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HANTOS,Z.,B.DAR~CZY,B.SUKI,S.NAGY,AND J.J. FRED- 
BERG. Input impedance and peripheral inhomogeneity of dog 
lungs. J. Appl. Physiol. 72(l): 168478, 1992.~Tracheal pres- 
sure, central airflow, and alveolar capsule pressures in cardiac 
lobes were measured in open-chest dogs during 0.L to 20-Hz 
pseudorandom forced oscillations applied at the airway open- 
ing. In the interval 0.1-4.15 Hz, the input impedance data were 
fitted by four-parameter models including frequency-indepen- 
dent airway resistance and inertance and tissue parts featuring 
a marked negative frequency dependence of resistance and a 
slight elevation of elastance with frequency. The models gave 
good fits both in the control state and during histamine infu- 
sion. At the same time, the regional transfer impedances (al- 
veolar pressure-to-central airflow ratios) showed intralobar 
and interlobar variabilities of similar degrees, which increased 
with frequency and were exaggerated during histamine infu- 
sion. Results of simulation studies based on a lung model con- 
sisting of a central airway and a number of peripheral units 
with airway and tissue parameters that were given independent 
wide distributions were in agreement with the experimental 
findings and showed that even an extremely inhomogeneous 
lung structure can produce virtually homogeneous mechanical 
behavior at the input. 

pulmonary impedance; tissue impedance; alveolar pressures; 
forced oscillations; histamine infusion 

IN A PREVIOUS STUDY (9), we have shown that the input 
impedance (ZL) data obtained in normal dog lungs at low 
oscillation frequencies (0.125-4 Hz) are highly consistent 
with a four-parameter description. This model contained 
an airway compartment with frequency-independent re- 
sistance and inertance and a tissue compartment charac- 
terized by a real part inversely proportional to frequency 
and an elastance increasing linearly with the logarithm 
of frequency (13). Although analysis of the fitting perfor- 
mance of this model did not reveal any systematic error, 
the model-predicted partitioning of ZL into airway (Zaw) 
and tissue (Zti) impedances was not validated. In other 
words, the questions of whether (1) all Newtonian resis- 
tances are located in the airway compartment and (2) 
how far a lumped representation of the lung periphery is 
justified in view of the evidence regarding the regional 
variability of alveolar pressure (PA) even in the healthy 
lung (l-3,6, 7, 15, 16, l&20-24) could not be addressed 
on the basis of the measured input quantities alone. 

The aim of the present study was therefore to examine 

whether the model-predicted separation of Zaw and Zti is 
confirmed by measurements of local PA values with the 
alveolar capsule technique (7). It will be shown that PA 
exhibits a significant inhomogeneity, especially in the 
bronchoconstricted state, whereas ZL remains consistent 
with the one-compartment lung periphery. This paradox 
can be resolved on the basis of a simulation model in 
which a number of largely different peripheral units 
share a common pathway. 

METHODS 

Animal preparation. Six mongrel dogs weighing 17.5 
20.1 kg were studied in the supine position. They were 
anesthetized with pentobarbital sodium (initial dose of 
30 mg/kg, supplemented hourly with lo-mg/kg doses). 
Systemic blood pressure was monitored in a catheter in- 
serted into a femoral artery. Tracheotomy was per- 
formed, and a wide-bore (15-17 mm ID) thin-walled 
metal tube was fitted into the trachea. The animals were 
mechanically ventilated with a Harvard respirator at a 
tidal volume of 30 ml/kg and at frequencies of 10-W 
min. A positive end-expiratory pressure was maintained 
at 5 cmH,O. Paralysis was accomplished with pipecuron- 
ium bromide (O.l-mg/kg initial dose, supplemented with 
0.05 mg/kg after 2 h), bilateral incisions were then made 
between the fifth and sixth ribs, and the sternum was 
split and widely retracted. 

Pressure and flow measurements. Local alveolar pres- 
sures (PAi) were measured with a method similar to that 
described by Fredberg et al. (6). Light Plexiglas capsules 
with a 15-mm-diam disk and a 5-mm-ID cylinder were 
affixed to the visceral pleura with cyanoacrylate glue, 
and three or four holes, ~1-2 mm deep, were made in 
each capsule by gently twirling a conical pin of 0.8 mm 
maximum diameter. Capsule pressures were measured 
with catheter-tip transducers (Mikro-Tip, Millar Instru- 
ments, Houston, TX). The catheters were coiled and sus- 
pended so that they exerted minimal load on the lung 
surface. In dogs 1 and 2 one capsule was placed on each 
middle lobe, whereas in dogs 3-6 two capsules were af- 
fixed to one of the middle lobes, as close as possible but 
without touching each other at end expiration, and a 
third capsule was placed on the opposite lobe. 

