
Structure–Function Relations in an Elastase-Induced
Mouse Model of Emphysema
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Emphysema isaprogressivediseasecharacterizedby thedestruction
of peripheral airspaces and subsequent decline in lung function.
However, the relation between structure and function during
disease progression is not well understood. The objective of this
study was to assess the time course of the structural, mechanical, and
remodeling properties of the lung in mice after elastolytic injury. At
2, 7, and 21 days after treatment with porcine pancreatic elastase,
respiratory impedance, the constituents of lung extracellular matrix,
and histological sections of the lung were evaluated. In the control
group, no changes were observed in the structural or functional
properties, whereas, in the treatment group, the respiratory com-
pliance and its variability significantly increased by Day 21 (P ,

0.001), and the difference in parameters decreased with increasing
positive end-expiratory pressure. The heterogeneity of airspace
structure gradually increased over time. Conversely, the relative
amounts of elastin and type I collagen exhibited a peak (P , 0.01) at
Day 2, but returned to baseline levels by Day 21. Structure–function
relations manifested themselves in strong correlations between
compliance parameters and both mean size and heterogeneity of
airspace structure (r2 . 0.9). Similar relations were also obtained in
a network model of the parenchyma in which destruction was based
on the notion that mechanical forces contribute to alveolar wall
rupture. We conclude that, in a mouse model of emphysema,
progressive decline in lung function is sensitive to the development
of airspace heterogeneity governed by local, mechanical, force-
induced failure of remodeled collagen.
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Emphysema is characterized by air space enlargement, accom-
panied by destruction of parenchymal structure (1), and, being
a component of chronic obstructive pulmonary disease (COPD),
is a major cause of chronic morbidity and mortality worldwide
(2). Although lung transplantation and lung volume reduction
are possible therapies, there is no cure for patients with end-
stage emphysema (3).

The most accepted hypothesis of the pathogenesis of em-
physema is an imbalance between elastase and antielastase
activity (4) extended to include other proteases (5). Peripheral
airway inflammation (6), oxidative stress (7), and apoptosis (8)
are also thought to be involved in the pathogenesis. Some of
these mechanisms may interact, leading to remodeling of the
extracellular matrix (ECM) (9). While the exact mechanisms of
pathogenesis are not fully understood, it is even less clear how
the disease progresses.

In clinical practice, emphysema progression is character-
ized by a decline in lung function (10), directly affecting
quality of life, or an increase in low attenuation area on lung
computed tomography images, indicating tissue destruction
(11). However, there is little correlation between indexes
derived from computed tomography images and spirometric
lung function (11, 12). Recently, Bates and colleagues (13)
showed that lung function is relatively insensitive to the
amount of tissue loss in the beginning of the destruction
process. They demonstrated that lung compliance could stay
relatively normal during the early phase of the disease until
microscopic alterations reach a critical level, beyond which
a rapid decline in function occurs. If lung function is de-
coupled from the amount of tissue loss, the question arises
whether it is the ECM composition, ECM organization within
the alveolar wall, or some feature of the alveolar wall network
that determines lung function decline. Furthermore, it is
equally unclear whether there is a specific mechanism that
drives changes in structure that also influences function. Suki
and colleagues (14) proposed that mechanical forces in the
emphysematous lung contribute to the progressive nature of
the disease by rupturing the remodeled alveolar walls, thus
reducing tissue stiffness. They also suggested that for this
mechanism to work, the weakening of collagen, a key load-
bearing ECM molecule, is necessary.

In this study, we hypothesized that functional changes in
emphysema are related to both the extent of collagen remod-
eling and specific localized alterations in alveolar airspace
structure. To test this hypothesis, we tracked the remodeling
of collagen and elastin, the detailed alveolar structure, and
lung function in mice during 3 weeks after elastolytic injury.
The results were interpreted using a network model of the
parenchyma.

