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Ito, Satoru, Edward P. Ingenito, Stephen P. Arold, Harikrish-
nan Parameswaran, Nora T. Tgavalekos, Kenneth R. Lutchen,
and Béla Suki. Tissue heterogeneity in the mouse lung: effects of
elastase treatment. J Appl Physiol 97: 204–212, 2004. First published
March 12, 2004; 10.1152/japplphysiol.01246.2003.—We developed a
network model in an attempt to characterize heterogeneity of tissue
elasticity of the lung. The model includes a parallel set of pathways,
each consisting of an airway resistance, an airway inertance, and a
tissue element connected in series. The airway resistance, airway
inertance, and the hysteresivity of the tissue elements were the same
in each pathway, whereas the tissue elastance (H) followed a hyper-
bolic distribution between a minimum and maximum. To test the
model, we measured the input impedance of the respiratory system of
ventilated normal and emphysematous C57BL/6 mice in closed chest
condition at four levels of positive end-expiratory pressures. Mild
emphysema was developed by nebulized porcine pancreatic elastase
(PPE) (30 IU/day � 6 days). Respiratory mechanics were studied 3
wk following the initial treatment. The model significantly improved
the fitting error compared with a single-compartment model. The PPE
treatment was associated with an increase in mean alveolar diameter
and a decrease in minimum, maximum, and mean H. The coefficient
of variation of H was significantly larger in emphysema (40%) than
that in control (32%). These results indicate that PPE treatment
resulted in increased time-constant inequalities associated with a
wider distribution of H. The heterogeneity of alveolar size (diameters
and area) was also larger in emphysema, suggesting that the model-
based tissue elastance heterogeneity may reflect the underlying het-
erogeneity of the alveolar structure.

elastance; emphysema; modeling; distribution

DYNAMIC LUNG MECHANICAL FUNCTION can be conveniently as-
sessed from input impedance measurement of the respiratory
system or the lung over a range of frequencies by using the
forced oscillation technique (28). Fitting a single-compartment
model of the lung to impedance data acquired over an appro-
priate frequency range allows for partitioning lung mechanical
properties into airway and tissue components (17). The ap-
proach of fitting a single-compartment model to the data to
partition lung impedance to airway and tissue components has
become popular and was applied to the normal lung (13, 16,
32, 35) and a variety of conditions mimicking diseases, such as
emphysema (6), acute lung injury (2), and asthma in which
airways undergo constriction (1, 25, 31). However, Bates et al.
(5) and Lutchen et al. (24) found that, during constriction,
considerable heterogeneity develops in the lung, and, as a
consequence, the partitioning of lung resistance to airway and
tissue components based on the single-compartment model can
lead to an overestimation of tissue resistance. To take into

account airway heterogeneities, Suki et al. (40) developed a
distributed model of airway pathways with different airway
resistances (Raw) but identical tissue elements. It was shown
that this new model incorporating airway-related, time-con-
stant inequalities could provide a significantly improved par-
titioning of airway and tissue properties from impedance data
during heterogeneous constriction in dogs (40), as well as in
normal rats (35).

Most studies have concentrated on airway heterogeneities.
However, it is well known that, for some diseases (e.g.,
emphysema and acute lung injury), heterogeneities do exist at
the level of the tissue (3, 18, 34). At the level of isolated
parenchymal tissue strips, several in vitro studies showed that
changes in tissue structure and matrix composition can alter
tissue mechanics, especially dynamic tissue elastance (8, 33,
41, 44). In the whole lung, such changes in parenchymal
structure and composition should result in considerable heter-
ogeneity of dynamic tissue properties. Indeed, the lung tissue
becomes extremely heterogeneous in emphysema (34). The
large heterogeneity of low-attenuation areas in computed to-
mography images of emphysematous patients (3) is likely to
correspond to a wide distribution of regional tissue elastance in
the lung. Additionally, in acute respiratory distress syndrome,
the lung often has large areas of flooded alveoli (18), as well as
patchy alveolar regions with surfactant dysfunction (15), both
of which lead to increased regional lung elastance (12). Thus
such variations in parenchymal structure and composition
throughout the lung are likely to induce heterogeneity of tissue
elastance and hence a wide distribution of time constants,
which, in turn, should be reflected in changes in lung imped-
ance.

