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Abstract
Pulmonary hypertension (PH) results in significant morbidity and mortality. Chronic PH animal models may advance the study of
PH’s mechanisms, evolution, and therapy. In this report, we describe the challenges and successes in developing three models of
chronic PH in large animals: two models (one canine and one swine) utilized repeated infusions of ceramic microspheres into the
pulmonary vascular bed, and the third model employed a surgical aorto-pulmonary shunt. In the canine model, seven dogs
underwent microsphere infusions that resulted in progressive elevation of pulmonary arterial pressure over a few months. In
this model, pulmonary endoarterial tissue was obtained for histology. In the aorto-pulmonary shunt swine model, 17 pigs developed systemic level pulmonary pressures after 2–3 months. In this model, pulmonary endoarterial tissue was sequentially obtained
to assess for changes in gene and microRNA expression. In the swine microsphere infusion model, three pigs developed only a
modest chronic increase in pulmonary arterial pressure, despite repeated infusions of microspheres (up to 40 in one animal). The
main purpose of this model was for vasodilator testing, which was performed successfully immediately after acute microsphere
infusions. Chronic PH in large animal models can be successfully created; however, a model’s characteristics need to match the
investigational goals.
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Despite new therapies, pulmonary hypertension (PH) continues to be associated with high morbidity and mortality.
The pathophysiology of PH remains poorly understood. PH
is deﬁned as a mean pulmonary artery pressure (PAp)
>25 mmHg and an increased pulmonary vascular resistance
(PVR) of 3 Wood units/m2.1 Further PH characteristics
include pulmonary arterial medial hypertrophy, intimal
lesions, and adventitial thickening. Previous investigations
describe experimental models of PH in rats, mice, dogs,
sheep, pigs, cows, and apes.2–15 Small animal models allow
for a larger number of subjects and easier experimental
manipulation than large animal models; nevertheless, large
animal models may better reﬂect human pathophysiology

than small animal models. Common methods for experimentally creating PH have included hypoxia, monocrotaline, embolic occlusion, and creation of aorto-pulmonary
shunts.2–14,16 We chose to create large animal models of
PH with the intent of testing an endoarterial biopsy catheter, to learn more about the molecular biology of the pulmonary vascular bed, and to perform acute vasodilator
testing. We used large animals because it allowed for
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interventions such as cardiac catheterization and biopsy.
The microsphere models appeared relatively simple to
create and had some similarities to thromboembolic and
pulmonary arterial obstructive diseases. The shunt model
developed systemic level PH in one lung, allowed us to perform sequential biopsies, and had similarities to several congenital cardiac lesions. The purpose of this report is to
describe to other investigators, clinicians, and trainees the
challenges that we encountered in the sequential creation of
three large animal models of PH with the purpose of helping
them in selecting models, modiﬁcations, and techniques for
their experimental endeavors.
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To develop the hypertensive model, ceramic microspheres
(3M, St Paul, MN, USA), with a mean diameter of 0.6–
0.9 mm (Fig. 1) were delivered approximately once a month
through an 11-F sheath placed in an external jugular vein.
Biopsies and angiography were performed immediately after
the microsphere infusions. Four-view perfusion lung scans
using 99mTc-labeled macroaggregated albumin were obtained
before and after each microsphere infusion procedure.
After euthanasia with intravenous Pentothal sodium
(120 mg/kg), the heart and lungs were examined. Cross-sections of arteries were obtained for histologic examination.

Swine aorto-pulmonary shunt model (shunt model)
Methods
The studies conformed to the Guide for the Care and Use of
laboratory animals.17 The University of California at San
Diego Animal Subjects Committee approved the canine
microsphere model. The University of Nevada Las Vegas
Institutional Animal Subjects Committee approved the
swine shunt and microsphere models.

Canine ceramic microsphere embolization model
(canine bead model)
Ten mongrel dogs with a weight of 25.0  5 kg and a mean
age of 25.6  15.6 months underwent an initial catheterization to obtain baseline hemodynamics and baseline biopsies.
Animals were pre-anesthetized with 10 mg/kg of propofol,
intubated, ventilated at a rate of 12–18 breaths/min, and
given maintenance anesthesia with 1.5–2.0% isoﬂurane. An
arterial femoral line was placed for monitoring. An 8-F
sheath was placed in an external jugular vein. An 8-F thermodilution catheter (Baxter-Edwards, Irvine, CA, USA) was
used to obtain cardiac and pulmonary pressures and cardiac
output. Endoarterial biopsy samples were obtained from
2–3 mm peripheral arteries, as described previously.18,19