MATERIALS AND METHODS

Animal Preparation

Six groups of C57BL/6 mice were used. Procedures were approved by
the Animal Care and Use Committee of Boston University (Boston,
MA). Mice were treated with oropharyngeal instillation of either 0.25
IU of porcine pancreatic elastase (PPE) (n 5 18) or phosphate-
buffered saline (saline control) (n 5 18). Animals were killed at 2, 7,
and 21 days after treatment.

CLINICAL RELEVANCE

Both the separate structural and functional properties of
the emphysematous lung have been well studied. However,
the relation between them is not well understood. Func-
tional properties of the emphysematous lung are most
sensitive to the presence of structural heterogeneity that
increases during progression due to the interaction between
enzymatic degradation and mechanical forces.
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Respiratory Mechanics

Mice were anesthetized, tracheostomized, and ventilated. Respiratory
impedance was measured at five positive end-expiratory pressure
(PEEP) levels using forced oscillations (15). A model including a
heterogeneous distribution of tissue elastance (16) was fit to the data,
providing estimates of airway resistance (Raw), hysteresivity, a mean
tissue compliance (Cmean), and a minimum (Cmin) and a maximum
compliance (Cmax). The model-based functional heterogeneity of the
parenchyma was characterized by the SD of C (SDC) calculated from
Cmin and Cmax (see details in the online supplement).

Tissue Processing

Lungs were inflated with formalin at an airway pressure of 30 cm H2O.
The mediastinal lobes were embedded in paraffin, and 7-mm sections
were obtained. The lung was homogenized in the presence of protease
inhibitors, and the supernatant stored. In four additional controls and
four PPE-treated mice, mechanics were measured at a PEEP of 3 cm
H2O 21 days after treatment, and the lungs were fixed and processed
for morphometry.

Morphometry

Lung sections were stained with hematoxylin and eosin. Randomly
selected sections were photographed. The digitized images were
automatically segmented, and the area of airspaces was measured.
The equivalent diameter (D) of airspaces was determined and the
mean equivalent diameter (Deq) was calculated from a minimum of 500
values per mouse (limited to D . 5 mm). The area-weighted mean
equivalent diameter (D2) was also computed (17).

Collagen and Elastin Visualization on Histological Sections

To visualize the total amounts of collagen and elastin, the well
established methods of Masson’s trichrome (adapted from http://
stainsfile.info) and Miller’s elastic stainings (adapted from http://
www.ihcworld.com/) were used, respectively. Lung sections were
randomly selected.

Western Blot

The samples were normalized to equal volume, separated by gel
electrophoresis, and transferred to polyvinylidene fluoride membrane.
Rabbit polyclonal anti–collagen I, mouse monoclonal anti–collagen III,
goat polyclonal anti-elastin, and mouse monoclonal anti–b-actin anti-
bodies were used. The immune complexes were detected with a chem-
iluminescence kit and quantified by computerized densitometry.

Network Modeling

A two-dimensional rectangular network of linear elastic springs was
used. A uniform negative pressure around the network mimics pleural
pressure generating tensile forces on the springs. Emphysema pro-
gression was simulated in three ways at subsequent iterations: (1)
springs were uniformly weakened; (2) springs were randomly elimi-
nated; and (3) springs carrying high force were eliminated based on
previous findings (18). The compliance, C, of the network was
calculated, and the iterations were repeated until C increased by 2.

Statistical Analysis

Unpaired t test, one-way ANOVA, and two-way repeated measures
ANOVA were used to evaluate differences among different time
points and PEEP levels. The Kolmogrov-Smirnoff test was used to
compare the distributions of D corresponding to different animals
within a given treatment group. Statistical significance was accepted for
a P value less than 0.05.

RESULTS

Both the control and the elastase treatment groups tolerated the
oropharyngeal aspiration method well. The mortality rate from
the liquid aspiration and the elastolytic injury was zero. There
was no difference in weight between the age-matched control
and treatment groups.