Tracheal flow (V) was measured with a heated screen 
pneumotachograph and a Validyne MP-45 (+5 cmH,O) 

168 0161-7567/92 $2.00 Copyright 0 1992 the American Physiological Society 



HETEROGENEITY OF PULMONARY IMPEDANCE 169 

transducer. Airway opening pressure (Pao) was sensed 
with another MP-45 (t30 cmH,O) transducer through a 
side tap of the tracheostomy tube. The frequency-re- 
sponses of the flow- and pressure-m 
includin ,g the sensors, the amplifiers, 

.easu 
and 

ring channels, 
the O.l- to 25- 

Hz band-pass filters, were recorded while the trans- 
ducers were exposed to the same dynamic pressure field; 
then, with reference to the flat-response (O- to 20- ,kHz) 
Mikro-Tip sensors, the Pao and V signals were corrected 
in the preprocessing phase for 
viations. 

amplitude and phase de- 

Forced oscillations. The volume oscillations were pro- 
duced with a closed-box loudspeaker system, described in 
detail previously (9). The loudspeaker was driven via an 
analog-digital board and a pow& amplifier by a VT-110 
(Videoton, Hungary) IBM XT-compatible computer, 
which was also used for the processing of the measured 
signals. The pseudorandom driving signal (U) was speci- 
fied as follows: it had a repetition time of 20 s, but the 
fundamental component (0.05 Hz) was missing. The first 
nonzero component was 0.1 Hz, and the other compo- 
nents (0.15, 0.25, 0.35, 0.55, . . . 20.45 Hz) were prime 
number multiples of the fundamental and were selected 
so that they were spaced as evenly as possible on the log 
frequency scale. The fact that any compon .ent w  ‘as a non- 
integer multiple of the lowe ,r-frequency ones ensured 
that the harmonics produced by possible nonlinearity 
could not interfere with the components of U, and, con- 
sequently, neither the impedance nor the coherence esti- 
mates were biased through the production of harmonics 
(4). The componen .t amplitudes were specified so that the 
power spectrum of U decreased hyperbolically with fre- 
quency, and the component phase angles were then opti- 
mized to attain the minimum amplitude o f the composite 
signal at the presc ribed total power (5). This optimiza- 
tion, together with the attenuation of the higher-fre- 
quency components, was aimed at minimizing the in- 
volvement of nonlinear phenomena in the airways. The 
loudspeaker acted as a volume generator: the volume de- . 
hve 
the 

red was pr boportion al to U, almost i ndependently of 
measured ZL, and amounted to 43 + 3 ml peak - to 

peak; this corresponded to V values < t220 ml/s. 
ProtocoL. Each oscillatory measurement started 4-5 s 

after the animal had been disconnected from the respira- 
tor at end expiration and lasted for 30 s. Between mea- 
surements, the lung was slightly hyperinflated by occlud- 
ing the expiratory outlet of the respirator for one breath- 
ing cycle to avoid atelectasis and also to increase the 
animal’s ability to tolerate the suspension of ventilation. 
Immediately before the tracheal tube was connected to 
the loudspeaker through the pneumotachograph, the 
loudspeaker chamber was pressurized to 5 cmH,O, i.e., 
the transpulmonary pressure at which the measurement 
was made. After the oscillation recordings had been 
made in the control state, the measurements were re- 
peated during intravenous infusion of histamine (8 
pg l kg-’ l min-l) in an interval when the blood pressure 
had reached a steady state again. Eight measurements 
were recorded in each condition. 

Computations. The signals of v, Pao, and PA; were 
sampled at 102.4 Hz, and the input impedance (ZL = 
Pao/b), tissue (transfer) impedances (Ztri = PAi/i7), and 

airway (transfer) impedances (Zawi = ZL - Ztri) were 
computed from the cross-power spectra (G,v> of every 
measured signal x with U (10). (It should be stressed that 
neither Ztri nor Zawi corresponds to local tissue or airway 
impedances because of the lack of concurrently mea- 
sured local flows: they should therefore be interpreted 
rigorously as transfer quantities measured in a one-input 
multiple-output system.) The estimates of Gxu were ob- 
tained with fast Fourier transformation with time blocks 
of 20 s, according to the periodicity of U. Because the 
recordings were only 1.5 periods long, the number of time 
blocks necessary for the reliable estimation of G, spec- 
tra was increased to nine by using 93.75% overlapping. 
As indexes of reliability, the coherence functions yzu 
were computed; recordings in which any &, had values 
CO.98 (except at the heart frequency and its harmonics) 
were rejected. This coherence criterion was fulfilled in at 
least six of the eight recordings in each series, the corre- 
sponding impedances and transfer functions of which 
were ensemble averaged. All impedances (Z) are ex- 
pressed in terms of real (R) and imaginary parts (X), and 
indexed according to Z. 

2ModeZs. The ZL data between 0.1 and 4.15 Hz were 
evaluated on the basis of the following models in which 
invariably ZL = Zaw + Zti and Zaw = Raw + joIaw were 
assumed (Raw and Iaw denote airway resistance and in- 
ertance, respectively; j is the imaginary unit, and o is 
angular frequency). In accordance with Hildebrandt’s 
model (13), which described the impedance on the basis 
of the logarithmic stress relaxation process observed in 
excised cat lungs, in model 1 Zti was expressed as 

Zti = Dd4.60 - j(C + 0.250 + D log w)/w 

where D is the coefficient of the tissue real part (damp- 
ing), also determining the frequency dependence of the 
elastance, the value of which is given by C + 0.250 at u = 
1. In modeZ 2 Zti is assumed to be a constant-phase imped- 
ance, wherein the real and imaginary parts decrease with 
the same power (a) of o (12) 