A total of 30 Micro Yucatan female swine (Sinclair
Research Center, Windham, ME, USA) were used for the
creation of an aorto-pulmonary shunt model of chronic PH.
Mean body weight was 22.4  5.3 kg and mean age at surgery was 7.3  2.7 months.
A cardiac catheterization with pulmonary angiography
and biopsy were performed at baseline, as described above
for the canine bead model. The swine were pre-anesthetized
with a mixture of ketamine hydrochloride (Ben Venue
Laboratories, Inc., Bedford, OH, USA) 22 mg/kg, acepromazine (Vedco, Inc., St Joseph, MO, USA) 0.2 mg/kg, and
atropine (Baxter Healthcare Corp., Deerﬁeld, IL, USA)
0.05 mg/kg, intramuscularly. Induction and general anesthesia was attained with inhaled isoﬂurane (Baxter Healthcare
Co., Deer Field, IL, USA) 0.5–2.0%. Fentanyl 0.03–
0.05 mg/kg was given during the thoracotomy. The animals
were ventilated at a rate of 12–18 breaths/min. One gram of
cefazolin (West-Ward Pharmaceutical Corp., Eatontown,
NJ, USA) was administered intramuscularly before the procedure and 12 h later. To prevent ventricular arrhythmias,
amiodarone (Bioniche Pharma., Lake Forest, IL, USA) was
administered at a dose of 10–12 mg/kg intravenously prior
to the catheterization.

Fig. 1 Microspheres used for PH model creation: (a) Delivery configuration. The microspheres can be delivered through sheaths or catheters
placed with the tip in the superior vena cava or the pulmonary arteries. (b) Ceramic microspheres. (c) Sixty milliliter syringe loaded with
microspheres and adapted with a soft funneled tip that is placed into the proximal end of a 7–11-F long delivery sheath.
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For surgical creation of the aorto-pulmonary shunt, a left
thoracotomy was performed in the fourth intercostal space.
The left pulmonary artery (LPA) was exposed, clamped,
divided, and ligated at its origin from the pulmonary
trunk. Heparin was given at a dose of 100 U/kg. The descending thoracic aorta was clamped and a window was created in its medial aspect by using a punch (ClearCut, Quest
Medical Inc., Oconomowoc, WI, USA). An end-to-side
anastomosis was created. After releasing the vascular
clamp in the aorta, 2 mg/kg of furosemide (IVX Animal
Health, Inc., St Joseph, MO, USA) was given. The chest
was closed. No chest tube was placed in any of the animals.
Postoperatively, animals received furosemide orally
(Vintage Pharmaceuticals, LLC, Huntsville, AL, USA), 2–
4 mg/kg twice daily for 3–4 weeks, cephalexin (Teva
Pharmaceuticals, North Wales, PA, USA) capsules,
500 mg twice a day for 10 days, and buprenorphine
(Reckitt Benckiser Pharmaceutical, Parsippany, NJ, USA),
0.01–0.02 mg/kg twice daily for 3 days for pain and then as
needed if the animals showed signs of pain. No chronic anticoagulant or antiplatelet drugs were given until later in the
study when intravascular thrombi became evident.
Catheterization with aortic pressure and LPA pressure
measurement, angiography, and biopsies of the LPA were
performed 1 week, 3 weeks, and monthly from 2 to 6 months
after surgery. The hemodynamic assessment and biopsy
methods were similar to those described above for the
canine bead model, with the following exceptions: access
was from a carotid artery, isolated by cutdown, and cannulated with an 8-F sheath. A cutoﬀ 5-F pigtail catheter was
used to enter the LPA from the proximal descending aorta
using a Wholey wire. Pre- and post-biopsy angiograms in
distal LPA branches were performed through the pigtail
catheter or through the long sheath. The carotid artery
was repaired using microsurgical technique.

Swine ceramic microsphere embolization model
(swine bead model)
Nine Micro Yucatan female swine (Sinclair Research
Center, Windham, ME, USA), with a mean weight of
24.9  2.1 kg and a mean age of 6.2  0.8 months, underwent
a baseline cardiac catheterization with pulmonary angiography and biopsy, as described above for the canine bead
model. Animals were pre-anesthetized, anesthetized, and
given prophylactic amiodarone as described in the shunt
model. The hemodynamic assessment, biopsy methods,
and infusion of microspheres were similar to those described
above for the canine bead model, with the following exceptions: access was via neck cutdown: an 8-F sheath was
placed either in the internal or the external jugular vein
and a 5-F sheath was placed in the common carotid artery
to monitor arterial pressure. Microspheres were delivered
approximately every 1–2 weeks through an 8-F sheath
placed in a jugular vein. Microspheres were infused until
the peak systolic pulmonary arterial systolic pressure was
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5–10 mmHg higher than the maximum level obtained
during the previous infusion procedure. Euthanasia and
pathologic examination were performed as in the canine
bead model.