Dynamic Mechanical Properties

Although all mechanical parameters were estimated, in this
study we only focus on Raw and the Cmean, Cmin, Cmax. As
a measure of variability of regional compliance, we also
calculated the SDC of Cmean for each mouse. The time course
of these mechanical parameters obtained at a PEEP of 3 cm
H2O is shown in Figure 1. One-way ANOVA showed that none
of these parameters changed over the 21 days in the control
group. The Raw decreased slightly, but not statistically signifi-
cantly, with time in the treatment group, becoming significantly
lower (P , 0.05) than that in the control group only at 21 days
(Figure 1A). In the treatment group, the compliance parameters
showed a gradual and statistically significant increase with time,
reaching higher values than in the control group (P , 0.001) by
21 days (Figures 1B–1D).The Cmean mirrored both Cmax,
a parameter that reflects the softest region, and Cmin, which is
related to the stiffest region. The variability of compliance SDC

increased by approximately 50%, becoming significantly higher
than that in the control group by 21 days (Figure 1D).

The PEEP dependence of these parameters is presented only
at Day 21 (Figure 2). Two-way repeated measure ANOVA
showed that Cmean did not depend on PEEP (Figure 2C), but
the other parameters significantly depended on PEEP (P ,

0.0001) (Figures 2A, 2B, and 2D), and treatment had a strong
and significant effect (P , 0.0001) on these parameters. The
pattern of PEEP dependence was similar for Cmax and SDC, and
these parameters also showed a strong interaction between
treatment and PEEP (P , 0.0001). Interestingly, for Cmax,
Cmean, and SDC, the difference between groups gradually
decreased, with no difference at the higher PEEP levels (Fig-
ures 2B–2D).

Lung Tissue Structure

Figure 3 shows collagen (Figures 3A–3D) and elastin (Figures
3E–3H) stained representative histological sections from the
control and the treatment groups at 2 and 21 days after
treatment. The heterogeneous structure suggesting significant
destruction of alveoli can be readily seen in the images from the
treatment group at Day 21 (Figures 3D and 3I; see also Figure
E1 in the online supplement). Because no difference was found
between the Deq corresponding to different animals within any
group at any time point, data from different mice were
combined for comparison between the two treatment groups
(Table 1). The Deq did not depend on treatment. However, the
distribution of diameters was very different (P , 0.001)
between the control and the treatment groups for all time
points. To estimate the variance of D2, the values of D in each
group were randomly divided into five subgroups, which
allowed the calculation of the mean as well as the SD of D2,
and, hence, statistical comparison between groups. The D2

between the saline and PPE treatment groups was different at
all time points (P , 0.01). Although the absolute volume of the
right lobes in the four additional control and 21-day–treated
mice were different, with values of 0.62 (60.05) ml and 0.81
(60.06) ml, respectively (P , 0.005), morphometry, and
physiology in these animals were similar to those in the main
groups.

The images in Figures 3A–3D show all collagen subtypes in
blue, and every other structural component in reddish color.
The elastin staining in Figures 3E–3H shows similar structure,
with black representing elastin. At Day 21, missing septal walls,
suggestive of failure, can be seen in the PPE group (green arrow
in Figure 3H). Interestingly, thickened and short septal wall
remnants were often observable, with both collagen and elastin
bundles at the tip (black arrows in Figures 3D and 3H).
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ECM Composition

Representative Western blots for types I and III collagen and
elastin, together with b-actin, are shown in Figure 4. In the
control mice, there was no difference in the relative amounts of
elastin, collagen I and III, and the collagen III:collagen I ratio in
the soluble part of the ECM at any time point (Figure 5). After
PPE treatment, the relative amounts of elastin and collagen I
exhibited a distinct peak (P , 0.01) at Day 2 (Figures 5A and
5B), but there was no change in the level of type III collagen
(Figure 5C). However, the collagen III:collagen I ratio showed
interesting dynamics: at Day 2, it was lower than that of the
control group (P , 0.01), but increased and reached the range
of the control group by Day 21 (Figure 5D).

