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Abstract

Emphysema is one of the pathological hallmarks of chronic obstructive pulmonary disease. We have recently reported that radio-
frequency therapy improves lung function in rodent models of emphysema. However, preclinical data using large animals is nec-
essary for clinical translation. Here, we describe the work performed to establish a unilateral porcine emphysema model.
Different doses of porcine pancreatic elastase (PPE) were instilled into the left lung of 10 Yucatan pigs. Three additional pigs
were used as controls. Six weeks after instillation, lungs were harvested. Lung compliance was measured by a water displace-
ment method and plethysmography. Systematic uniform random sampling of the left and right lungs was performed independ-
ently to measure alveolar surface area using micro-computed tomography (micro-CT) and histology. In pigs instilled with 725–
750 U/kg of PPE (PPE group, n ¼ 6), the compliance of the left lung was significantly higher by 37.6% than that of the right lung
(P ¼ 0.03) using the water displacement method. With plethysmography, the volume of the left lung was significantly larger than
that of the right lung at 3, 5, and 10 cmH2O. Measurements from either micro-CT or histology images showed a significant
decrease in alveolar surface area by 14.2% or 14.5% (P ¼ 0.031) in the left lung compared with the right lung of the PPE group. A
unilateral model for mild emphysema in Yucatan pigs has been established, which can now be used for evaluating novel thera-
peutics and interventional strategies.

NEW & NOTEWORTHY For clinical translation, preclinical data using large animal models is necessary. However, papers describ-
ing an emphysema model in pigs, which are anatomically and physiologically similar to humans, are lacking. Here, we report suc-
cess in creating a unilateral mild-emphysema model in pigs with only one single dose of porcine pancreatic elastase. This model
will be useful in bringing novel technologies and therapies from small animals to humans with emphysema.

porcine pancreatic elastase; unilateral emphysema model

INTRODUCTION

Chronic obstructive pulmonary disease (COPD) is the third
leading cause of death worldwide and is characterized bymul-
tiple pathological features including emphysema, small airway
disease, chronic bronchitis, and pulmonary hypertension (1).
Importantly, widespread emphysematous destruction results
in increased lung compliance, which can lead to hyperinfla-
tion, gas trapping, and ventilation-perfusion mismatches (2).
There is currently no therapy for emphysema except for lung
volume reduction surgery (LVRS). However, LVRS is rarely
used clinically owing to high rates of perioperative morbidity

and mortality (3–6). Recently, our group has reported that
extracorporeal application of radiofrequency therapy amelio-
rates emphysema and improves lung function and exercise
performance in rodent models of emphysema (7, 8). However,
before this or other technologies can be translated into
humans, these devices must be first evaluated in larger ani-
mals, which have similar airway and lung structures as that of
humans. It is very difficult to replicate COPD with all its
aspects in an animal model. Therefore, choosing an appropri-
ate animal model is essential and depends on the pathological
lesion of interest (9). One of themost commonmethods in cre-
ating an emphysema model in animals is to intratracheally
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instill elastase, which disrupts the protease-antiprotease bal-
ance in lung tissue by destroying the main factors that protect
lungs from proteolytic damage and promoting inflammation
to accelerate injury (10). Among elastases, porcine pancreatic
elastase (PPE) is preferred because of its high potency (11). A
vast majority of the reported animal models using PPE have
been performed in small animals such as rodents (12–15), as
they are easy to handle and relatively inexpensive to procure.
However, small animals have very different airway morphol-
ogy and lung physiology compared with those of humans (16–
18). Pigs, on the other hand, have similar airway tree architec-
ture and lung physiology as those of humans, although pigs
have more cartilaginous airways, thicker membranes, and no
collateral ventilation compared with humans (19–23). To
date, there is a paucity of papers describing a porcine em-
physema model (24, 25). Moreover, to our knowledge,
there is no report of a unilateral model of emphysema in
pigs. A unilateral model, if successful, would catalyze
research in this area by allowing comparisons between the
emphysematous lung and the contralateral normal lung
within the same pig, thus reducing the noise of readouts
and minimizing the number of animals used for experi-
ments. Here, we report on the use of physiological and
morphological measurements to demonstrate the success-
ful creation of a unilateral emphysema model in pigs.