The purpose of the present study was to compare the
time-constant inequalities associated with a distribution of
tissue elastance in the normal and emphysematous lung. To
this end, we developed a new model in which the distribution
of time constants in the lung is related to heterogeneity of
regional tissue elastance. We derived equations for the input
impedance of the model in terms of Raw and airway inertance
(Iaw) and parameters characterizing the distribution of tissue
elastance, which allows us to estimate tissue elastance hetero-
geneities from impedance data measured over a range of
frequencies. To test the applicability of the model, we inves-
tigated the heterogeneity of dynamic tissue elastance obtained
from respiratory input impedance of mice, with or without
porcine pancreatic elastase (PPE) treatment, which is known to
introduce a distribution of emphysematous lesions in the lung
(23). Furthermore, in an attempt to relate the tissue elastance
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heterogeneity to morphological heterogeneity, we examined
several morphological features of the alveolar structure at the
microscopic level.

Model Development

Homogeneous model. Hantos et al. (17) introduced a linear
tissue impedance (ZLti) model called the constant-phase model.
The ZLti is calculated as

ZLti (�n) � (G � jH)/�n
� (1)

with � � 2/� arctan (H/G) and �n � �/�0. In Eq. 1, �n and �
are the normalized and absolute circular frequency, respec-
tively, G and H are the coefficients of tissue damping and
elastance, respectively, and j is the imaginary unit. The expo-
nent � describes the frequency dependence of tissue resistance
[Rti � G/(�n)�] and tissue elastance [Eti � H(�n)1��]. The
normalization factor �0 � 1 rad/s is introduced for the follow-
ing reasons. Without the normalization, the unit of the param-
eters G and H is kPa/Hz1��, which is cumbersome and changes
from subject to subject as it includes �. Our normalization,
however, provides the same numerical value as without nor-
malization; at the same time it also guarantees appropriate
“elastance” unit for G and H. The lung or respiratory system
impedance can be obtained by adding the impedance of the
airway tree (Zaw) in series to the ZLti, where Zaw is the series
combination of an Raw and an Iaw.

Zaw � Raw � j�Iaw (2)

In this model, there are four parameters to estimate from the
impedance spectra: Raw, Iaw, G, and H.

Heterogeneous elastance model. To account for the presence
of lung tissue heterogeneities, we represent the airway tree by
a set of parallel pathways, each composed of an Raw, an Iaw,
and a tissue compartment (Fig. 1). We assume that the values
of Raw and Iaw are the same in each pathway. We also assume
that each tissue compartment can be described with the con-
stant-phase impedance of Eq. 1, but each compartment has a
different H value. The goal is to find a closed-form expression
of the impedance of the network suitable for model fitting. It
can be seen from Eq. 1 that, if H is distributed, then � will also
be distributed, which does not allow for a simple solution of
the network. To avoid this difficulty, we first reformulate Eq. 1

in terms of the hysteresivity (�), a material property of the
tissue (11), defined as the ratio G/H:

ZLti (�n) � (� � j)H/�n
�, (3)

with � � 2/� arctan (1/�). Thus, if we assume that each tissue
compartment has the same �, � will not depend on the
particular distribution of H. To derive the input impedance of
the model, we note the following. The network in Fig. 1 is
similar to that published by Suki et al. (40) in which time-
constant heterogeneities were a result of the distribution of
Raw. The difference between the present model and that of
Suki et al. is that, in the latter, Raw was distributed, and G and
H were the same in each compartment. Examining, however,
the derivations in Ref. 40, we realized that the closed-form
solution is completely symmetric in Zaw and ZLti. Therefore,
instead of providing a full derivation, it suffices to interchange
the roles of Zaw and ZLti and Raw and H. Accordingly, if we
assume that the distribution function (p) of H is hyperbolic,
p(H) � 1/H, between a minimum (Hmin) and maximum value
of H (Hmax), the input impedance Z of the network is obtained
by symmetry arguments from Ref. 40 as

Zin �
FZaw

F � ln �ZLti,min � Zaw

ZLti,max � Zaw
� (4)

where F, minimum ZLti (ZLti,min), and maximum ZLti (ZLti,max)
are given by F � ln (Hmax/Hmin), ZLti,min (�n) � (� � j)Hmin/
�n

�, and ZLti,max (�n) � (� � j)Hmax/�n
�, respectively.

