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INTRODUCTION

Equivalent linear network models of the resp
iratory mechanics have been used to estimate
the lung resistance and compliance for early
diagnosis of the obstructive lung diseases{Butler
et al., 1960; Grimby et al.,, 1968; Macklem,
1972; Pimmel et al., 1978, Schwaber et al.,
1967). Among those methods, the forced osci-
llation methods have been most extensively
studied by various investigators(Dubois et al.,
1956; Franetzki et al,, 1979; Goldman et al.,
1970; Hyatt et. al., 1976; Landser et al.,1976;
Michaelson et al., 1975; Peslin et al., 1975).

In the forced oscillation method, the effects
of the active respiration force on the accuracy
of computing respiratory impedance were negl-
ected. However, one recent report(Delavault et.
al., 1980) has shown in a theoretical and simu
lation study that the effect of the parasitic
signals is an important source of error. In their
study,the measured impedance value was shown
to vary from the true respiratory Iimpedance
value of the subject to the impedance value of
apparatus, depending upon the amplitude of the
source signal produced by the subject. Also,the
complexity of the procedure and instrumentation
has limited clinical application of the forced
oscillation method. Hence, it is desirable to
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develop a new clinical method which can prov-
ide the estimated values of both the active
respiration force and the lung impedance in a
single clinical test.

In this paper, we have used a Thévenin
equivalent circuit model of the respiratory
mechanics to estimate simultaneously the resp-
iratory impedance and the source pressure during
spontaneous and maximal breathing procedures.

The computed respiratory resistances of six
normal human subjects were compared with the
measured airway resistance values using the

plethysmographic method.

THEORY

The Thévenin equivalent network theorem
shows that any complex linear time-invariant
network can be replaced by a simple equivalent
circuit of a single pressure source and a source
impedance, whatever the output loads may be
connected to the network (Desoer, 1969). Thus,
if the ventilatory function of the lung can be
considered as a linear time-invariant network,
replacement of the whole ventilatory mechanics
by an equivalent source(fig.1) would completely
represent the orignal ventilatory function, as
far as the resipiratory pressure and flow outputs
are concerned.

Using the phasor notations for the Thévenin
equivalent network of the ventilatory functions,
the phasors of the source pressure, V,(w), and

the source impedance,Z,(®), at the fundamental
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Fig. 1. Thévenin equivalent source model of the

ventilatory function,

angular respiratory frequency, o, are related to
the output respiratory flow, @,(@), and the

output load impedance, Z,(w), as follows;
=7 (o) +Z;(w) 1

From eq. 1, the magnitudes of the fundame-
ntal component of the source pressure, V;, and
the flow Qq, in control state are related by

1 _ 1R, )2 X \2
o (v )+ (V) @

where R, is the resistive component of the

source impedance, Z,, and X, is the reactive
component of Z..

Also, when the source pressure has increased
by % times from the control state with a pure
resistive load, R;, connected to the source, the
magnitude of the loaded flow, Q, can be exp-
ressed as follows in eq. 2;

2 2
g =)+ (e ®
where the subscript  in Q,; indicates that the

flow is measured with the added loading and
the subscript % indicates that the source press-
ure is 2V, as compared with the control source
pressure of V,. For unloaded condition with the
same magnitudes of source parameters(kV, and

R)), the output flow, Qy, become

e TR C @

Then, it can be shown from eqs. 2,3, and 4
that

(BT R o
and
. 83”— )

Eq. 6 shows that the magnitude of the increase
in the source pressure from V, to kV, can be
externally measured by the ratio of the unlo-
aded output flow at £V, condition to the unloa
ded output flow measured in control state. Also,
eq. 5 shows that the measurable quantities of
(k/Qu:)? is parabolically related to the load
resistance, R;, for const ant socurce parameters
(Vs, R, and X,)corresponding to one subject.
From this parabolic relation, the source param-
eters can be estimated using the least square
error method.

Once the reactive component(X,) is computed
in eq. 5, the total dynamic compliance, C;, can
be estimated in eq. 7, as the inductive compo-
nent was known to be negligible in low frequ-
ency ranges{Mead et. al.. 1952, 1964; Otis et.
al., 1950);

1
21X, ¢P)

where f is the fundamental respiration freque-

C=

ncy.