MATERIALS AND METHODS

Animals

Thirteen female Yucatan pigs between 32 and 47 wk of
age, weighing 40–45 kg, were used. The pigs were delivered
to the Centre for Comparative Medicine (CCM), University of
British Columbia (UBC) at least 1 wk before the experiment
for acclimation and were then housed in a controlled envi-
ronment. All the procedures were performed under the ap-
proval of the animal care committee of UBC (Approval No.
A20-0200).

PPE Instillation

The pigs were premedicated with an intramuscular injec-
tion of dexmedetomidine (0.02 mg/kg), midazolam (0.1 mg/
kg), and butorphanol (0.2 mg/kg). The pigs were induced
using a face mask that contained isoflurane and oxygen. An
intravenous catheter was placed in the peripheral ear vein
for delivery of intravenous fluids and drugs during the pro-
cedure. A left-sided double-lumen endobronchial tube
(Shiley, 29 Fr, Covidien/Medtronic), connected to a ventila-
tor, was placed into the airways once the pig reached an
appropriate anesthetic depth. A spray catheter (PW-205L, 2.8
mm � 165 cm, Olympus, PA) was then inserted into the left
lung directly through an endotracheal tube and positioned
2–3 mm distal to the entrance. The placement of an endotra-
cheal tube and the spray catheter were confirmed with fluo-
roscopy. Pancreatic porcine elastase (PPE, Cat. No. A4126,
Biomatik, ON, Canada) was dissolved in 25 mL of saline just
before instillation with the pig in a left lateral decubitus posi-
tion. The syringe containing PPE was then pushed into the
spray catheter during inspiration. To avoid aspiration of PPE
into the right lung, the pig remained in the left lateral posi-
tion for at least 20min following the instillation. The pig was

then moved to the prone position until the full effects of the
general anesthesia had worn off. The pig was extubated,
returned to housing, and carefully observed during the re-
covery period. Vital signs, appetite, and body weight were
monitored postprocedure for any complications.

PPE was instilled into the left lung of the pigs in the PPE
group so that the untreated right lung could be used as an in-
ternal control. Three additional pigs were used as external
controls as they received no intervention. To determine the
optimal dose of PPE, we evaluated four different single-dose
instillations (2,100, 850, 750, and 725 U/kg) in four separate ani-
mals as well as repeated instillations (two doses of 725 U/kg and
three doses of 600 U/kg per instillation) with 1 wk interval
between instillations in two additional animals. After reviewing
the data, we determined that a single dose of PPE at 725 U/kg
was optimal as the animals were able to tolerate this dose and it
led to emphysema in the left but not in the right lung. To assess
reproducibility, four additional animals were instilled and eval-
uatedwith this dose and procedure.

Lung Extraction

Six weeks after the first instillation, the pigs were eutha-
nized and their lungs were harvested. Experimental flow
chart is shown in Fig. 1. The bronchus of the cranial lobe of
the right lung, which branches directly from the trachea in
pigs, was ligated immediately following lung extraction, and
was therefore excluded from all subsequent measurements.
Exclusion of the cranial lobe enabled a direct comparison of
the left and the right lung at an equidistance below the tra-
cheal bifurcation similar to the human lung.

Water Displacement

The lung was connected to a soft plastic tube through a
double-lumen endotracheal tube and submerged in sa-
line. When one lung volume was measured, the bronchus
of the contralateral lung was occluded using a balloon
catheter. The lung volume changes were measured based
on Archimedes’ principle (26). Positive pressure was
incrementally provided to each lung until a pressure of 30
cmH2O was reached, and then, the external pressure was
gradually decreased. Lung compliance of each lung was
calculated as Dvolume/Dpressure after the pressure and
volume curve during expiration was obtained (27, 28).
Each procedure was repeated twice, and compliance was
calculated as an average of the two measurements.