Structure–Function Relations

To understand better the relation between structure and
function, the compliance parameters and structural parameters
are correlated in Figure 6. There was a strong association
between Cmean and Deq, and an even stronger relation between

Cmean and D2, with r2 values of 0.675 (P , 0.01) and 0.933 (P ,

0.001), respectively (Figure 6A). There was also a strong
correlation between structural and functional variabilities: the
r2 between D2 and SDC was 0.881 (P , 0.01, Figure 6B). There
were no appreciable correlations between any of the ECM
constituents in Figure 5 and the functional parameters.

Model Simulations

To interpret these structure–function relations, we used a net-
work model of the parenchyma with three types of mechanisms
(uniform softening, random cutting, and strain-based cutting) to
simulate the increase in compliance observed in the experimen-
tal data. After proper normalization described in the online
supplement, the model simulations can be compared with the
experimental data (Figure 7). It can be seen that each of these
mechanisms produces an approximately linear relation between
the normalized compliance and the normalized D2 of the
network during simulated disease progression, but the slopes
of these relations are distinct. The data corresponding to the

Figure 1. Time course of the mechanical pa-

rameters. (A) airway resistance (Raw), (B), min-

imum (Cmin) and maximum compliances
(Cmax), (C) mean compliance (Cmean), and (D)

SD of compliance (SDC) in saline control and

porcine pancreatic elastase (PPE)–treated mice.

Stars denote significant pair-wise difference
between two groups. Horizontal brackets de-

note difference between groups at different

times, and vertical brackets denote difference
between treatment at Day 21. *P , 0.05, **P ,

0.01, and ***P , 0.001.

Figure 2. Positive end-expiratory pressure

(PEEP) dependence of the mechanical parame-
ters. (A) Raw, (B) Cmin and Cmax, (C) Cmean, (D)

SDC in saline control and PPE-treated mice. The

overall group differences: #P , 0.0001. Asterisks

denote significant pair-wise difference between
groups at the same PEEP. *P , 0.05, **P , 0.01

and ***P , 0.001.
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strain-based destruction best approximates the experimental
data. However, although Cmean doubles, the rate of increase of
D2 is still larger in the experimental data than in the simula-
tions. Also note that these simulations do not represent best fits.

DISCUSSION

Many studies using mouse models of pulmonary emphysema
reported changes in the functional mechanical (16, 19–21),
structural (16, 22–25), or biochemical (9, 20, 22, 25–29) proper-

ties of the lung. The purpose of the present study was to shed
light on the relation among these properties, namely, on
structure–function relations. Specifically, we sought to deter-
mine how the functional decline is related to alveolar airspace
structure and the biochemical composition of the lung paren-
chyma during the progression of an elastase-induced mouse
model of emphysema. Lung function was characterized by the
detailed mechanical properties of the respiratory system, alve-
olar structure was analyzed using advanced morphometric
techniques, and biochemical composition was assessed by de-
termining the soluble components of the main load-bearing
ECM proteins, collagen types I and III and elastin. Besides the
usual observations that lung compliance increases and the
airspace structure is destroyed, our main findings are: (1)
changes in lung compliance were decoupled from changes in
the biochemical properties of the tissue; (2) lung compliance
correlated best with the variability of the peripheral airspace
structure; (3) model-based variability in lung compliance also
correlated with the variability of airspace sizes; and (4) the
observed structure–function relations are best described by
a model in which tissue deterioration is associated with me-
chanical forces.

The elastase-induced emphysema model has several limita-
tions. First, elastase produces localized injury, and the sub-
sequent immune response and remodeling processes in the
mouse are different from those in humans. Second, relative to
the life span of the mouse, the time course of the development
of emphysema in mice is much faster than that in humans.
Third, the chest wall plays a different role in mice than in
humans, because the chest wall tissues are very soft in the
former (16, 30). The latter is an advantage, however, as it allows
us to use respiratory mechanics as a surrogate for lung
mechanics, which obviates the need for the unphysiological
open-chest condition. Another advantage is that the fast de-
velopment of structural destruction allows us to investigate the
detailed time course of the progression. Furthermore, the
elastase–injury model has been shown to produce airspace
enlargement and increases in lung volumes and compliance
similar to those in human patients (31). Thus, this model should
be adequate for a first-order evaluation of structure–function
relations during disease progression.