Zti = (G - jH)/w” 

where G and H are again coefficients for damping (vis- 
cance) and elastance, respectively. In the time domain, 
the above expression describes the decay of pressure p(t) 
after the volume increment VT as p(t)/V~ = Atwk, where 
A and k are constants. With the assumption of an 
asymptotic value B, the stress relaxation process is de- 
scribed as p(t) /VT = AtDk + B; this latter formula was 
used by Hildebrandt to fit the pressure decays observed 
in a rubber balloon (13).l 

l According to Hildebrandt (l3), Laplace transformation of this pro- 
cess results in the expression of the elastic modulus: T(s) = sP(s)/VT = 
A&‘(1 - k) + B, where s = jo and I’(1 - k) is the gamma function of 
(1 - k). Dividing T(s) by s, we obtain the expression of impedance 
Zti(s). Let CY = 1 - k. We then obtain the following form: Zti(jw) = 
Al?(a)f(cos (m/2) -j sin (0&2)/o*] - jB/o, which includes three pa- 
rameters (A, CY, and B). Instead of A and a, we can introduce the param- 
eters G and H as coefficients for the real and imaginary parts, respec- 
tively, as follows: G = AT(a) cos &r/2) andH = AI’(a) sin (ar?r/2). Note 
that the exponent CY can be expressed as CY = (2/r) arctan (H/G) and is, 
therefore, not an independent parameter. Neglect of the asymptotic 
value B leads to the formula of the constant-phase impedance. 
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The parameters of the above models were obtained by 
minimizing the objective function 

F = {(l/m) 5 [ (ZL(U~) - ZL'(wj)12/1ZL(wj)12])1'2 
j=l 

where ZL(U~) and ZL'($ denote the measured and mod- 
eled impedance values, respectively, at frequencies Us 
(1 s j 5 m). Data corresponding to the heart frequency 
and its harmonics were often scattered; when they 
yielded deviating mean values in the repetitive measure- 
ments, these points were discarded in the fitting proce- 
dure. To make the tissue parameters of the two models 
comparable, we calculated damping and elastance at o = 
1 for model 1 as G = Dd4.6 and H = C + 0.25D, respec- 
tively. Tissue hysteresivity (q) was calculated as 7 = 
G/H (8). 

Simulations. We considered a simplified lung structure 
proposed by Fredberg et al. (7); a central airway imped- 
ance (Zcaw) with resistive (Rcaw) and inertive (Icaw) 
parameters was connected to n parallel peripheral 
branches (Fig. 1). As a first step, the parallel resultant of 
the branch impedances, i.e., the equivalent one-compart- 
ment peripheral impedance (Zp), was specified by estab- 
lishing the peripheral airway parameters Rpaw, Ipaw, 
and the tissue parameters G and H of model 2. Then, Zp 
was split into parallel branches (for computational rea- 
sons the actual value of n was 900), and random values, 
approaching uniform distributions in terms of admit- 
tance, were given independently to the parameters of the 
peripheral airway branch impedances Zpawi (Rpawi and 
IpawJ and the tissue impedances Ztii (Gi and Hi)e2 For 
simplicity, the ratios Ipawi/Rpawi and G,IH, were kept 
constant in all branches. The airway wall distensibility 
was represented by a shunt compliance (Cb) connected 
in parallel with the peripheral units. 

RESULTS 

Measured datu. The values of pulmonary resistance 
(RL) and tissue (transfer) resistances (RtrJ .estimated in 
dogs 3-6, in which three local PA, signals were measured, 
are shown in Fig. 2 (in the first 2 experiments, where only 
2 capsules were used, the results were qualitatively simi- 
lar to the others). In the control state, most Rtr; curves 
run parallel with that of the corresponding RL, which 
suggests that the estimates of Raw are roughly frequency 
independent. During histamine infusion (HI), the low- 
frequency RL values increased to 140-280% of the con- 
trol; in several Rtri curves, the frequency dependence was 
changed profoundly (dogs 3 and 6)) which implies marked 
decreases in the local estimates of Raw (Raw, = RL - 
RtrJ with frequency. In these cases, Rtr; crossed zero and 
remained negative for shorter or longer intervals of fre- 
quency, which corresponds to “paradoxical looping” in 
the Ph vs. Pao relationship (6). The effective pulmonary 
elastance, calculated from the reactance (XL) as ELeff = 
1 WXL I, followed a fairly linear increase on the log fre- 
quency scale up to 0.5-l Hz and then declined as a result 

2 Subscript i refers to values assigned to (or computed for) the ith 
peripheral branch in the simulation model (1s i I n), and it is also used 
to index the measured local alveolar pressures and the quantities com- 
puted therefrom (i = 1, 2, 3). 
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FIG. 1. Distributed-periphery model for simulation of pulmonary 
impedance consisting of lumped elements for central airway imped- 
ance (Zcaw) and bronchial compliance (Cb) and impedances of periph- 
eral airways (ZpawJ and tissue units (Ztii) with values of independent 
distributions, PAi, local alveolar pressures. 

of the dominating effect of inertive forces (Fig. 3). HI 
increased ELeff; the elevations at low frequencies 
amounted to 17-57% of the control. The elastances cal- 
culated from Ztri (Etri) increased linearly and uniformly 
up to 5 Hz in most of the control cases and also in a few 
cases during HI (dogs 4 and 5). At higher frequencies 
there were fluctuations, probably due to local pathway 
resonances, and departures of the Etri curves within each 
dog. The heterogeneity of PA, is nevertheless indicated 
by the differences in Rtri, even at low frequencies in the 
control state, and is shown to be increased by histamine 
in both Rtri and Etri (Figs. 2 and 3). The largest intrain- 
dividual differences in Rtri and Etr; do not relate exclu- 
sively to data obtained from opposite lobes, because in 
dog 3 (control) and in dogs 3 and 4 (HI) the differences 
between adjacent capsules were the largest. 