Plethysmography

Following water displacement measurements, a negative-
pressure-based custom-built plethysmograph was used to also
measure lung volume and compliance. The device has been
previously described in detail byWong et al. (29) and validated
by Dong et al. (30). Each lung was placed in a closed ventila-
tion chamber with the trachea connected to one end of a tube
inside the chamber and the other end outside of the chamber
and exposed to atmospheric pressure. Inside the chamber,
negative pressure was maintained to mimic the pleural pres-
sure, and the temperature was maintained at 37�C with 100%
humidity by a water heater. A deep inspiration was imposed
on the lungs by a vacuum pump, which lowered the pressure
from 0 to �30 cmH2O. To obtain the pressure-volume data,
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the “pleural” pressure was increased from�30 cmH2O to�20,
�15, �10, �5, and �3 cmH2O, allowing a 1 min interval
between each pressure change. The maximal area (A) of the
cross-sectional profile of the lung at each pressure was deter-
mined from side images of the lung taken at each of the pres-
sures. Area calculation was done using the ImageJ software.
Lung volumes (V) were first estimated by the formula: V¼ A1.5

to establish the relative change in volume under different
pressures. The absolute volume of the lung at 10 cmH2O (refer-
ence volume) was calculated using computed tomography
(CT) scanning. By matching the reference volume to the esti-
mated volume calculated fromA1.5 measured at 10 cmH2O, the
relationship between pressure and absolute volume was
obtained and lung compliance was calculated. Specific lung
compliance between 3 and 5 cmH2O, in which the curve was
the steepest in pressure-volume (P-V) curves, was calculated
in each group.

Specimen CT Imaging

Lungs were inflated with air to a positive pressure of 30
cmH2O for alveolar recruitment, and then deflated to 10
cmH2O and maintained while frozen in liquid nitrogen
vapor for 1 h, as previously described by Vasilescu et al. (31).
Frozen lungs were imaged using a high-resolution CT
(Discovery 750HD, General Electric; 120 kV, 250 mA, 1-s ex-
posure time, slice thickness 0.625 mm, average in-plane
pixel size of 0.7�0.7 mm) to measure lung volume, mean
Hounsfield units (HU), percent of low-attenuation area <
�950 HU (%LAA < �950), and generate a density distribu-
tion curve using a commercial image analysis software pack-
age (VIDA Vision, Vida Diagnostics, Coralville, IA).

Micro-CT Imaging and Analysis

Frozen lungs were cut into 23-mm thick consecutive axial
slices from the apex to the base and placed on dry ice. All sli-
ces were photographed at the same magnification using the
same reference. With the use of a custom-made hole-punch
device, six cylindrical tissue cores, 23 mm in diameter and 23
mm in height, were extracted independently from each lung
(n ¼ 6 in the left lung and n ¼ 6 in the right lung) using sys-
tematic uniform random (SUR) sampling (32). The cranial lobe
in the right lung, which was bifurcated before the main stem
bronchi, was excluded from sample selection in the right lung.
A uniform sampling across the whole left lung was performed
because PPE was instilled into both lobes. Frozen tissue cores
were imaged with a micro-CT scanner (XT H 225ST; Nikon
Metrology; parameters: 40 kV, 350 lA, molybdenum target,
500-ms exposure time, and a gain of 32 dB) using a cryo stage
at�30�C (33). Reconstructed images had a resolution of 7 lm.

Stereological assessment of the parenchyma was per-
formed using a custom software as previously described (31).
In brief, a checkered line grid (line length 500 lm, 10–11 lines
per image) was randomly overlaid within a guard area on
10 SUR images extracted from each micro-CT scan, as
shown in Supplemental Fig. S1A (all supplemental material
is available at https://doi.org/10.6084/m9.figshare.24078201.
v2). The number of intercepts of each line with alveolar tis-
sue and the number of the start and the end points of the
lines that fell on either alveoli, alveolar ducts, tissue, or non-
parenchymal tissue (vessels and airways) were counted. The
start or end point of a grid line falling inside an alveolus or a
duct was judged by drawing an imaginary line between the
alveolar septa that reached into the duct (32, 34, 35). The

Week 0 1 2 3 4 5 6

Fluoroscopy guided PPE instillation
Water displacement 

Plethysmography

Lung harvest (Day 0) 

Lung CT Micro CT

Histology

Experimental flow chart (single dose instillation)

Day 3 or 4 Day 5 -

500 µm

500 µm
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Figure 1. Experimental flow chart (single dose instillation). Porcine pancreatic elastase (PPE) was selectively instilled into the left lung after the placement
of an endobronchial tube was confirmed with fluoroscopy at baseline (week 0). Six weeks after the instillation, the pigs were euthanized and their lungs
were harvested. Water displacement method and plethysmography were performed on the same day (day 0). Lung CT scan was performed on day 3 or
4. After the lung slicing and coring, samples were assessed with micro-CT and histology (day 5–). CT, computed tomography.
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point and intercept counts were used to calculate alveolar
surface area per lung. Alveolar surface area normalized to
the respective lung volumes (alveolar surface area per ml)
was also obtained to account for the variation in lung size.
Volume fractions of the parenchymal components (alveolar,
duct, and tissue) were also calculated (31). Alveolar surface
area per milliliter at the sample level was assessed to clarify
the regional differences in our model. All lung slices and
cores were stored at�80�C until processed for histology.