By minimizing the root-mean-square difference between the
model and the data (7), the five parameters (Raw, Iaw, �, Hmin,
and Hmax) were determined. The mean H value (Hmean) was
estimated as the first moment of the distribution function p(H);
the mean G (Gmean) was calculated as Gmean � �Hmean. The
heterogeneity in dynamic tissue elastance was characterized by
the coefficient of variation (CV) of H, defined as the ratio of
the standard deviation (SD) of p(H) to Hmean, both calculated
from the estimates of Hmin and Hmax as

Hmean �
Hmax � Hmin

F
(5)

and

SD of p(H) � �(Hmax
2 � Hmin

2 )

2F
�

(Hmax � Hmin)
2

F2 (6)

Thus the CV of H is obtained by

CV � �F(Hmax � Hmin)

2(Hmax � Hmin)
� 1 (7)

Computational airway tree model. To determine whether the
new model is able to extract meaningful distributions from
experimental data, we tested the model on simulated imped-
ance spectra with known distributions of H. We first developed
a stochastic tree model of the mouse airway structure using the
design algorithm of Kitaoka and Suki (20). The algorithm is
based on flow partitioning, whereby the flow Q̇ in a parent
segment is partitioned to rQ̇ and (1 � r)Q̇ in the two daughter
segments, where r � 0.5 is the flow partitioning parameter.

Fig. 1. Network model of the respiratory system, which is a parallel combi-
nation of pathways, each containing airway resistance (R; Raw), inertance (I),
and a tissue compartment connected in series. The tissue compartments have
the same hysteresivity (�), but the tissue elastance (H) is distributed between
H1 and Hn.
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The value of r can be taken from a distribution, and the
partitioning is continued until the flow becomes less than a
threshold flow, Q̇c. The asymmetry of the tree is governed by
r, and the size of the tree is determined by Q̇c. We used r �
0.35 and Q̇c � 0.0006, which were calculated from the data of
Gomes and Bates (14). The diameter relative to the trachea of
each segment was then calculated as d � Q̇m, where m � 2.8
is the diameter exponent. The length of each segment was also
a random variable and was taken to be, on average, three times
the diameter of the segment. The generated tree had 3,071
branches, and the number of terminal branches was 1,536.
Next, we added two different elastance distributions: a constant
H of 35 cmH2O/ml and a hyperbolic H distribution between 10
and 85 cmH2O/ml with an average value of 35 cmH2O/ml. The
resistance, inertance, and airway wall properties of each seg-
ment were calculated, and the input impedance of the entire
tree was obtained, both with rigid and floppy airway wall
models, as described previously (42). The tissue � was set to be
0.2 in each simulation. The impedance spectra were then fit
with the model of Eq. 4, and the estimated parameters were
compared with their true values.

METHODS

Animal Preparation

Two groups of male C57BL/6 mice (Charles River Laboratories,
Boston, MA) were studied. All animal procedures were approved by
the Animal Care and Use Committees of Boston University and
Harvard Medical School. Emphysema was developed by administrat-
ing nebulized PPE (Sigma Chemical, St. Louis, MO) by using a
modification of the tracheal instillation protocol by Lucey et al. (23).
Mice were treated either with nebulized 30 IU PPE (n � 6) or the
same amount of saline (control, n � 6) three times a week for 2 wk.
An amount of 30 IU of PPE was dissolved in 3 ml of sterile saline and
nebulized for 30 min by using a Tiger brand acorn nebulizer with a
stream of air at 6 l/min with the animals placed in a small plexibox
(18 � 30 � 15 cm). Three weeks following the initial treatment, the
animals were deeply anesthetized by intraperitoneal injection of
pentobarbital (70 mg/kg), tracheostomized, and cannulated in the
supine position. The cannula was connected to a computer-controlled
ventilator (Flexivent, SCIREQ, Montreal, Canada). Following the
experiments, the animals were killed by administration of pentobar-
bital (70 mg/kg), and the lungs were removed for histopathological
evaluation. There were no significant differences in body weight
between the PPE-treated and the control groups (25.4 	 1.0 vs.
24.8 	 0.9 g).

Protocol

Mice were mechanically ventilated with room air by using a tidal
volume (VT) of 8 ml/kg at a frequency of 240 breaths/min. After
stabilization, respiratory mechanics were measured at four different
positive end-expiratory pressure (PEEP) levels (0, 3, 6, and 9 cmH2O)
in the closed chest condition. Dynamic respiratory function was
assessed by measuring impedance data during forced oscillatory
maneuvers by using a computer-controlled ventilator system (Flex-
ivent) applying the optimal ventilator waveform (OVW) technique
(26). To standardize volume history, each measurement was preceded
by two consecutive inflations of the lungs to total lung capacity,
defined as a tracheal pressure of 25 cmH2O.