After elastolytic injury, Raw decreased relative to control
(Figure 1A) and decreased with increasing PEEP (Figure 2A).
These functional changes were similar to those observed in the
tight-skin mice (32), which spontaneously develop lung struc-
ture similar to pulmonary emphysema early in life (33). Sly and
colleagues (19) measured respiratory mechanics in the surfac-
tant protein (SP)–D–deficient mouse, which develops emphy-
sema with age, and found that Raw was lower than in wild-type
mice and decreased with increasing lung volume. Lundblad and
colleagues (21) observed a similar decreasing pattern of Raw

with increasing PEEP in surfactant protein C/TNF-a–transgenic
mice, which have severe emphysematous lesions. Thus, the

Figure 3. Examples of collagen- (A–D) and elastin (E–I)-stained images
of the lung parenchyma in saline control lungs at Day 2 (A and E ) and

Day 21 (B and G) and in PPE-treated lungs at Day 2 (C and F ) and Day

21 (D and H). The green arrow locates a potential site of rupture, and

the black arrows represent thickened, retracted septal wall tissue. The
region surrounded by the dotted rectangle is enlarged in the online

supplement. The dotted blue arrow shows a stretched alveolar wall

containing only collagen. The red scale bar in (H ) represents 100 mm.

TABLE 1. LUNG MORPHOMETORY IN PORCINE PANCREATIC ELASTASE–TREATED AND SALINE CONTROL MICE

Saline Control PPE Treated Significance

Days Deq 6 SD (mm) D2 6 SD (mm) Deq 6 SD (mm) D2 6 SD (mm) Deq K-S Test D2

2 27.8 6 13.5 44.3 6 2.9 30.2 6 16.5 54.6 6 4.7 NS P , 0.001 P , 0.01

7 27.6 6 13.2 43.4 6 2.8 31.3 6 16.8 57.2 6 5.6 NS P , 0.001 P , 0.01

21 28.1 6 17.0 57.2 6 5.0 34.0 6 26.3 109.7 6 32.8 NS P , 0.001 P , 0.01

Definition of abbreviations: D2, area-weighted mean equivalent diameter; Deq, mean equivalent diameter; PPE, porcine pancreatic elastase; K-S, Kolmogorov-Smirnoff

test.

The SD of Deq represents the variability of the equivalent diameter, whereas the SD of D2 represents the error of regional D2.
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general trends of the time and PEEP dependence of the
physiologic parameters are not specific to the elastase injury.
It is likely that the lower Raw in this study was a consequence of
increased lung volumes after treatment. Hantos and colleagues
(31) recently reported that, in a virtually identical elastase-
induced emphysema model, thoracic gas volume in mice in-
creased by 50% and Raw was higher in the treatment group
when the comparison was made at similar absolute lung
volumes. In our complementary experimental groups, there
was a 31% increase in absolute lung volume at 30 cm H2O
fixation pressure by 21 days. Hence, at the same PEEP, absolute
lung volume is higher in the treated lung, and, consequently,
airways are pulled open more, resulting in a lower Raw.

Respiratory system compliance, Cmean, as a surrogate of lung
tissue compliance, was estimated using a heterogeneous model
of the lung (16) and increased with time (Figure 1C). The
increase in compliance or decrease in elastance is a hallmark
feature of emphysema (16, 20–22, 25, 31, 34–38), and is
a consequence of parenchymal tissue destruction. By incorpo-
rating a distribution of compliances in our heterogeneous
impedance model, we also obtained estimates of the minimum
and maximum regional compliance values, Cmin and Cmax,
respectively, in the lung. The Cmax represents the compliance