For correct stereological assessment, the American Thoracic
Society/European Respiratory Society Stereology guidelines
(32) recommend counting �200 events (point or line intercept
counts) in all samples taken from a lung. As we had six samples
for each lung, we needed to perform 33 counting events per
sample. However, to assess regional differences within each
lung, we increased the number of points counted per sample to
�200.

Histological Preparation and Analysis

From all tissue cores, 4.5-mm thick sections were cut and
submerged in 10% formalin for a minimum of 24 h. These
sections were placed in a tissue processor for paraffin infil-
tration and embedded in paraffin. Two serial sections (4 lm)
were cut with a microtome and stained with hematoxylin
and eosin (H&E, for quantitative assessment) as well as
Masson’s trichrome (for qualitative assessment of fibrosis).
All the slices were scanned with an automatic slide scanner
(Microscope slide scanner Aperio AT2, Leica Biosystems).

From each H&E section, 10 SUR square fields of view (1
mm2) were extracted. Using the STEPanizer software (36), line
grids (line length 150 lm, 18 lines per image) (Supplemental
Fig. S1B) were overlaid on each image to calculate alveolar
surface area, alveolar surface area normalized to the respec-
tive lung volumes, and volume fractions of the parenchymal
components, in the same fashion as done on the micro-CT
images. Alveolar surface area per milliliter at the sample level
was assessed to clarify the regional differences in the same
way as the micro-CT assessment. The frequency distribution
of alveolar surface area per milliliter was calculated from all
the data in each sample to determine the heterogeneity
within the lung of ourmodel.

Shrinkage was estimated by measuring the area of cored
samples before fixation (Area: A) and histological sections
(Area: B). Shrinkage rate f is calculated by the formula:
f ¼ ffiffiffiffiffiffiffiffiffiffi

B=A
p

assuming isotropy of tissue shrinkage. Histological
analysis was performed only in the control animals and ani-
mals instilled with the 725–750 U/kg of PPE doses.

Statistical Analyses

All the results are expressed as means ± standard error of
the mean (SE). Paired t tests (or Wilcoxon matched-pairs
signed rank test, when the data did not approximate a normal
distribution) were used to compare the values within groups,
and Mann–Whitney tests were used to compare the value
between controls and animals instilled with PPE. Spearman
correlation test was used to calculate correlation coefficients
for micro-CT and histological data. All statistical analyses
were performed using GraphPad Prism 5.0 (GraphPad
Software, Inc., San Diego, CA), and a P value below 0.05 was
considered statistically significant.

RESULTS

Effects of PPE Instillation

Animals exposed to a single intratracheal dose of PPE
(725–750 U/kg) survived the instillation with mild side
effects. However, the animal instilled with a dose of 2,100
U/kg had to be euthanized within an hour of the instilla-
tion due to severe pulmonary hemorrhage, and the ani-
mal instilled with a dose of 850 U/kg required intensive
care management postinstillation owing to symptoms
of shock. Animals that received two PPE doses (2 � 725
U/kg) demonstrated more side effects than the animals
exposed to a single dose of 725 U/kg. The animal, which
received three PPE instillations (3 � 600 U/kg), had a
mild response to each instillation but did not present em-
physema (see below and Supplemental Fig. S8), which
demonstrates the effect of each dose on the alveolar sur-
face area per milliliter.

Water Displacement

Figure 2A shows the pressure-volume (P-V) curves of the
right lung excluding the cranial lobe (referred to as the right
lung after that), and the left lung both in the control and the
PPE group.