The residual errors of fitting, i.e., the normalized dif- 
ferences (RL - RL')/IZLI and (XL - XL')/IZLI, are 
averaged for all ZL data and plotted against frequency in 
Fig. 4. ModeZ 2 provided smaller and less systematic de- 
viations from the measured data than did modet 1: the 
average residuals were within the ranges of tl and 
+0.6% for the real and imaginary parts, respectively. The - 
results of parameter estimation from the ZL data are 
summarized in Table 1. When model I was used instead 
of model 2, the fitting errors increased by 35 and 66% in 
the control and during HI, respectively, and systemati- 
cally higher Raw and lower Iaw values were found. Slight 
differences in G, H, and q were also observed. Marked 
histamine-induced elevations in Raw, G, H, and v were 
revealed by both models, although the highly variable 
individual responses of Raw did not result in a statisti- 
cally significant average increase. The change in Iaw 
was opposite and less significant (~10%) in the case of 
model 2. 

Figures 5 and 6 show typical measured RL and EL data, 
respectively, together with the fitting curves of the mod- 



HETEROGENEITY OF PULMONARY IMPEDANCE 

RESISTANCE (cmH,O.s/l) 

171 

6 

0.1 1 10 0.1 1 10 

#6 

adjacent capsules 

FREQUENCY (Hz) 

FIG. 2. Real parts of pulmonary input impedance (solid line) and tissue (transfer) impedances (dashed lines) vs. 
frequency in 4 dogs in control (top) and during histamine infusion (bottom). Note different scale in bottom panels, 
Values are means of 6-8 measurements in each condition. 

els. To enhance the deviations from the strictly hyper- 
bolic decrease in RL with frequency, which is inherent in 
the model I formulation, the RL data were plotted against 
the reciprocal of frequency (Fig. 5). The fact that the RL 
data appear in a slightly curved fashion accounts for 
most of the improvement in fitting provided by model 2. 
This is particularly true for the HI data, where the higher 
v values obtained (Table 1) reflect a lower value of the 
exponent a, which decreased from the control value of 
0.911 t 0.013 to 0.878 t 0.009. The EL values (Fig. 6) 
were calculated from XL by subtracting the inertial reac- 
tance first, i.e., EL = w 1 (XL - oIaw) 1. Hence, the sets of 
inertance-corrected EL data are slightly different, de- 
pending on the model type used; those estimated by 
model 2 fittings exhibit a slight upward deflection with 
log frequency, whereas the higher Iaw values given by 
model 1 lead to a more linear arrangement of the EL data. 
In accordance with the data presented in Table 1, the 
histamine-induced elevations of RL and EL were asso- 
ciated with invariably good fittings by model 2. 

The Zawi data displayed a great variability within each 
dog and also in their interindividual changes due to HI. 
As exemplified in Fig. 7, Raw, was largely frequency inde- 
pendent up to 5-10 Hz, and Xawi increased with fre- 
quency in a fairly linear manner in the majority of the 
control measurements (in 10 of the 16 cases). In the re- 
maining control Zawi data and in 14 cases of the HI mea- 

surements, Rawi exhibited a marked negative frequency 
dependence at low frequencies, which was associated 
with a downward bend of Xawi before its return to the 
linear increase. The Raw, data pooled at 0.25, 4.15, and 
10.55 Hz, respectively, amounted to 184 t 99, 133 t 46, 
and 134 & 39% (SD) (control) and to 351 t 202,148 t 43, 
and 126 t 32% (HI) of the corresponding Raw values 
from the model 2 fitting in the O.l- to 4.15-Hz interval. In 
all data groups, the differences between Raw, and Raw 
were significant (P < 0.01) by the paired t test. 

Simulated data. The one-compartment parameters of 
the simulation model (Fig. 1) were initially set to corre- 
spond to typical estimated values from the control mea- 
surements of ZL. After splitting Zp into parallel 
branches, the l/Zpawi values (i.e., peripheral airway ad- 
mittances) were given an even distribution between 5 and 
100% of the maximum l/Zpawi. The range of distribu- 
tion of tissue admittances (l/ZtiJ was t25% around their 
average value. Peripheral bronchoconstriction was simu- 
lated by increasing Rpaw from 0.1 to 0.4 and 0.8 
cmH,O l s. 1-l while preserving the initial distributions, 
i.e., elevating the Rpawi values proportionally in all 
branches. For the sake of clarity, all other parameters 
were fixed, at Rcaw = 
cmH,O . s2. l-l, Ipaw 

0.2 cmH,O. SW, Icaw = 0.02 
= 0.002 cmH,O* s2 l l-l, G = 2.4 

cmH,O/l, and H = 16 cmH,O/l. As shown in Table 2, the 
fitting of the one-compartment model to the simulated 
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FIG. 3. Effective elastances calculated from pulmonary input impedance (solid line) and tissue (transfer) imped- 

ances (dashed lines) vs. frequency in 4 dogs in control (top) and during histamine infusion (bottom). Values are means 
of 6-8 measurements in each condition. - 
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FIG. 4. Fitting errors of modek I (dashed line) and 2 (solid line), 
expressed as differences between modeled and measured values of pul- 
monary resistance (RL) and reactance (XL), normalized by impedance 
magnitude ( 1 ZL I). Values (means k SD) are from pooled data obtained 
in control and during histamine infusion (n. = 12). *Two data points 
were discarded in fitting. 