MATERIALS AND METHODS

A. CLINICAL EXPERIMENTS

Clinical experiments were performed for six
normal male subjects using a Hewlett-Packard
pulmonary computer system(H.P. 47804S) and
a body plethysmograph (H.P. 47604A). A Fleisch
pneumotachograph (H.P. 21073B), a differential
pressure transducer(EI.P. 270), and various
amplifiers (H.P. 47304A, 88024, 8805C) were
used for the measurement of the respiratory
pressures and flows with and without addition

of the resistive external loading.

-— 294 —




—Cha, E.J. et al.: Estimation of frespiratory impedance and source pressure—

Experiments were performed using the fello-
wing protocols; After the system calibration,
the subjects performed full inspiration and exp-
iration at unloaded condition until the subjects
got used to the pneumotachograph and the set-
up. Then, after two cycles of the control mea-
surements, the loaded respiration was performed
for two full cycles and returned to the unloaded
condition. These measurements were repeated
seven to nine times for each subject using vari-
ous magnitudes of the loads in one experiment.
The loading and unloading were produced
almost instantaneously at the FRC level. Before
the measurement was repeated with different
magnitudes of the load, the subjects took three
minutes of resting period and started the next
unloaded measurements. At the end of the exp-
eriment, the subject performed the total body
plethysmograph test for measurement of the
alrway resistance.

The respiratory pressure and flow signals were
sampled and digitized at a sampling rate of 40
(samples/sec) using a DEC Co’s MINC-11 com-
puter during experiment and were used for the
parameter estimation program. All amplifiers
were calibrated using a constant flow generator
and a water manometer for the flow ranges of
0-4(1/s) and of 0-10
(emH,0). The static linearity of the amplifiers

the pressure ranges

has the error range of =5% in the calibration
test.

B. PARAMETER ESTIMATION

For the computation of source parameters,Q;
of egs. 3 and 5 was determined as the pneum-
otach flow measured during loading condition,
and Qos was given as the flow measured after
Also, the

control measurement before the first loading

elimination of the load resistance.

was used as Qp value in egs. 2 and 6.
Average values of the fundamental compon-

ents of the Fourier series of the two conse-

cutive pressure and flow measurements were
used for computation. The load resistances were
computed from the mean values of the mouth
pressure and flow. Then, for various measure-
ments with different loadings, the corresponding
and the

source parameters(R;, X,, V,) were estimated

E values were computed from eq. 6,

using the least-square-error method.
RESULTS

Fig. 2 shows the measured respiratory press-
ure and flow waveforms before, during and
after releasing the resistive loading. From the
mouth pressure and fiow during loading, the
resistive load(R,) was computed using the mean
values of pressure and flow. Seven to nine diff-
erent loadings were used for each experiment
with the range of the load resistance of 0.4~
10. 0(cmH;0/1/s).

Figs. 3-8 show the relationship of the meas-
ured values of %/Qu2(1/1%/s%) to the applied
Joad resistance tance(cmH0/1/s) in six normal
subjects during maximal breathing. An average
respiration frequency was 0.4 (Hz) during spon-
taneous breathing and 1.2(Hz) during maximal
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Fig. 2. Respiratory flow(upper) and mouth pressure
(lower) waveforms with the applied load.
Load was applied for the duration between
tWo arrows,
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Fig. 3. The measured data (*) in relating (&/Qu).
and the load resistance (R} for various

leading conditions in maximal breathing. A
parabolic function of (&/Qu)?=0.03 R2+

0.14 Ri+0. 92(optimally fitting the measured

data) is shown by a connected line(subject 1).

It is shown in figs. 3-8 that the measured
data are approximated within the range of one
standard deviation by a parabolic function in
the(%/Q::), vs. R; graph. as indicated in eq.5.
Using these measured data and egs. 5 and 6,
the optimal values of the source parameters are
estimated by the least-square error method by
best fitting a parabolic equation to the measured
data, and are summarized in table 1. For the
estimation of source paramesers, we used the
measured data having the applied load resistance
less than 6, 0(ecmH,0/1/s).