Impedance Measurements

Impedance data collection was made by interrupting mechanical
ventilation for 6 s by using the OVW, which is a broadband waveform
containing energy from 0.5 to 15 Hz (26). The frequencies in the

OVW are selected according to a nonsum nondifference (NSND)
criterion, which eliminates harmonic distortion and minimizes cross
talk among the frequencies that are present in the input flow waveform
and hence provides smooth estimates of the input impedance of the
system (39). The volumes delivered are similar to normal spontaneous
VT values but in a closed-circuit, forced-oscillatory system. In our
experiment, we matched the peak-to-peak OVW amplitude to the VT

delivered by the mechanical ventilator. The ventilator displacement
and cylinder pressure signals were low-pass filtered at 30 Hz and
sampled at 256 Hz. With the use of Fourier analysis, impedance
spectra were calculated on overlapping blocks of pressure and flow
data as the ratio of the cross-power spectrum of pressure and flow and
the autopower spectrum of flow. The forced-oscillatory system was
calibrated by measuring the input impedance of known analogs,
including tubes and bottles with known impedances. The frequency
response of the system was obtained, and the measured impedance
spectra were off-line corrected for any phase difference between
pressure and flow. Additionally, the flow-dependent impedance of the
tracheal cannula was characterized separately and removed from the
respiratory impedance of the mice.

Histopathological Analysis

Thin tissue slices were prepared by using a method that preserves
their structural integrity (21). In both groups, the lungs were infused
with 1% agarose solution at 55°C under constant positive pressure of
25 cmH2O, and the agarose was allowed to gel at room temperature
(n � 3 in each group). The agarose-filled lungs were then sliced with
a vibratome to generate slices of �5 � 3 � 0.5 mm in dimensions.
Autofluorescent images of the alveolar structure were taken with a
fluorescent microscope (Zeiss Axiovert 100TV), and features of the
alveolar structure were determined as follows. First, ellipses were fit
in each alveolus, and the diameter was computed as the mean of the
major and minor axis of the ellipse. The area was calculated as the
area of the ellipse. The alveolar wall thickness was measured in a
semiautomated manner by manually selecting regions of the alveolar
walls. Tissue fraction was calculated as the ratio of the alveolar wall
areas in a region to the total area of the region. The mean and SD
values of these parameters were then compared by using statistical
tests.

Statistical Analysis

All data are expressed as means 	 SD; n is the number of
preparations used. Student’s t-test, F-test, and repeated-measures
two-way ANOVA were used to evaluate the significance of differ-
ences between means and variances, with P 
 0.05 as the level of
significance (SigmaStat, SPSS).

RESULTS

Application of the Model to Simulated Data

Table 1 summarizes the respiratory mechanical parameters
estimated from the simulated impedance data. The heteroge-
neous tissue elastance model fits the data well, with a small
error for each case. The � values were within 6% of the
assumed value of 0.2. The values of Hmean were also very close
to the value of 35 cmH2O/ml used in the constant H case. For
the distributed H model with rigid walls, the Hmean was
estimated to be �20% smaller than the mean of the distribu-
tion. This is due to the underestimation of the 85 cmH2O/ml
used for the Hmax value in the simulation. Although H was
distributed between �25 and 40 cmH2O/ml, even in the con-
stant H case, the CV of H was considerably larger extracted
from impedances corresponding to the distributed H case (30
and 51%, respectively) than from that of the constant H case
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(12 and 17%, respectively) with rigid and floppy airway walls.
These findings indicate that our distributed H model is able to
differentiate between small and large heterogeneity in H, and
hence it should be able to extract tissue heterogeneity from
experimental data.