Figure 2B shows the maximum compliance of each lung
in control animals and animals instilled with 725–750 U/kg
of PPE. The compliance of the left lung in the PPE group
(92.6 mL/cmH2O) was significantly higher than that of the
right lung in the same animals (67.3 mL/cmH2O, P ¼ 0.03),
and the right (55.2 mL/cmH2O, P ¼ 0.02), or left lung of the
control animals (55.5 mL/cmH2O, P ¼ 0.02). There was no
significant difference in lung compliance between the
untreated right lung in the PPE group and either the right
or left lung of the control animals. In the animal, that
received two doses of PPE (2 � 725 kg), spaced 1 wk apart,
compliance of the left lung was higher than that of the
right lung (70.0%: 114.3 mL/cmH2O vs. 67.4 mL/cmH2O).
In the animal that received three doses (3 � 600 U/kg)
spaced 1 wk apart between each dose, the compliance of
the left lung was similar to that of the right lung (6.6%:
89.1 mL/cmH2O vs. 83.6 mL/cmH2O). P-V curves in these
animals are shown in Supplemental Fig. S2, A and B.
Compliance between 7.5 and 10 mL/cmH2O in all the ani-
mals was shown in Supplemental Fig, S2C. The value of
the left lung in the PPE group (87.9 mL/cmH2O) was signif-
icantly higher than that of the right lung in the same ani-
mals (50.6 mL/cmH2O, P ¼ 0.022). This value is also
significantly higher than that of the right (39.6 mL/H2O,
P ¼ 0.048), or left lung of the control animals (40.4 mL/
H2O, P ¼ 0.024).

Plethysmography

Figure 3 shows the pressure-volume (P-V) curves of the
right lung other than the cranial lobe (referred to as the right
lung after that), and the left lung both in the control and the
PPE group (725–750 U/kg). In control animals (n ¼ 3), the
pressure-volume (P-V) curves of the right lung and the left
lungs were similar, and there was no significant difference in
the volume at any pressure between the right and the left
lungs. In the PPE group (n ¼ 6), the P-V curve of the left lung
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was shifted upward and leftward compared with that of the
right lung. The volume of the left lung was significantly
larger than that of the right lung at 3, 5, and 10 cmH2O (P <
0.01, P < 0.05, P < 0.01, respectively). There was no differ-
ence in maximum compliance between the right lung and
the left lung of the PPE group (Fig. 3B) or in specific compli-
ance (3–5 cmH2O) (Supplemental Fig. S3C). In the animal
that received two doses, the P-V curve of the left lung was
shifted upward and leftward (Supplemental Fig. S3A). The P-
V curves of the right lung and the left lung were similar in
the animals that received three low doses (Supplemental Fig.
S3B). The same trend in the P-V curves observed in plethys-
mography was also observed with water displacement.

CT Scan

The lung volume of the left lung in the PPE group was
significantly higher than that of the right lung (mean:
1,207 mL vs. 1,068 mL, P ¼ 0.031), the right lung of the con-
trol group (891 mL, P ¼ 0.024) and the left lung of the con-
trol group (839 mL, P ¼ 0.024). The lung volume of the
right lung of the PPE group was also significantly higher
than that of the left lung of the control group (mean: 1,068
mL vs. 839 mL, P ¼ 0.048) (Supplemental Fig. S4A). There
was no difference in mean HU and %LAA < �950 between
the pigs instilled with 725–750 U/kg of PPE and control
animals (Supplemental Fig. S4, B and C). Multiple dose

instillation caused fibrotic changes visible on CT scan, as
shown in representative images (Supplemental Fig. S5, A–
D). The CT density distribution of the left lung of the ani-
mal exposed to three doses was shifted rightward com-
pared with that of the left lung of the control animal and
of animals that were exposed to a single or two doses
(Supplemental Fig. S5E). There was no difference in either
mean HU or %< �950 HU between the left cranial versus
caudal lobe (Supplemental Fig. S6).

Micro-CT

As shown in Fig. 4B, PPE instillation caused changes con-
sistent with emphysema in the left lung. Alveolar surface
area of the left lung instilled with 725–750 U/kg of PPE (n ¼
6) was significantly reduced by 14.2% compared with the
right lung (mean: 16.89 m2 vs. 19.68 m2, P ¼ 0.031) (Fig. 5A).
Alveolar surface area normalized to the respective lung vol-
umes was also significantly reduced in the left lung (142.1
cm2/mL) of the PPE group compared with the right lung
(187.3 cm2/mL, P < 0.01), the right lung of the control group
(192.7 cm2/mL, P ¼ 0.024), or the left lung of the control
group (179.2 cm2/mL, P ¼ 0,024) (Fig. 5B). The volume frac-
tion of alveoli was significantly lower in the left lung of the
PPE group (45.7%) compared with the right lung (53.9%, P <
0.01), the right lung of the control group (53.4%, P ¼ 0.048),
or the left lung of the control group (54.7%, P ¼ 0.024)