As shown in table |,

respiratory resistance during maximal breathing

the estimated total

has an average value of 3,46(cmH,0/1/s), as
compared to the airway resistance value of 1.
86(cmH,0/1/s) measured by the plethysmogra-
phic method in six subjects. The relation betw-
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Fig. 3. The measured data(*) in relating(#/Qn)? and
the load resistance (Ry) for various loading
conditions in maximal breathing. A parabolic
function of (&/Qu)*=0.05 R;+0.45 (optim-
ally fitting the measured data) is shown by
a connected line(subject 2).

een the total respiratory respiratory resistance
(R,) and the airway resistance(R,) is shown in
fig. 9, where R, and R, is related by an equa-
tion of R,=2.55 R,=1,29 with a correlation
coefficient of 0. 98.

Table 1 also shows that the variation of the
total dynamic compliance(C,) among six subjects
is larger than those of the source pressure(V,)
and the source resistance(R,). But the reprodu-
cibility of the measurements for a given subject
is good in maximal breathing, as the standard
deviation is within+109 range of average
values for all three estimated source parameters.

Estimation of source parameters during spon-
taneous breathing is more unreliable as compared
with the maximal breathing data. The reprodu-
cible source parameters could be obtained only
in two subjects(4 and 5), as shown in table 2.
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Fig. 5. The measured data(*) in relating (k/Qr)? and
the load resistance (Ri) for various loading
conditions in maximal breathing. A parabolic
function of (/Qus)2=0.02 RF#+0.12 Ri+0. 62
(optimally fitting the measured data) is shown
by a connected line(subject 3).

Fig. 6. The measured data(*) in relating(k/Q{k)* and

the load resistance(R:) for various loading
conditions in maximal breathing. A parabolic
function of (#/Qr:)?=0.02 R:240.13 R, +0.71
{optimally fitting the measured data) is shown
by a connected line{subject 4).

Table 1. The estimated source parameters and the measured airway resistance during maximal

breathing in six normal subjects

" "Total Respiratory

“Total Dynamic

Respiratory Source Airway Resistance

. : P
Subject No. ( cﬁﬁ;?)t?zll?:) (lc’/nclg}g%? Pressure (cmH;0) (emH:0/1/s)
1 2.02x0.15 0.07240. 008 5.43+0. 47 1.2540. 20

2 2.2040.20 0.163x=0.010 4.28+0. 36 1.4340.09

3 3.01+0.11 0. 054£0. 009 7.4240.68 1.694:0. 15

4 3.87£0. 40 0. 0470. 005 7.77:10.54 2.03%0.10

5 4.7920. 42 0.09040. 004 7.1240.43 2.45+0.10

6 4.88+0.35 0.042+0.008 8.34+0.92 2.33%0.21
Mean+5.D. 3.46%1.14 0.07870. 041 6.73t1.41 1.864-0. 44

Table 2. The estimated source parameters during spontaneous breathing in two normal subjects

) Subject N; Total Respiratory

Total Dynamic Compliance

Respiratory Source

Resistance{cm,0/1/s) (1/emH,0) Pressure{cmH,0)
4 4.43+0.54 0.06210. 009 2.01%0.32
5 4.924-0.63 0.12320.024 2.1640.43
Mean+S.D. 4.6810.25 0.09310. 031 2.09+0.08
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Fig. 7. The measured data(*) in relating (/Q)? and
the load resistance(Ri) for various loading
conditions in maximal breathing. A parabolic
function of (8/Qu)?=0. 02 Ri*+0.19 Ri+0. 54
(optimally fitting the measured data) is shown
by a connected line(subject 5).

Total Respiratory Resistance(cmH.0/1/s)
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Fig. 9. The relation between the measured airway
resistance using plethysmographic method
and the estimated total respiratory resistance.
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Fig. 8. The measured data(*) in relating(k/Qu)? and
the load resistance(Rr) for various loading
conditions in maximal breathing. A parabolic
function of (8/Qu)2=0.01 R:+0. 14 Ri+0. 70
(optimally fitting the measured data) is shown
by a connected line(subject 6).

For these two subjects, the source pressures in
maximal breathing are shown to be significantly
larger than those measured during spontaneous
breathing. But there are no significant changes
in total respiratory resistance and the dynamic
compliance measured using two breathing proc-
edures.