ZL data in the range of 0.1-4.15 Hz resulted in gradually 
increasing fitting errors with the elevation of Rpaw, al- 
though at Rpaw = 0.8 cmH,O l se 1-l they were still com- 

parable with the F values obtained in the actual measure- 
ments. The one-compartment parameters Raw = 
Rcaw + Rpaw, Iaw = Icaw + Ipaw, and G were progres- 
sively underestimated with increasing Rpaw, whereas H 
remained constant; consequently the 18% change in the 
apparent q was due to the elevation of G alone. 

Putting the lumped bronchial compliance (Cb) with a 
value of 0.002 l/cmH,O [which is 2.5 times lower than 
that assumed for the human bronchial system by Mead 
(19)] in parallel with the peripheral branches did not 
cause qualitative changes in the simulated ZL, Ztri, and 
Zawi data. As indicated by the F values, model 2 fitted ZL 
invariably well, and there were only slight decreases in 
the parameter estimates. 

The effect of increasing Rpaw on Ztri is illustrated in 
the case of three groups of peripheral branches, with 
Rpawi close to the minimum, average, and maximum val- 
ues of the distribution. Each group consisted of three 
branches that ended in a Ztii of low, medium, or high 
value. Elevation of Rpaw augmented the differences be- 
tween the Rtri curves (Fig. 8) and shifted the separation 
of the Etri graphs toward lower frequencies (Fig. 9). 
These patterns resemble the changes seen in the mea- 
sured Rtri values (cf. Figs. 2 and 3). It is remarkable that 
the influence of the changes in Zti on both Rtr; and Etri 
were small and discernible only for the highest-resis- 
tance pathways. 

In Fig. 10, two families of simulated Zawi curves are 
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TABLE 1. Values of model parameters and fitting errors 
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Model F, % 
Raw, 

cmH,O . s l 1-l 
Iaw, 

cmH,O l s2 l I-’ 
G K 

cmH,O/l cmH,O/l rl 

0.347t0.123 
0.317~0.120 

0.149t0.024 
0.14lt0.021 

Control 
0.0161t0.0041 
0.0169t0.0043 

1 1.46t0.59 
2 l.OSt0.37 

2.28-tO.551 
2.19-to.501 

15.23k2.05 
15.46t2.09 

P -co.02 <O.Ol <O.Ol -Co.01 <O.OOl -Co.01 

Histamine 
0.0130t0.0063 
0.0153t0.0061 

1.90t0.78 
1.14t0.52 

4.31s0.80 
4.14+0.81 

20.59Ik2.78 
20.99t2.85 

1 
2 

P 

P” 
Pt 

0.839t0.500 
0.749t0.475 

0.208kO.016 
0.196t0.016 

co.01 <O.OOl <O.OOl CO.001 <O.OOl <O.OOl 

NS 
NS 

NS 
NS 

<0.05 
NS 

X0.01 
<O.Ol 

co.01 
co.01 

<O.Ol 
<O.Ol 

F, fitting error; Raw, airway resistance; Iaw, airway inertance; G and H, coefficients of the real and imaginary parts of tissue impedance, 
respectively; q, hysteresivity index. * Differences in mode2 1 values between control and histamine. t Differences in model 2 values between control 
and histamine. 
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l/f (4 FIG. 6. Pulmonary elastance (EL) calculated from imaginary part of 
input impedance, with removal of inertial reactance obtained from fit- 
ting of models 1 (open symbols) and 2 (closed symbols) in frequency 
range 0.1-4.15 Hz. Values (means t SD) are from 6 measurements in 
control (C) and during histamine infusion (HI) in one dog. Dashed and 
solid lines, tissue elastance from fitting of models 1 and 2, respectively. 

FIG. 5. Real part (RL) of pulmonary input impedance vs. reciprocal 
of frequency (l/f) in control (C) and during histamine infusion (HI) in 
1 dog. Values (means t SD) are from 6 measurements in each condi- 
tion. Fittings of modek 1 and 2 are illustrated with dashed and solid 
lines, respectively. 

shown from the population generated with the same one- 
compartment initial parameters and distributions as in 
the preceding study. The Rawi curves start from different 
values, depending on Rpawi, and run fairly parallel up to 
5 Hz in the case of low resultant Rpaw, whereas those 
relating to high Rpaw (with the exception of the mini- 
mum-resistance pathway) join rapidly with increasing 
frequency. Xawi departs more from the linear increase of 
the one-compartment airway reactance, the higher 
Rpaw, pathway considered. The drastic fall in Xawi cal- 
culated from the high-resistance branches for an ele- 
vated overall Rpaw is similar to those frequently found 
during HI (see Fig. 7). 

d&ions (l-3, 6, 7, 15-18, 20-24) and has been used to 
assess the inhomogeneity of alveolar pressure during 
oscillations at different frequencies (1,3,6, 7,15,22,24), 
deflations at maximal (16,18,21) and submaximal flows 
(24), and rapid flow interruptions (2, 20). It should be 
emphasized, however, that the limited availability of mea- 
surement sites precludes systematic studies on regional 
inhomogeneity, even if the latter is understood specifi- 
cally in terms of interlobar (e.g., apex-to-base) differ- 
ences (1). From this, it follows that the documented dif- 
ferences in PA, are indicative only of an appreciable inho- 
mogeneity, and neither the mean PA nor a statistically 
reliable indicator of the overall pressure variability can 
be estimated from a few measurement sites. 