Respiratory Impedance Data and Model Fits

The heterogeneous elastance model fits the data well at all
PEEP levels in both groups. The fitting errors of the distributed
elastance model were compared with the errors of the homo-
geneous model introduced by Hantos et al. (17). The fitting
errors corresponding to both models significantly depended on
PEEP in both groups (P 
 0.01). Generally, the difference
between the fitting errors decreased with increasing PEEP.
When all PEEP levels were considered, the difference between
fitting errors in the control group nearly reached a statistically
significant difference (P � 0.052). However, at PEEP levels of
0 and 3 cmH2O, the new model improved the errors compared
with the homogeneous model (P 
 0.05) (Fig. 2A). In PPE-
treated mice, the fitting errors of the heterogeneous elastance
model were statistically significantly smaller than those of the
homogeneous model at all PEEP levels (P 
 0.001) (Fig. 2B).
Therefore, in the following, we only use the new model to
characterize the dynamic respiratory mechanics of ventilated
mice before and after PPE treatment. Figure 3 shows represen-
tative cases of the resistance and dynamic elastance calculated
as the product of the imaginary part of the impedance and ��
and the fits of the model to the data in a control and a
PPE-treated mouse at the PEEP level of 3 cmH2O. The differ-
ence in resistances was relatively small (Fig. 3A). However, the
dynamic lung elastance of PPE-treated mice was lower by
�25% compared with control mice and displayed a larger
frequency dependence, suggesting the presence of increased
time-constant heterogeneities compared with control (Fig. 3B).

Tissue Elastance Distributions and
Time-constant Heterogeneities

Figure 4 shows two examples of the hyperbolic distributions
of tissue elastance between Hmin and Hmax in control and
PPE-treated mice at PEEP levels of 0 and 6 cmH2O, respec-
tively. PPE treatment resulted in a relatively large decrease
(30–40%) in Hmin at both PEEP levels. The Hmax also de-
creased in the treated animal at PEEP � 6 cmH2O. From these
distributions, the average tissue elastance Hmean values were

calculated by using Eq. 5. The parameters Hmin, Hmax, and
Hmean were significantly PEEP dependent (P 
 0.001, Fig. 5).
Using two-way repeated-measures ANOVA, there was no
significant difference in Hmax between the control and the
PPE-treated groups (P � 0.12, Fig. 5A). However, with in-
creasing PEEP, the difference in Hmax in the two groups
gradually increased, reaching statistically significant levels at
3, 6, and 9 cmH2O (P 
 0.01). Both Hmin and Hmean in the
PPE-treated mice were significantly lower compared with that
in the control mice (P 
 0.01 and P 
 0.001, respectively)
(Fig. 5). Heterogeneity of tissue elastance can also be charac-
terized by the CV (Eq. 7) of the H distribution, which was
significantly PEEP dependent in the PPE-treated (P 
 0.001)
but not in the control mice (Fig. 6). The CV in the PPE-treated
mice was significantly larger than that in the control mice (P 

0.05), and the difference (51 vs. 36%) was the largest at PEEP
of 0 cmH2O.

Respiratory Mechanical Parameters

Raw was significantly PEEP dependent (P 
 0.001) and
decreased when PEEP was increased in both groups (Fig. 7).
The � was significantly PEEP dependent in PPE-treated mice
(P 
 0.001) but not in control mice. The Raw was significantly
lower (P 
 0.01) and the � was higher (P 
 0.05) in the

Table 1. Respiratory mechanical parameters estimated from
simulated data

Error Hysteresivity Hmin Hmax Hmean CV

Constant
FL 0.004 0.189 24.7 44.1 33.5 16.7
RIG 0.022 0.209 27.5 41.1 33.9 11.5

Hyperbolic
FL 0.001 0.195 11.1 68.7 31.6 51.3
RIG 0.005 0.201 15.5 43.9 27.3 29.8

Values of the errors between data and model fit (Error), tissue elastance (H)
parameters (Hmin, minimum H; Hmax, maximum H; Hmean, mean H), and CV
(coefficient of variation of H distribution) are expressed as cmH2O � s�1 �ml,
cmH2O/ml, and percent, respectively. Constant, a constant H distribution
model; hyperbolic, a hyperbolic H distribution model; FL, a floppy airway wall
model; RIG, a rigid airway wall model.

Fig. 2. Fitting errors corresponding to the homogeneous (F) and the heteroge-
neous (E) models in control (A) and porcine pancreatic elastase (PPE)-treated
(B) mice as a function of the positive end-expiratory pressure (PEEP). Values
are means 	 SD. *P 
 0.05.
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PPE-treated group than in control (Fig. 7, A and B, respec-
tively). There were no significant differences in Gmean calcu-
lated from � and Hmean between the two groups.

Alveolar Structure

Figure 8 shows representative alveolar structures of a control
and a PPE-treated lung under the fluorescent microscope 3 wk
following initial treatment. Significant enlargement of the al-
veolar air spaces was observed in lung samples from PPE-
treated mice compared with control. The means and SD values
of the alveolar diameters (n � 117), alveolar area (n � 117),
alveolar wall thickness (n � 77), and tissue fraction ratio (n �
20) are summarized in Table 2. The alveolar diameters and
areas in the PPE-treated group were significantly larger than in
the control group. The SD values of alveolar diameters and
alveolar areas in PPE-treated lungs were also statistically
significantly larger than those in control lungs, indicating the
presence of increased heterogeneity of the alveolar sizes at the
microscopic level. However, both the mean and the SD of
tissue fraction ratios were significantly smaller in the PPE-
treated group. There was no significant difference between the
means and SD values of alveolar thicknesses.