of a region with the most severe destruction, such as the big
defect holes in Figures 3D and 3I, where the number of alveolar
walls per unit area is the smallest. Interestingly, Cmean followed
a similar pattern as Cmax. On the other hand, Cmin is related to
the stiffest region of the lung. The Cmin showed a small but
statistically significant increase in the treatment groups com-
pared with controls. This implies that no region in the treated
lung reached the smallest compliance corresponding to the
normal lung. From Cmin and Cmax, we also calculated the
variability of regional compliance characterized by SDC, which
increased significantly in the treatment groups by Day 21. A
striking functional change was seen in the treatment at Day 21
causing a significant qualitative change in the PEEP depen-
dence of Cmax and SDC (Figure 2). Although the reason for this
is not entirely clear, we speculate that it was caused by the
recruitment of the soft and collapsed regions at low PEEPs,
followed by the recruitment of stiff collagen in the more intact
regions causing an overall rapid stiffening of the whole lung
with increasing PEEP.

Despite the functional decline and the increase in absolute
lung volume by Day 21, there was no significant enlargement in
alveolar airspace size, as characterized by Deq at any time point
(Table 1). The lack of an increase in Deq is due to the presence of
spatial heterogeneities, with a large variability of air space sizes,
which would be similarly reflected in other average morphomet-
ric measures, such as the mean linear intercept (17). However,
both the distribution of D and the D2, which is a sensitive
measure of heterogeneities (17), were different in all groups at all
time points. Again, these observations are not limited to the
elastase model, because the tight-skin and pallid mice also
showed similar increases in heterogeneities (32). Thus, the
structural characterization of the lung cannot be based on mean
values; instead, our data imply that a key histopathological
feature of the lung during the progression of emphysema is the
appearance of an increase in structural heterogeneity.

As discussed above, by Day 21, we also observed a decline in
lung function, characterized by increases in Cmean and SDC.
Although this model-based functional heterogeneity is more
representative of the asynchronous temporal distribution of

Figure 4. Example Western blots for collagen types I and III and elastin

in saline control (Sa) and PPE-treated lungs at various time points. The
molecular weights are between 95 and 130 kD for collagen I, around 70 kD

for collagen III, and between 60 and 65 kD for elastin. Each Western blot

had its own beta-actin loading control; the bottom row shows one example.

Figure 5. Time course of collagen I (A) and III
(C ), elastin (B), and the ratio of collagen III:col-

lagen I, each normalized by their loading con-

trol, as well as normalized to unity with the

mean of the saline control at Day 21. Asterisks
denote significant differences as described in

the caption to Figure 1. *P , 0.05 and **P ,

0.01.
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ventilation during breathing, one might also expect a relation
between the structural alterations and the functional decline.
Indeed, when examined on an individual basis, we found
a reasonable correlation between Cmean and Deq, and a strong
correlation between Cmean and D2 (Figure 6A), a main result of
this study. The former might be expected on the basis that an
increase in airspace size is equivalent to a decrease in alveolar
walls per unit volume, and hence a decrease in stiffness or
increase in compliance. The latter relation was, however, much
stronger (r250.933), indicating that an increase in compliance is
much more related to an increase in structural heterogeneity
than to mean size. In other words, our experimental results
suggest that producing a few large defect holes has a much
greater effect on function than uniformly weakening the
alveolar walls. This is in excellent agreement with the structure–
function relation predicted by our network model (Figure 7).
Figure 6B also shows a strong correlation (r250.881) between
the model-based estimate of functional heterogeneity, SDC, and
the structural heterogeneity, D2. It is thus plausible to conclude
that the formation of large defect holes produces structural
heterogeneity, broadening the distribution of regional tissue
compliance, which, in turn, results in a more heterogeneous
distribution of dynamic lung compliance and, hence, ventilation
distribution. The question is whether we can identify an un-
derlying biochemical and/or remodeling process that would
account for the structural heterogeneity.