At low frequencies, where Zaw is a small fraction of ZL, 
the magnitude of PAi ( 1 PAi I) is expected to exhibit minor 
spatial variations and approach the value of 1 Pao 1 (1,6, 
7), and this should be almost independent of whether Zti 

DISCUSSION 

Regional inhomogeneity. The alveolar capsule tech- 
nique has been shown to give reliable estimates of the 
local alveolar pressures under strict methodological con- 
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is uniform throughout the lung. Accordingly, in the pres- 
ent study the variability of IZtri( (which is equal to that 
of 1 PA; I, because the same central flow V is used in the 
calculation of Ztri) was extremely small at 0.1 Hz; the 
coefficient of variation (CV) was 1.1% in the control and 
3.5% during HI, with negligible differences between 
1 Pao I and I PA, 1. At the same time, however, the corre- 
sponding CV values of Rtri amounted to 8.7 and 82.6%, 
respectively. This fact is in accordance with previous 
findings (3,23) and implies that considerable phase dif- 
ferences exist between regional lung units, which may 
give rise to intense interregional flows even in the case of 
the fairly uniform 1 PAi I values prevailing at 0.1 Hz. On 
inspection of our Rtr, and Etri data shown in Figs. 2 and 
3, it is apparent that with increasing frequency the en- 
hancement of phase differences is associated with pro- 

FIG. 7. Typical patterns of “airway” impedances esti- 
mated from measurements of local alveolar pressures, in 
terms of real (Raw,) and imaginary parts (Xawi), in the 
control (left) and during histamine infusion (right). Solid 
lines, Raw and Xaw obtained from input impedance fit- 
tings by model 2 in range 0.1-4.15 Hz. 

gressive heterogeneity in f PAi 1. Indeed, at 4.15 Hz the 
CV of I Ztri ] increased to 13 (control) and 32% (HI) and 
I Ztri 1 amounted on average to 116 and 57% of I ZL I, in 
the control and during HI, respectively. The latter values 
indicate that at 4.15 Hz (i.e., somewhat below the reso- 
nant frequency of 5-6 Hz in the control) I PA, I exceeded 
I Pao I, a phenomenon described as the resonant amplifi- 
cation of PA (7), whereas during HI the increase of Raw 
led to the overall damping of PA. These findings are in 
accordance with both the diversification of the magni- 
tude and phase of the individual PAi/PaO ratios with in- 
creasing frequency and their histamine-induced alter- 
ations, described in a higher-frequency range (1, 6, 7). 

Irzput impedance. The marked fall in RL and the slight 
increase in EL as frequency increases are in agreement 
with earlier observations at low frequencies (3,9,11-15, 

TABLE 2. Results of one-compartment model fitting to simulated distributed-periphery data 

F, % 
Raw, Iaw, G ff, 

cmH,O l s l I-’ cm&O l s2 l 1-l cmH,O/l cmH,O/l rl 

0.1 0.09 0.308 
0.4 0.57 0.542 
0.8 1.13 0.801 

Cb = 0 

0.0215 2.39 16.00 0.150 
0.0196 2.56 15.98 0.160 
0.0184 2.84 16.00 0.177 

0.1 
0.4 
0.8 

0.10 
0.53 
1.06 

0.294 
0.503 
0.729 

Cb = 0.002 l/cmH,O l 

0.0213 
0.0194 
0.0180 

2.25 15.52 0.145 
2.40 15.50 0.155 
2.64 15.53 0.170 

Cb, bronchial compliance; Rpaw, specified resultant peripheral airway resistance; F, fitting error; Raw, airway resistance; Iaw, airway iner- 
tance; G and H, coefficients of the real and imaginary parts of tissue impedance, respectively; YJ, hysteresivity index. See text for other specified 
values and further explanation. 
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22). The changes in ZL due to the infusion of histamine, 
assessed either from those in RL and EL in a model-inde- 
pendent manner (Figs. 5 and 6) or on the basis of model 
parameters (Table l), showed that at frequencies around 
the spontaneous breathing rate the elevation in ZL is 
overwhelmingly due to that in Zti, and the contribution 
of the increased Raw to the dissipative losses becomes 
significant only in the upper half of the frequency region 
investigated. These findings are partly in agreement with 
the responses to aerosolized histamine in previous stud- 
ies (6,14,15,20), where the elevation in Rti was a signifi- 
cant or even predominant component of the rise in RL, 
depending on the histamine dose and the frequency of 
deformation. Recently, it has also been shown that the 
histamine responsiveness of the peripheral airways and 
lung tissues may be markedly different between dogs and 
within lung regions (17). 

Both models provided good fits to the measured ZL 
data, in the control and during HI. Although analysis of 
the fitting quality in terms of residuals disclosed a slight 
overestimation of RL at low frequencies in the case of 
model 1, the values of F are about half of those found 
previously under similar experimental conditions (9), 
where in turn significant systematic differences between 
measured and modeled ZL data, if any, were not detect- 
able within the wider scatter of residuals. Because the 
present study differs from the previous one (9) only in 
the spectral content of the applied driving signal (quasi- 
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FIG. 9. Elastances (E), i.e., imaginary parts 
times angular frequency, from the same simula- 
tion study as in Fig. 8. See text and legend to Fig. 