DISCUSSION

The main results of the present study are that 1) we devel-
oped a novel model to account for the heterogeneities of the

lung tissue elastance; 2) the model is able to extract reasonable
estimates of the heterogeneities of tissue elastance from sim-
ulated data by using a realistic tree model of the mouse lung;
3) application of the model to the respiratory impedance of
mice suggests that the distribution of tissue elastance in the
emphysematous mouse is wider with a lower minimum and
maximum value than that in the normal mouse; and 4) histo-
logical analysis of the alveolar structure revealed that the
alveolar diameters and their variability were larger, whereas
tissue fraction was smaller, in the emphysematous lungs com-
pared with controls.

Model Assumptions

We tested whether our model was able to extract information
about the heterogeneity of lung tissue by fitting the model to
respiratory impedance from mice with or without PPE treat-
ment. The primary assumptions made in the model are that 1)
the model is linear; 2) airway heterogeneity is negligible, i.e.,
Raw assumed the same value in each pathway in Fig. 1; 3)
within any region of the lung, tissue resistance scales with
tissue elastance, which means that hysteretic properties of the
lung are homogeneous, i.e., � was the same in each pathway;
and 4) airway wall compliance was negligible.

With regard to nonlinearity, we note that there are several
forms of nonlinear mechanisms that can possibly affect the

Fig. 3. Representative examples of respiratory system R (A) and H (B)
calculated from the impedance data in control (F) and PPE-treated (E) mice
and fits of the model to the control (solid line) and PPE-treated (dashed line)
data at PEEP of 3 cmH2O.

Fig. 4. Representative examples of the hyperbolic distribution of tissue H in
control (solid line) and PPE-treated (dotted line) mice at PEEP levels of 0 (A)
and 6 cmH2O (B). Hmin, minimum H; Hmax, maximum H.
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impedance data, including dynamic tissue nonlinearities (29,
39), flow nonlinearities (4, 10), or nonlinearities associated
with flow limitation (30). Because we used the so-called
NSND input frequencies, nonlinearities associated with tissues
and flow (i.e., Rohrer effect) are not likely to have influenced
our data (39). The NSND is a composite waveform, including
specially selected sinusoids, which minimizes the effects of
harmonic distortion and cross talk at the input frequencies and
provides a smooth estimate of the impedance, even when the

amplitude of the signal is similar to that of a VT. We examined
the pressure recordings in the time domain and found no traces
of flow limitation, even in the emphysematous mice.

We cannot exclude the possibility that airway heterogene-
ities contributed to the data in the treated animals. However,
we note that, in the emphysematous lung, tissue structure and
composition are definitely altered (23, 38, 43), and emphysema
is known to cause a large heterogeneity of low-attenuation
areas on computed tomography images (3). Our computer
model incorporates heterogeneity of lung tissue elastance. The
model already fits the data well, and additional mechanisms
built into it are not likely to further improve the fit. More
importantly, from the measured impedance data, one cannot
expect to reliably estimate additional independent parameters.
We also note that, strictly speaking, the estimated Raw may
have a small contribution from the chest wall. However,
because a sharp serial distinction between airways and tissues
is difficult, the contribution of airway heterogeneities cannot be
completely neglected. To test the contribution of the airway
heterogeneity, we also investigated respiratory mechanics of
both normal and PPE-treated mice using the heterogeneous
airway model introduced by Suki et al. (40). This model fits the
impedance data in both groups equally well as the present
model. The heterogeneity of Raw, characterized by the CV of
Raw (35), depended on PEEP (P 
 0.001) and was largest at
PEEP � 0. However, the CV values of Raw were not different
between the control and the PPE-treated mice at any PEEP

Fig. 5. Means 	 SD of H parameters Hmin and Hmax (A) and mean H (Hmean;
B) in control (F) and PPE-treated (E) mice as a function of PEEP. *P 
 0.05.

Fig. 6. Means 	 SD of the coefficient of variation of H distribution in control
(F) and PPE-treated (E) mice as a function of PEEP. * P 
 0.05.