DISCUSSION

The present theoretical analysis is based upon
the following two assumptions: One assumption
is that the external function of the ventilation
can be modeled by a Thevenin equivalent sou-
rce. The other assumption is that the magnitu-
des of the fundamental components of the source
pressure and source impedance do not change

in the first respiratory cycle after abrupt relea-
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sing of the external resistive loading, when the
loads are small.

Most of the models of the ventilatory function
are based upon the linear system theory, and
this linearity assumption has been shown to be
reasonable in its physiological operation ranges.
Thus, using Thévenin network theorem, the
linear ventilatory function can be modeled by
an equivalent pressure source without any add-
itional assumption, even when the external loads
are non-linear or time-varying components.

The second assumption on the source para-
meters is evaluated by comparing the measured
data with the theoretical analysis which is based
upon this constancy requirement in two consec
utive cycles with different loads. While the
measured data were closely approximated by
the computed parabolic function in maximal
breathing procedure, the results became unreli-
able in spontaneous breathing measurements.
Also, when the applied load resistances were
larger than 6, 0(cmH,0/1/s), the results became
unreliable.

The above differences of the reliability may
suggest that the constancy requirement of the
source parameters in two respiratory cycle is
more acceptable when the external loads are
eliminated during maximal breathing. Thus,
these results suggest that the responding vent-
ilatory changes of the source parameters against
the reduction of the load may be more limited
during maximal breathing as compared with the
responses during spontaneous breathing proced-
ure.

As the load resistance increases over 6.0
{emH,0/1/s), the tidal volume has increased in
several case, as other investigators reported for
the steady state measurements(Gothe et. al.,
1980; Zechman et al., 1976). This may be
caused by the ventilatory feedback responses
with a large change in the load. Also, the
source may become nonlinear in the high loading

condition. In this case, the estimation would
become unreliable. For the magnitude of the
source pressure, any probable changes in one
loading measurement to the next one with
different loading were compensated by the k
factors of eq. 6. In whole six experiments k
remained within the range from 0.8 to 1.3.

Constancy of the source impedance in the
transient release of the load resistance can also
be observed in the accuracy test of the forced
oscillation method(Tsai et al., 1977), When the
external load resistances were serially connected
to the mouth in animal experiments, the differ-
ence of the total resistances(the sum of the
source and load resistances) in pre-and post-
loading has provided the resistance value of the
added mechanical loads. Therefore, these results
show that the source resistance did not change
before and after addition of the loads.

The estimated values of the total respiratory
resistance and total dynamic compliance are
within the previously reported physiological ran-
ges of the ventilatory parameters(Comroe,1968;
Franetzki et. al., 1979; Landser et. al., 1976;
Landser et., al,, 1976). Also, the measured
airway resistances are shown to be 45~65% of
the estimated total respiratory resistance, and
the two resistances are related with a high cor-
relation coefficient. Only the fundmental comp-
onents of the source parameters are used for
analysis to eliminate the effects of the inductive
components, as the inductive components are
negligible in low frequency ranges(Mead et al.,
1952, 1964; Otis et al., 1950). Also, the source
parameters are computed using only the magn-
itude components of the phasor analysis, as the
reliable phase angle information is difficult to
obtain.

Physiological significances of the equivalent
source pressure are unclear at this time. Howe-
ver, the present results of the higher source

pressures during maximal breathing than spon-
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taneous breathing for the same subject may
suggest that the source pressure magnitude
provides the flow-independent ventilatory press-
ure, as the flow-dependent pressure component
consumed in the source impedance is eliminated
from the total mouth output pressure. An aver-
age value of the estimated source pressure of
6. 73(cmH,0) in maximal breathing is smaller
than the reported intrapleural pressure of about
10(emH,0) (Guyton,1976). This difference could
be explained by the fact that the fundamental
components have the magnitudes of 60~70%
of the maximal values. Another cause may be
due to the fact that the equivalent source pres-
sure reflects the overall effective pressure of the
vatrious active sources in which the intrapleural
pressure is one major component.

In conclusion, the present Thévenin equivalent
source model of the ventilatory function may
provide another way of evaluating the intrinsic

mechanical characteristics of the respiration.
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