Figure 2. A: pressure-volume (P-V) curve
measured by water displacement method.
Control group (n ¼ 3) and PPE group
(725–750 U/kg, n ¼ 6). The curve of the
left lung of the PPE group was shifted
upward and leftward compared with that
of the right lung. B: maximum compliance
of each lung in the control group and the
PPE group. Maximum compliance of the
left lung in the PPE group was significantly
higher than that in other groups. Paired t
tests were used to compare the values
within groups, and Mann–Whitney tests
were used to compare the value between
the control group and the PPE group.
Asterisks above the horizontal lines indi-
cate a statistically significant difference
between the groups (�P< 0.05). PPE, por-
cine pancreatic elastase.
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Figure 3. A: pressure-volume (P-V) curve
measured by plethysmography. Control
group (n ¼ 3) and PPE group (725–750 U/
kg, n ¼ 6). The volume of the left lung in
the PPE group was significantly larger
than that of the right lung at 3, 5, and 10
cmH2O (P < 0.01, P < 0.05, P < 0.01,
respectively). B: maximum compliance of
each lung in the control group and the
PPE group. Paired t tests were used to
compare the values within groups, and
Mann–Whitney tests were used to com-
pare the value between the control group
and the PPE group. PPE, porcine pancre-
atic elastase.
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(Fig. 5C). The volume fraction of alveolar ducts was signifi-
cantly increased in the left lung of the PPE group compared
with the right lung of the same group (39.1% vs. 31.1%, P ¼
0.015), but there was no difference between the left lung of
the PPE group and either the right or the left lung of the con-
trol group (Fig. 5D). When comparing regional differences
over lung height, alveolar surface area per millimeter was
significantly decreased in the lower lung samples of the left
lung compared with the right lung (Fig. 6A). In animals that
received multiple PPE doses, clear fibrotic changes were
observed on micro-CT and confirmed on histology using a
Masson’s trichrome stain, as shown in Supplemental Fig. S7,
B, C, H, and I. Whole lung measurements of alveolar surface
area normalized to the respective lung volume for all ani-
mals, including multiple PPE dose instillations, are shown in
Supplemental Fig. S8

Histology

All six core samples in each lung were assessed in animals
instilled with 725–750 U/kg (n ¼ 6) and healthy controls (n ¼
3). Figure 4, C and D show representative images of both
lungs in the PPE group. Alveolar surface area of the left lung
of the PPE group was significantly lower by 14.5% compared
with the right lung (mean: 17.0 m2 vs. 19.89 m2. P ¼ 0.031)
(Fig. 7A). Alveolar surface area normalized to the respective
lung volume (mean: 141.5 cm2/mL) was significantly lower in
the left lung of the PPE group compared with the right lung
(188.2 cm2/mL, P< 0.001), the right lung of the control group
(195.4 cm2/mL, P ¼ 0.024) or the left lung of the control
group (204.7 cm2/mL, P ¼ 0,024) (Fig. 7B). In regards to

parenchymal components, the volume fraction of alveoli
was significantly decreased in the left lung of the PPE group
(40.1%) compared with the right lung of the same group
(56.1%, P < 0.001), the right lung of the control group (54.2%,
P ¼ 0.024), or the left lung of the control group (54.9%, P ¼
0.024) while the volume fraction of alveolar ducts was signif-
icantly increased compared with other groups (Fig. 7, C and
D). The volume fraction of tissue was significantly decreased
in the left lung of the PPE group (18.6%) compared with the
right lung of the same group (28.6%, P < 0.001), the right
lung of the control group (31.1%, P ¼ 0.024), or the left lung
of the control group (30.8%, P ¼ 0.024) (Fig. 7E). In the com-
parison over lung height, alveolar surface area per milliliter
was significantly decreased at all levels except for samples at
the highest level in the lung, when comparing the left versus
the right lung (Fig. 6B). Figure 8 shows the frequency distri-
bution of alveolar surface area per milliliter from all the data
in each sample. Lower values of alveolar surface area (per
mL < 160 cm2/mL) occurred more frequently in the PPE-
instilled left lung compared with all control lungs. Shrinkage
rate was significantly higher by 8.9% in the left lung of the
PPE group compared with the right lung (P ¼ 0.031), but
there was no difference between other groups (Supplemental
Fig. S9). With multiple-dose instillation, fibrotic changes
were observed in the left lung (Supplemental Fig. S7, E–F
andH–I).