Fig. 7. Means 	 SD of Raw (A) and � (B) in control (F) and PPE-treated (E)
mice as a function of PEEP. * P 
 0.05.
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(P � 0.39, data not shown). Therefore, although the heteroge-
neity of Raw may contribute to the respiratory mechanics of
mice as in rats (35), the present model clearly shows an
increased heterogeneity of H in the present mouse model of
emphysema, which also appears to correlate with heterogeneity
of structure (see below).

There are no data in the literature concerning whether
regional tissue resistance scales with regional tissue elastance
in the normal or emphysematous lung. It is likely that, in
emphysema, heterogeneity of structure reaches the single-fiber
level due to active remodeling of the connective tissue (43). It
is also plausible to assume that, during remodeling, � and
stiffness can decouple from each other. Indeed, following in
vitro digestion of elastin or collagen, � of the tissue strip does
not always change in the same direction as H (44). Thus the
assumption of a constant � is a limitation of the modeling
approach that, however, was necessary to obtain closed-form
solution for the input impedance.

Finally, it is known that, in emphysema, airway wall prop-
erties also change (10, 19). Airway wall compliance contrib-
utes noticeably to the input impedance only if the peripheral
impedance of the lung significantly increases with respect to
airway wall impedance (27). However, in our emphysema
mice, the model fitting resulted in a decrease of Hmean and
hence a decrease in peripheral lung impedance. Thus it is
unlikely that airway wall compliance contributed significantly
to our data. This is also supported by the fact that the model
was able to extract reasonable estimates of the distribution of
H from the simulated data, even in the presence of compliant
airway wall (see Table 1). Additionally, as mentioned above, it
does not seem possible to extract more independent parameters

from the fitting procedure. Thus we conclude that, even though
the parameters of the present model may have been affected to
some extent by mechanisms not included in the model, such as
nonlinearity, airway heterogeneities, or airway wall compli-
ance, the estimated increased CV of tissue elastance in the
treated animals likely reflects true development of structural
heterogeneities at the level of the parenchyma.

Time-constant Heterogeneities and Alveolar Structure

The primary purpose of this study was to develop a model
that incorporates a time-constant distribution in a simple man-
ner associated with a distribution of regional tissue elastances
and to estimate its presence and magnitude from impedance
data of normal and emphysematous mice. We chose pulmonary
emphysema as a test model because it is characterized by
destruction of the respiratory bronchioles, alveolar ducts,
and alveolar walls, which lead to hyperexpansion and loss of
elastic recoil (37), and is recognized as a heterogeneous
lung disease (34).

Before interpreting the increased heterogeneities obtained by
the present model, one may ask the question whether our
model with a hyperbolic distribution of tissue elastances fits the
data better than the homogeneous model introduced by Hantos
et al. (17). We, therefore, compared, on an individual basis, the
fitting errors obtained from our model and the single-compart-
ment model of Hantos et al. (17) using F-tests. The difference
between the errors of the two models was not statistically
significant at any PEEP level in the control mice or in the
PPE-treated mice (data not shown). This is likely due to the
small number (five) of frequencies applied in the OVW tech-

Fig. 8. Examples of alveolar structure of
lung tissues from control (A) and PPE-
treated (B) mice with the use of a fluorescent
microscope.

Table 2. Comparison of lung morphometry in PPE-treated and control mice

Control PPE Treated

Significance

Mean SD

Alveolar diameter, �m 33.3	11.9 (36) 53.4	21.9 (41) P 
 0.001 P 
 0.01
Alveolar area, �m2 1,680	1,258 (75) 4,479	3,966 (89) P 
 0.001 P 
 0.01
Wall thickness, �m 4.70	2.43 (53) 5.34	2.47 (46) NS NS
Tissue fraction ratio, % 15.0	5.7 (38) 10.5	3.2 (31) P 
 0.005 P 
 0.05

Values are means 	 SD, with coefficient of variation of each parameter, expressed as percent, in parentheses. Differences in means and SD are compared by
t-test and F-test, respectively. NS, not significant.
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nique. The new model reduces the error by 5–30%, but this is
insufficient to achieve a statistically significant decrease be-
cause the number of parameters (four in the homogeneous
model and five in the present model) is about the same as the
number of frequencies. However, the new model decreased the
error in every single case. Consequently, as shown in Fig. 2,
when the fitting errors between two models were compared by
using two-way repeated ANOVA, the difference was highly
significant in PPE-treated mice (P 
 0.001). In future studies,
it is desirable to increase the number of frequencies, which
should also improve the reliability of the parameters. Never-
theless, the results suggest that heterogeneity of tissue elas-
tance does affect organ level dynamic respiratory mechanics
and that the present model has the advantage of characterizing
this heterogeneity in emphysema. We also note that the PPE
treatment of the mice in this study caused only a mild form of
emphysema, and we did not expect to find an extreme change
in heterogeneity compared with control.