Regional tissue compliance is a function of the local tissue
density (i.e., the number of alveolar walls per unit volume) and
the average elasticity of the alveolar wall tissue. Because the
elasticity of the tissue should be related to the amount of elastin
and collagen in the walls, we chose to track the expression of the
main load-bearing elements of the ECM, collagen I and III and

elastin. Control levels after saline treatment did not change
throughout the 21 days. Compared with time 0, collagen I and
elastin peaked at Day 2 after elastase exposure, but this acute
ECM remodeling returned to normal by Day 21 (Figures 5A
and 5B, respectively). These results are consistent with those
reported by Lucey and colleagues (29). In addition, during the
time course, the ratio of collagen III to collagen I first decreased
in the early phase, then gradually returned to the same level as
in the control group (Figure 5D). A similar decrease in collagen
III:collagen I ratio was also observed in the matrix metal-
loproteinase (MMP)-1 transgenic adult mouse model of em-
physema (28). Surprisingly, however, we found no correlations
between these remodeling events and the functional parame-
ters. The highest correlation coefficient was only 0.31 between
collagen I and Cmean.

One potential reason for the lack of correlations could be the
contribution of surface tension to recoil (39). To test this
possibility, we performed complementary experiments on sam-
ples to determine the levels of SP-B, the most important protein
component of surfactant regulating surface tension. We found
no difference between SP-B levels in the saline and PPE groups
at Days 7 and 21 (see the online supplement). Because, in the
treated lungs, the same amount of SP-B was distributed over
a smaller total surface area, but in regions with larger radius of
curvature, the recoil pressure due to surfactant (assuming that
all other protein and lipid concentrations were also the same)
would be less in the PPE-treated lungs. These results are in
agreement with the recent findings of Mouded and colleagues
(40) that, in PPE-treated mice, surface tension is normal.

Another possibility for the lack of correlations between
biochemistry and function is that we investigated only the
soluble components of the ECM. Mature collagen and elastin
fibers are stabilized by strong cross-links, which make the fibers
insoluble in saline (41), and, hence, such fibers cannot be
detected through Western blots. In a previous study, we
reported that the total collagen, including both types I and
III, increased by approximately 45% at 21 days after elastase
treatment in mice (20). Therefore, it is possible that the total
collagen would correlate with the increase in Cmean. However,
this remains highly paradoxical, as one would expect that any
increase in collagen content should decrease lung compliance,
as in fibrosis. One possibility is that collagen fiber assembly and/
or cross-linking is abnormal during the remodeling process.
Indeed, abnormal ECM remodeling has been reported in
humans (42). Such abnormal repair can produce weak collagen

Figure 6. Structure–function relations obtained in saline control and
PPE-treated mice. (A) Cmean as a function of the mean equivalent

diameter (Deq) or area-weighted mean equivalent diameter (D2). (B)

SDC as a function of D2.

Figure 7. Comparison of structure–function relation from the network

model and experiments. Experimental data were normalized with the

mean value of Cmean and D2 of control mice. Each black square
corresponds to data from a single mouse. The symbols corresponding

to the various model cases represent model outputs normalized by the

output of the baseline model.
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prone to failure (18), which, in turn, plays a role in the mac-
roscopic weakening of the tissue with increased Cmean, despite
the increase in total collagen content.

Our previous results revealed that, despite the 45% increase
in total collagen content, the failure stress of the lung tissue
decreased by roughly 40% (20). Thus, instead of the newly
synthesized or the total amount of collagen, it is more likely that
the local organization of collagen into fibers and their spatial
distribution are the primary determinants of the mechanical
strength and the physiologic function of the parenchyma in the
disease state. Figures 3D and 3H show regions of thickened
septal walls (black arrows), which contained both collagen and
elastin. These structures are likely a result of recent septal wall
ruptures. When a wall under tension fails, the tissue retracts
and, because of conservation of mass, it becomes thicker. To
understand better the actual process of failure, let us examine
the dotted rectangle in Figure 3D (a magnified version is
presented in the online supplement). This septal wall is under
considerable tension, and it only contains collagen. Upon visual
examination of hundreds of images similar to those in Figure 3,
we found many retracted regions, and a few walls under tension,
as in the dotted rectangle in Figure 3D. However, we found no
evidence of elastin in such highly stretched thin walls. These
results provide further experimental support to the notion that,
ultimately, it is the failure of collagen that determines local
tissue failure (18).