Micro-CT data showed significant positive correlations
with histological data for alveolar surface area per milliliter
(Supplemental Fig. S10). Coefficient of correlation was 0.63
(P< 0.01).

Right lung Left lung

C D

BA

Figure 4. Representative micro-CT and his-
tological images of the nontreated right
lung and the left lung treated with 725 U/kg
of PPE. A: micro-CT image of the untreated
right lung. B: micro-CT image of the left
lung. C: histological image of the untreated
right lung. D: histological image of the left
lung. Scale bar size in each image is 500
lm. Clear emphysema was observed in the
left lung. CT, computed tomography; PPE,
porcine pancreatic elastase.
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DISCUSSION

The major goal of our research program is to develop a
noninvasive method to treat emphysema, which requires
testing in large animals with emphysema. To the best of our
knowledge, the current study is the first of its kind to show
that single instillation of PPE in moderate doses selectively
to one lung induces emphysema in the ipsilateral while

sparing the contralateral lung. Previously, Noma et al. (24,
25) evaluated emphysema in pigs using CT scans and histol-
ogy 2 wk after PPE instillation. However, they did not pro-
vide detailed quantitative analysis of emphysema or perform
functional studies on these lungs. Here, we have developed a
successful protocol to create a unilateral emphysema model
in pigs using a single dose instillation of PPE (725–750 U/kg).
As in patients with COPD, the left lung, which was exposed
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to PPE, became hyperinflated and demonstrated increased
compliance. Microscopic examination of the left lungs
revealed a significant decrease in alveolar surface area and
alveolar density [Vv (alv/par)], which are all characteristic
morphological features of COPD.

These findings are in keeping with previous data in
rodents wherein PPE instillation also induced emphysema.
Multiple tracheal instillations, on the other hand, increased
the occurrence of fibrotic lesions in lungs (37). Similar to
these findings, in the current experiments, we observed lung
fibrosis when we instilled three doses of PPE, spaced 1 wk
apart (for each dose); in contrast, a single PPE instillation led
to emphysema with minimal lung fibrosis. Notably, when
exposed to a higher dose, pigs experienced pulmonary hem-
orrhage and/or cardiovascular shock. Together, our data sug-
gest that one single dose of PPE (at 725–750 U/kg) is the most
optimal protocol for inducing unilateral emphysemawithout
causing pulmonary hemorrhage or significant lung fibrosis.

Mean linear intercept (Lm) is a commonly used parameter
to evaluate emphysema in lung tissue (7, 8, 12, 14, 15, 32, 38).
In our model, the Lm values on histology increased by 55%–

65% in PPE-treated lungs compared with nontreated control

lungs (data not shown). This magnitude of difference in Lm is
similar to that observed in human patients with centrilobular
or panlobular emphysema (39). It should be noted, however,
that Lm measurements can be highly variable because it is a
measure of the distance between alveolar septal walls, which
can be influenced by many factors including the extent of
lung inflation and elastic properties of the lung tissue (31, 34).
Moreover, in the human COPD lung, Lm may be heterogene-
ous even within a primary lobule (40), leading to an under- or
overestimation of emphysema burden. In contrast, the alveo-
lar surface area may be amore robust measure of emphysema
across each GOLD (Global Initiative for Chronic Obstructive
Lung Disease) stage of severity (41). By combining measures
of alveolar surface density and volume of parenchyma to esti-
mate total alveolar surface area, emphysema burden is more
accurately estimated. In our model, the alveolar surface area
was significantly decreased in the left lung of the PPE group
compared with the right lung while there was no significant
difference between the right and the left lung in the control
group. However, the lung sizes of the animals used in our
study varied significantly (Supplemental Fig. S4A), even
thoughwe used pigs of similar ages. Therefore, we normalized
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the alveolar surface area by the respective lung volume to
account for the variation in lung size. This method, which has
been used previously (41), enabled us to fairly compare the al-
veolar surface area difference between the left lung of the PPE
group and the other groups.