~ ~~~y~ymmy 8 for further explanation. 
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FIG. 8. Real parts (R) of simulated pulmonary 
input impedance (solid line) and tissue (transfer) 
impedances (dashed lines) vs. frequency with re- 
sult of peripheral airway resistances (RpawJ set 
at 0.1 (left) and 0.8 cmH,O l s l 1-l (right). Curves 
a, b, and c relate to peripheral branches with min- 
imum, average, and maximum Rpawi, respec- 
tively. Data corresponding to minimum (cl), 
average (c), and maximum (~2) tissue impedances 
depart from each other only in the case of maxi- 
mum Rpawi. 

equidistant spacing of components on the log frequency 
scale between 0.1 and 20.45 Hz, instead of the inclusion 
of every multiple of 0.125 Hz up to 5 Hz), the reason for 
the changed fitting behavior of model 1 is really not clear. 
Reevaluation of ZL data from our previous work (9) nev- 
ertheless indicated that among the densely spaced 
higher-frequency data points many more ZL data were 
affected by the cardiac noise than those omitted from 
model fitting, and this may offer an explanation for the 
higher F values found previously. Another factor leading 
to smoother data is the exclusion of multiple-frequency 
components of the driving signal, which has been shown 
to reduce the effect of nonlinear harmonic production 
(4). At any event, in the current study, the fits given by 
model 2 are convincingly bette r than those given by modeZ 
I and are equally good in both measuring condition s, and 
therefore in the simulation model the Zti described by 
model 2 was favored. Because of the similar descriptions 
of the tissue mechanics, however, the conclusions drawn 
from the simulation study would be practically the same 
with either model, 

The constant-phase model is rigorously compatible 
with the structural damping hypothesis (8), whereby the 
dissipative and elastic processes are couple Id at the ele- 
mentary level of the lung tissue. The specific mecha- 
nisms that may un .derlie phase constancy remain specula- 
tive (B), but at the phenomenological level it is important 
to note that model 2 arises from a rate-dependent relax- 
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ripheral airway resistance, all ending at medium values of 
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mated from simulated pulmonary impedance by model 2 fit- 
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and right: resultant peripheral airway resistance of 0.1 and 
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ation equation. Accordingly, model 2 provides a clear 
counterexample that the structural damping phenome- 
non is not restricted to plastic or rate-independent mech- 
anisms of energy dissipation. Although structural damp- 
ing may describe certain plastic or viscoelastic processes, 
it implies neither. 

The frequency-domain formulations of both models 
are derived from empirical fitting formulas describing 
stress relaxation processes after a sudden change in vol- 
ume (13), and hence their validity is expected only within 
the time interval (or the corresponding frequency range) 
of the measurement. Nevertheless it may be informative 
as to how the tissue parts of these models behave at ex- 
treme values of time or frequency. Model 1 assumes a 
pressure decay of the form p(t) /VT = C - D log t (13) and, 
therefore, becomes physically uninterpretable not only 
at t = 0 (infinitely high frequency) but also when the 
observation time reaches log t = CID, although the latter 
discrepancy appears only above 103-lo4 s (i.e., below 
10-3-10-4 Hz), according to the highest h values (0.25 - 
0.3) reported so far (8). By contrast, modet 2 predicts that 
with decreasing frequency Rti and Xti tend monoto- 
nously to plus and minus infinity, respectively, whereas 
the time-domain formula shows that p(t) approaches 
zero with increasing t. The disappearance of pressure 
(i.e., the lack of a loss-free elastic element) can be reme- 
died formally by putting the asymptotic value B of p(t)/ 
VT back into model 2, thereby returning to the rubber 
balloon model of Hildebrandt (13). In the frequency-do- 
main formula of the latter, B corresponds to an ideal 
(hyperbolic) elastic reactance (Bljw) added to the con- 
stant-phase component H/j& With this additional pa- 
rameter included, our ZL data could be fitted at de- 

creased F values: 0.74 vs. 1.08% (P < 0.05) and 0.92 vs. 
1.14% (P < 0.01) in the control and during HI, respec- 
tively. However, although the sums H + B were almost 
identical with the H values from model 2, the estimates of 
B were enormously variable: they ranged from -17.22 to 
10.36 cmH,O/l in the control and from -10.77 to 11.42 
cmH,O/l during HI. This indicates that the frequency 
range of our ZL data was not wide enough to obtain stable 
and physically meaningful values for this additional pa- 
rameter. 

On the other hand, the restriction of the model fitting 
to the frequency interval from 0.1 to 4.15 Hz enabled us 
to neglect the effects of other parameters, such as those 
describing the frequency dependence of Raw and Iaw, 
and to avoid the involvement of tissue inertance. As a 
consequence of the latter, the impedance of the alveolar 
gas compressibility (Zg) cannot exert an appreciable 
shunt effect on Zti, because Zg is much greater than, and 
similarly frequency-dependent as, Zti. The negligible in- 
fluence of Cb on the recovered values of the tissue param- 
eters (Table 2) can be explained analogously; as long as 
the impedance distal to the shunt point is characterized 
by an approximate inverse proportionality to frequency, 
the frequency dependence of RL and EL will not be quali- 
tatively different from that of Rti and Eti. Consequently, 
at low frequencies, very high Newtonian resistances 
should be assumed in the peripheral airways to pro- 
duce frequency dependences consistent with Mead’s 
model (19). 