With regard to the interpretation of tissue heterogeneities,
we note that the increase in the CV of tissue elastance in the
emphysema mice is a consequence of a larger decrease in Hmin

than in Hmax (Figs. 5 and 6). In this PPE-induced mild emphy-
sema model, the lungs contain both emphysematous and nor-
mal lesions (Fig. 8), and the elastance values of the emphyse-
matous lesions should be less than those of the normal lesions,
which is likely due to the loss and remodeling of elastic fibers
(43). Therefore, the lowest tissue elastance (model-based Hmin)
values in PPE-treated mice may reflect the physiological func-
tion of the emphysematous lesions. It is also possible that the
effects of the chest wall and the pleura play a role in deter-
mining Hmax. To test the possible contribution of the chest
wall, we measured respiratory mechanics in four additional
normal mice, both in the closed and open chest conditions. We
found that the parameters Hmin, Hmax, Hmean, and CV of H were
all unaffected by the chest wall (Ito S and Suki B, unpublished
observation). Therefore, the contribution of the chest wall to
dynamic respiratory mechanics is relatively small in mice.
Although the OVW applies a large-amplitude oscillatory signal
to mimic tidal breathing, these results are consistent with a
previous report that used small-amplitude oscillations in mice
(36). Thus we speculate that the statistically significant de-
crease in Hmax at the higher PEEP levels may be a consequence
of the weakened collagen fibers due to the remodeling process
itself associated with the PPE treatment (22) or mechanical
failure of the remodeled tissue (21).

As shown in Fig. 6, the heterogeneity in the tissue elastance
was the largest at the PEEP level of 0 in emphysema mice, and
the application of PEEP reduced this heterogeneity. The reason
for this reduction may be that, in the supine mouse at zero
PEEP, some airways and/or alveoli in the dependent region of
the lung collapse, inducing an additional level of heterogeneity.
With increasing PEEP, the lung undergoes recruitment, and the
associated heterogeneity gradually disappears. Whereas this
may be the case in the emphysema mice, the heterogeneity in
normal mice was nearly independent of PEEP. Thus the het-
erogeneity that we observed in the normal mice may reflect
baseline heterogeneity of the alveolar structure and probably
not compartmental heterogeneity of the chest wall system as in
rats (35), because, as shown above, the chest wall did not
contribute significantly to our data. Because recruitment and
derecruitment of lung units during ventilation is a form of

nonlinearity, such nonlinearity may affect respiratory mechan-
ics in the partially collapsed lung at low-PEEP levels. How-
ever, it is difficult to pull out this mechanism from impedance
data.

The values of CV calculated from the estimated tissue
elastance distribution were utilized as an index of model-based
prediction of the tissue heterogeneities. The data suggest that
CV was larger in the emphysematous than in the control mice
(Fig. 6). From microscopic images of the alveolar structure
(Fig. 8), we also found that the lungs of PPE-induced emphy-
sema mice exhibited larger SD and CV values of alveolar
diameters and alveolar area, signs of increased heterogeneities
of alveolar sizes. The increase in alveolar size and no change
in wall thickness in turn resulted in a decreased tissue fraction
in the treated mice. These observations are consistent with a
previous report in human patients (9). Because the values of
the CV of the distribution of H and of the alveolar diameters
were similar, both in the normal and emphysematous mice, we
speculate that the time-constant inequalities reflected in the
frequency dependence of lung impedance may be a conse-
quence of the heterogeneous alveolar structure having a wide
distribution of elastance values. Nevertheless, we acknowledge
that presently there is no direct correspondence between our
model parameters and heterogeneity of structure.

In summary, we have developed a new model that features
lung tissue elastance heterogeneities. We also characterized the
dynamic respiratory mechanics in a mouse model of emphy-
sema with inhaled PPE treatment and speculated that hetero-
geneities of the tissue elastance can reflect the underlying
heterogeneities of the alveolar structure. Future studies should
further explore the structural basis of such tissue elastance
heterogeneity obtained from organ level measurements.
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