Over the past decade, micro-CT has been used exten-
sively to perform quantitative stereological assessment of
lung structure in health and disease, both in animals and
in humans (31, 33, 41–43). Samples scanned with cryo-
microCT do not have to undergo chemical fixations, cut-
ting, embedding, or staining, and therefore, preparation-
related deformation or shrinkage can be avoided. Micro-
CT images also have the added advantage that multiple
sections across tissue samples can be used to quantify
heterogeneity of disease present within tissue samples,
without the need to cut serial sections. Since the pig lungmor-
phometry has not been previously studied with micro-CT, we
repeated the stereological assessment on “traditional” histo-
logical tissue sections. By comparing the micro-CT and histol-
ogy data, clear shrinkage-related differences were evident,
and raw data without considering shrinkage rate underesti-
mates emphysema. Although shrinkage correction does not
enable a 100% match up of the data between micro-CT data
and corrected histological data, correlation of the data showed
a good agreement for alveolar surface area per milliliter meas-
ures (Supplemental Fig. S10).

There were several limitations to the current study.
First, the sample size was relatively small due to the low
throughput nature of working with large animals. Despite
the small sample size, we observed statistically significant
changes in lung compliance and histological features of
emphysema in PPE-treated group, highlighting the statis-
tical power of using the contralateral lung as an internal
control. Second, as it is challenging to homogeneously
deliver the PPE throughout the lung, emphysema was
patchy as shown in Fig. 8, similar to what is observed in
humans. When comparing regional differences, PPE effect
was more notable in the lower regions of the left lung com-
pared with the upper regions. This effect could be caused
by gravitational forces during instillation. Third, there was
no significant difference in the maximal or specific com-
pliance between the left lung of the PPE group, the right

lung of this group, and the lungs from the control group
when we used plethysmography. In our protocol, water
displacement was performed first, followed by plethys-
mography. This order might have affected the overall
results, as surfactant and other molecules could have been
washed out during the water displacement method. Thus,
we posit that water displacement data might be more accu-
rate. Fourth, the decrease of alveolar surface area per milli-
liter was also observed in the right lung of animals with
multiple PPE dose instillations, suggesting possible spill-
age of PPE into the right lung (Supplemental Fig. S8). To
mitigate this effect, we maintained the pig in the left lat-
eral position for 20 min after PPE instillation, and no
coughing was recognized after extubation, except in one
animal, which received a single instillation dose of 2,100
U/kg. Therefore, we believe that spillage of elastase into
the contralateral lung did not occur in most cases or was
negligible. However, it is possible that some animals
microaspirated during the procedure and the PPE could
have caused an inflammatory response that could have
spilled over into the contralateral lung. Fifth, to ensure
comparability of compliance and other measurements
between the left and right lungs, we ligated the right cra-
nial lobe, due to the fact that the cranial lobe bifurcates
before the right main bronchus. The cranial lobe volume
in pigs is quite small compared with the other lobes (typi-
cally less than 15%). Thus, the omission of the lobe should
not have significantly affected the comparisons between
the right lung and the left lung. However, the exclusion of
the cranial lobe reduces our ability to compare our results
with those of other studies, which included this lobe in
their measurements. Sixth, this study used only female
pigs to minimize biological heterogeneity. Future studies
that include both male and female pigs will be needed to
clarify the influence of sex on this protocol. Seventh, we
did not evaluate the long-term effects of PPE. However,
given that we observed changes consistent with emphy-
sema (i.e., alveolar destruction and increased lung compli-
ance) in these pigs, which demonstrated a mature, fully
developed respiratory system, we expect these changes to
persist for many months, if not permanently. Nonetheless,
long-term studies will be needed to validate this hypothe-
sis. Eighth, in our study, quantitative analysis of the ex
vivo CT images of the frozen lung specimen showed no sig-
nificant loss in lung density. Clinical CT imaging has a re-
solution of �1,000 lm (44); whereas the mean airspace
size in our model was �220 lm. Thus, the relatively mild
changes with PPE in our model were below the resolution
of clinical CT scanner. It should also be emphasized that
the current protocol, using the selected single dose instil-
lation, induces mild emphysema that cannot be detected
with conventional CT imaging.

In conclusion, we have successfully established a unilat-
eral emphysemamodel in pigs that requires only one dose of
PPE. This model will be very useful for testing novel technol-
ogies and therapies for emphysema before human studies
can be initiated.
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