Peripheral inhomogeneity vs. input homogeneity. The 
results of simulation showed that, despite marked differ- 
ences in the regional mechanical properties, the simu- 
lated ZL data can be fitted by models containing a 
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one-compartment periphery, with fitting errors not ex- 
ceeding the low F values obtained in the actual measure- 
ments. In other words, the systematic errors, which are 
small even at elevated Zpaw, may remain hidden beyond 
fluctuations in the measured ZL data, and thus the pe- 
ripheral inhomogeneity is not reflected by the input im- 
pedance of the lungs. This behavior appears in a striking 
analogy with the observation of interregional differences 
in the rate of change of PA,, inapparent in the maximum 
expiratory flow-volume curves (18). Nevertheless, we 
should stress here that our results relate to linear opera- 
tion of the lung, both by the nature of the simulation 
model and because of the use of small-amplitude oscilla- 
tions in the measurements. 

If the lungs were characterized by a homogeneous one- 
compartment periphery or, alternatively, if the PA; data 
had been collected from peripheral branches correspond- 
ing to the mean l/Zpttwi of the distribution, the Ztri data 
could have been analyzed in terms of model 1 or 2 parame- 
ters, and we could have seen whether the model-pre- 
dicted separation of ZL into Zaw and Zti is congruent 
with the assumptions that all frequency-independent 
(Newtonian) resistances reside within the airway com- 
partment and the tissue inertance comprises a minor 
portion of the total pulmonary inertance. Unfortunately, 
in view of the patterns of Ztri and Zawi, which were strik- 
ingly incompatible with those expected from a one-com- 
partment periphery or a medium-impedance peripheral 
pathway, such an analysis would have led to uninterpret- 
able results. We conclude that these patterns arise from 
the mutual shunt effects that the member impedances of 
the peripheral distribution exert on each other, particu- 
larly on those having relatively high values. 

We have applied a simulation model that represents a 
largely simplified structure of the lungs, especially in 
view of the fact that an irregularly branching network 
was substituted here by a one-generation peripheral air- 
ways system. Consequently, neither the type nor the 
width of distribution of the peripheral parameters can be 
expected to correspond to real inhomogeneities. From a 
functional point of view, it may be nevertheless instruc- 
tive that the l/Zpawi values had to be distributed in a 
wide range (from 15.6 to 311.1% of the average value) to 
obtain in the highest-impedance branch such character- 
istic Ztri and Zawi curves as those found among the mea- 
sured impedances (cf. data from dogs 3 and 6 in Figs. 2 
and 3 with Figs. 8 and 9 for Ztri and Fig. 7 with Fig. 9 for 
ZawJ. Because it is unlikely that it was the highest-impe- 
dance branch we found quite often in capsules located on 
the large flat costal surfaces, the distribution of Zpawi 
must have been substantially wider than that assumed in 
the simulation model. This is particularly relevant to the 
bronchoconstricted state, where two opposing effects on 
the inhomogeneity of PAi should be considered: the non- 
uniform responses to bronchoconstrictor stimuli may wi- 
den the distribution of Zpawi, whereas the marked in- 
crease of Zti acts in the direction of homogeneity of PAi. 
Consequently, if we had not kept Zti constant during the 
elevation of Zpaw, the ability to simulate the high-Zpawi 
patterns would have required further widening of the 
distribution. 

The maintenance of the initial distribution of Zpawi 

during the elevation of Zpaw can be argued on the basis 
of the different local sensitivities to Hi. Although the 
latter phenomenon is very likely to occur, in all except 
dog 4 the pathways addressed by the capsule measure- 
ment seemed to preserve their positions in the distribu- 
tion approximately; for example, the Rtri curves that ran 
farthest from the corresponding RL in control (i.e., that 
represented the highest-Rpawi branch) did the same dur- 
ing HI (Fig. 2). This suggests that the irregular structure 
determining the initial inhomogeneity remained the dom- 
inant factor after the induced bronchoconstriction. 

An interesting conclusion drawn from the simulations 
is that the effect of regional differences in the parenchy- 
ma1 mechanical properties is negligible not only on ZL 
but, in contrast with that in the peripheral airways, also 
on the local Ztri and Zawi data. This indicates that the 
interconnections through the Zpawi network can create 
the functional homogeneity of the tissue units, even if we 
neglect the elastic coupling between them. On the other 
hand, the dissipative losses arising from the interre- 
gional flows may add to Rti (23), as was indicated by the 
virtual increase in B during the simulated elevation of 
Rpaw (Table 2). This phenomenon was interpreted on 
the basis of the interrupter resistance measurements by 
Bates et al. (2), in terms of a gas redistribution accom- 
panying the stress recovery in the tissues. Increases in 
tissue resistance or viscance in excess of those in elas- 
tance have been observed during vagal stimulation (l4), 
histamine inhalation (14, 15), and histamine infusion 
(present study), and these changes can be expressed by 
the elevation of q (8). However, because the contribution 
of interregional flows to the observed elevation in Rti 
could not be separated from the changes in the purely 
tissue resistance in any of these studies, the possible al- 
terations in the intrinsic relationship between the dissi- 
pative and elastic properties at the elementary tissue 
level are really not known. In view of the limitations in- 
herent in the present simulation study, it is only probable 
that the marked increase in 7 during HI (39 vs. the 18% 
elevation produced by the simulated bronchoconstric- 
tion) was due in part to a changed hysteresivity of the 
pulmonary tissue. 
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