The simulation results showed that although a linear relation
between normalized compliance and normalized D2 exists
(Figure 7), the slope of this relation was quite different among
the three modes of simulated disease progression. The uniform
softening failed to produce sufficient increase in D2, suggesting
that simple weakening of the alveolar walls cannot increase
structural heterogeneity, consistent with experimental data.
Additional simulations showed that heterogeneous softening is
also unable to produce sufficient structural heterogeneity (data
not shown). Although the random cutting method resulted in
a larger increase in D2, it also underestimated the experimen-
tally observed increase in D2. Furthermore, the random cutting
method required the elimination of a large number of springs to
double the compliance of the network. When springs were
removed from the network based on the highest strains, the
model required substantially fewer springs to be removed for
a doubling of the compliance, and this process resulted in
a doubling of D2. The model still underestimates the experi-
mentally observed 2.5-fold increase in D2. This modest discrep-
ancy can be due to several factors. First, the Cmean is derived
from dynamic impedance measurements, whereas the compli-
ance of the model is static. The compliance of the lung is
frequency dependent, and the static compliance is always higher
than the dynamic. Second, as Table 1 suggests, the coefficient of
variation of D is approximately 30% in the control lungs. This
large variability is likely a result of the presence of alveolar
ducts. Even though we did not quantify the number of ducts
from the images, to mimic the large coefficient of variation in
control lungs, we simply used a small amount of force-based
cutting in the baseline model. The mechanical properties of the
ducts are different from those of the septal walls (43) and,
hence, it is likely that the ducts would be differently degraded in
emphysema from the septal walls. In contrast, in the network
model, we did not include ducts, and the destruction process
based on force was mainly limited to the area of the large initial
holes. Despite these limitations, the model with force-based
destruction produces a structure–function relation that is in
good agreement with our experimental findings.

The above experimental and simulation results are consis-
tent with the notion that mechanical forces present in the lung

govern the destruction process, which, in turn, can also offer
a mechanism for the irreversible and progressive nature of the
disease. The physical rupture of an alveolar wall has two
consequences: it irreversibly changes the local structure, and it
influences function. Indeed, the most significant effect a micro-
scopic event can have on macroscopic function is seen when
a wall that carries a large tension fails. After the failure of a
load-bearing element, the local structure rearranges itself in
a manner that is consistent with elastic equilibrium, correspond-
ing to the smallest potential energy of the network. The
difference in elastic energy of the network before and after
failure corresponds to a decrease in elastic recoil and an
increase in compliance. At the same time, the rearrangement
also induces an increase in structural heterogeneity. Therefore,
mechanical force-based destruction serves as the link between
structure and function. Taken together, the structure in the
dotted rectangle in Figure 3D suggests that local cellular
remodeling weakens the collagen to the level that physiologi-
cally relevant mechanical forces eventually disrupt the alveolar
wall, which, in turn, results in increased structural heterogeneity
and decline in lung function.

In conclusion, we have found that structure–function re-
lations exist in the lung undergoing heterogeneous changes after
elastase injury as a model of emphysema. Furthermore, we have
also shown that mechanical force–induced failure of the locally
weakened collagen is a simple mechanism that simultaneously
drives changes in both structure and function. With regard to
the implications, one should recognize that the evaluation of
any new animal model or novel treatment of emphysema, or,
potentially, other diseases, could benefit from the detailed
analysis of structure–function relations. Indeed, it is important
to predict whether or not lung function would benefit from
a small change in structure associated with a particular treat-
ment (44). In addition to the structure–function relations, it is
also important to identify various cellular and molecular pro-
cesses that sustain inflammation and the secretion of enzymes in
the parenchyma. Hence, molecular and structure–function
studies should complement each other to bring this debilitating
disease under control.
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