zi
Vv = Mouth flow rate
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v, = Desired value of expired mouth flow rate Rizi = Resistance of the respiratory region in
during the single-breath washout test zone Zi
Vy; = Flow rate leaving zone Zi Eanzi = Elastance of intermediate airways in zone
Vizi = Flow rate leaving the respiratory region of Zi
zone Zi E\zi = Elastance of the alveolar space in zone Zi
v, = Total airflow rate from the respiratory re- Fra = Fractional concentration of nitrogen in ex-

i ) . pired mixed gas
gion (=Vyz; +Viz,) : . L
Faoizi = Nitrogen fractional concentration in the

ptmy; = Transmural pressure in the intermediate respiratory region of zone Zi

airways of zone Zi
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Peizi = Difference between alveolar pressure and
pleural pressure in zone Zi The authors confirm that this article content has no con-

Poi = Pleural pressure flicts of interest.
Ruzi = Resistance of upper airways in zone Zi ACKNOWLEDGMENTS
Rizi = Resistance of intermediate airways in zone . . ..

7 7i sz This work was partly financed by the Italian Ministry of
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Rezi = Resistance of smaller airways in zone Zi
APPENDIX

A.1. Tracheobronchial Tree Model

Upper airways are described using a nonlinear Rohrer resistor:
Ruzi = Kizi + Kazi[Vil (A1)
where constants Kz and Ky are parameters empirically describing the pressure-flow relationship [18].

The intermediate airways are represented as a collapsible segment of constant length [13], the volume (V¢z) of which varies
with transmural pressure (ptmz;) according to a sigmoidal elastic curve based on that proposed by Lambert [19]:

7nchi

Vol i -V - (ptMy; — pfog

VcZi:(chaxZi'VOcZi_chinZi)'(l_ czi Vomax zi (PN pcz')] +Veminzi  for ptmz < pfez; (A2)
nlCZi ’(VC max Zi *YOczi — Ve min Zi)

_nzczi
tm-; — pf.zi
Vezi =Vemaxzi - 1_(1_VocZi)'[1_V01cZi %j for ptmz > pfez,
cZi® cZi —

and VOl = (dv; / AV, e zi )| , while Vemaxzi and Veminzi are maximum and

where VOCZi = (VCZi /VC max Zi )| ptmy; = pfezi ptmy; =piezi

minimum admissible volumes of air in these airways, pf.z; is the value of ptmy; at the inflexion point and nlz; and N2z are con-
stants. (Note: Although intermediate airway volume is negligible with respect to overall lung volume during a vital-capacity
maneuver (only a few percent [5]), it is considered to evaluate the elastic and viscous properties of this airway segment).

Smaller airways are represented by a nonlinear resistance (Rsz) which increases when transpulmonary pressure (Pgizi) de-
creases. When pgjz; falls below the threshold value (pgszi), they collapse; i.e. their resistance goes to infinity and the airflow out
of the alveoli (V) is zero. Residual volume was assumed to be the volume of air in the lungs when the smaller airways are
completely closed. For pgjzi > piszi smaller airways resistance is given by:

Siszi * (Piszi — PeIzi)

—Ngzi
RSZi = (RtSZi - Rs min Zi ) [1 - )] + RS min Zi (A3)

Nszi (Riszi = Rsminzi

where Rz and Sz are smaller airways resistance and its slope when transpulmonary pressure is equal to its threshold value,
respectively, while Rgninzi is the minimum value of smaller airways resistance and Ng; is a constant. In simulating a vital-
capacity inspiration, we assumed that the smaller airways resistance again becomes finite and is described by equation (A3)
when pleural pressure equals —Pisz;.

The elastance of the alveolar space (E,z) is obtained by differentiating pgjz; with respect to Vvjz;, where the relationship be-
tween Viz and gz is represented by an exponential curve based on the Glaister equation [20]:

i - Dersr — DF e
Vizi = Vimaxzi ~ Mimaxzi —Vfizi)-e % (Peizi~pi) (A4)
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where V|p..zi i the maximum admissible volume of air in the alveolar space of the i-th zone, pfiz; and Vi are the values of pgz;
and Vvjz; when the smaller airways completely close and kjz; is a constant proportional to the slope of the curve at pfiz.

A.2. Intrapleural Pressure Time Course
A.2.1. Tidal Respiration

The time course of intrapleural pressure during a tidal breath is divided into three parts. At the beginning of inspiration (t =
0 and lung volume = functional residual capacity, FRC), pleural pressure equals its rest value, Pplggrc. During inspiration it de-
creases and reaches a minimum at t = tppmi,. During expiration, it rises, reaching Pplerc after a set time interval At, whereupon
it remains constant until the next inspiration. In detail
Ppl min tpp| min

for 0 <t< thImina

APpl -\t i AL APpl -\t o AL
Ppl _ PplFRC _ APAplgRC ~t2 2. Plerc (Ppl min )-t _ Plerc (Ppl min )2 (A6)

AL At

for tepimin < t < tppimin T At,

Ppl = Pplggrc "
for tppymin + AL<t<T,

where T is the respiratory period and APplggrc is the total variation in intrapleural pressure during the time interval from 0 to
tppimin. During each simulation, 20 respiratory cycles were reproduced to reach a steady-state periodic condition [23].

A.2.2. Expiration to Residual Volume.

After a tidal inspiration, described by equation (AS5), an expiration was simulated to residual volume, using the following
relationship for intrapleural pressure:

APplgy . [ « 3r 7«
Ppl = Pplgrc + ———sin| ——t +—————tpp| min |+
p PlErc 5 Atgy D) Atgy Ppl min

EEPRY_ APplnc (A8)

for thImin <t< thImin + AtRV

where APplgy is the total variation in intrapleural pressure from tppjmin tO tepimin + Atry. Intrapleural pressure reaches its maxi-
mum (Pplerc + APplgy — APplerc) at the end of maximum expiration which occurs at tppimin + Atgy.

A.2.3. Single-breath Nitrogen Washout Test

The single-breath nitrogen washout maneuver consists of two parts. After reaching a steady state breathing air, the subject
inspires 100% oxygen from residual volume to total lung capacity (vital-capacity inspiration). After a momentary pause at
TLC, the individual exhales very slowly to RV (slow vital-capacity expiration). During the vital-capacity inspiration from RV
(t=0) to TLC (t = ty.c) the time course of intrapleural pressure is modelled as

APpl
Ppl = Pplere —%'t'exp(l—tﬁncﬁ APplpy — APplere (A9)
TLC

which implies a total variation in Ppl equal to APply.c.

During the slow vital-capacity expiration a feedback integral controller was used to obtain a nearly constant expiratory air-
flow. Thus in this time interval intrapleural pressure behaves as a further state variable and the system is described by a further
differential equation

dPpl

o - retv=vo) (A10)

where V and V,, are the actual and desired constant expiratory airflow rates, respectively, while Kc is a constant large enough to
reach V, in a sufficiently short time. The initial value of this additional state variable Ppl was taken as being equal to intrapleu-
ral pressure at t = t ¢, while kc was set at 10* cmH,O I'".
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