Technical aspects
Access. Access in dogs was by percutaneous Seldinger technique, consisting of needle entry into the vessel, followed by
a guide wire and then the sheath. Venous access was via an
external jugular vein and arterial access via the femoral
artery. In swine, venous and arterial access was by cutdown
in the neck, the axillary area, or the femoral area.
Vessel re-entry. In order to perform sequential procedures, we
discovered that we could obtain repeated access in veins and
arteries, even if they were completely occluded by thrombus.
Either by needle access or by performing a nick in the vessel
with a blade, we could advance the guide wire into the
vessel, followed by the sheath. At the end of each procedure,
microsurgical techniques were used to repair the vessels, and
in the last four animals we marked the vessels with vessel
loops to permit easy identiﬁcation and access at the next
procedure.

Results
Canine bead model
The purpose of creating this model was to test an endoarterial biopsy catheter in pulmonary arteries with hypertension. Our original aim was to deliver enough beads to the
pulmonary vascular bed to attain at least three-quarters of
systemic level systolic PAp. Bead infusions resulted in acute
pO2 levels <50 mmHg. The ﬁrst three dogs died or had to be
euthanized shortly after a single infusion of beads.
Therefore, the protocol was modiﬁed to give fewer beads
at monthly intervals.
Two dogs were euthanized after two bead infusions. The
average systolic PAp increased to 36 mmHg after the ﬁrst
infusion and to 45 mmHg after the second infusion. It
became apparent that long-term survival was possible if
bead infusions were stopped when the acute pO2 levels
reached about 60–70 mmHg. Subsequently, three dogs survived nine bead infusions and two dogs survived 12 infusions. One dog was kept alive for 32 months after the initial
bead infusion, did well clinically, and by the time of euthanasia had a stable PAp at two-thirds of the systemic level.
Lung perfusion scans showed major areas of hypoperfusion distributed evenly in both lungs after each bead infusion, partial recovery of ﬂow in between infusions, and
larger and more persistent ﬂow deﬁcits after multiple bead
infusions (Fig. 2).
Among the long-term survivors, the ﬁrst three dogs
received a total of 9 cc of beads each. The next two dogs
received a total of 4 cc of beads initially and 3 cc at the
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Fig. 2 Representative lung scans: antero-posterior (top left), postero-anterior (top right), right lateral (bottom left), and left lateral (bottom
right) views. (a) Baseline. (b) Immediately after the first bead infusion. (c) Prior to the second bead infusion. (d) Prior to the last bead infusion.

Fig. 3 Representative changes in systolic PAp after each microsphere infusion in one animal from the canine bead model (left). Average baseline
systolic pressure in seven dogs after multiple microsphere infusions (right).

second infusion. Thereafter, infusions were given starting
with approximately 0.2 cc of beads and slowly repeating
the infusions every 15 min until the desired pO2 was
attained.
In the ﬁve dogs that survived multiple bead infusion procedures, the average mean PAp increased from 13 mmHg at
baseline to 32 mmHg after the ﬁrst infusion. A month later,
the mean PAp decreased to 20 mmHg, increasing to
42 mmHg after the second infusion. This pattern of partial
recovery of PAp between infusions was observed consistently. However, the immediate pre-bead infusion mean

PAp increased progressively with increasing number of infusions (Fig. 3), reaching 40 mmHg after 9 months and
47 mmHg after 12 months. The highest systolic PAp
attained acutely after a bead infusion was 100 mmHg.
In the long-term survivors, the average PVR increased
from 2.4 Wood units at baseline to 7.7 Wood units after
the ﬁrst bead infusion. One month later, the PVR had
decreased to 2.6 Wood units, increasing to 8.1 Wood units
immediately after the second infusion. Again, a pattern of
partial decrease in PVR between infusions occurred consistently, but the pre-bead infusion PVR increased progressively
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with increasing number of infusion procedures, reaching an
average of 6.5 Wood units at 9 months and 7.8 Wood units
after 12 months. The highest acute PVR attained was 12.3
Wood units.
A total of 29 biopsy procedures were performed immediately after the bead infusions. Samples were retrieved with a
success rate of 79%. There were no signiﬁcant adverse clinical eﬀects on the animals as a result of the biopsy procedures. Intimal ﬂaps, vascular cuﬃng, and transient spasm
were observed, but generally resolved on follow-up angiography.18 The biopsy samples were adequate for histologic
examination and demonstrated hypertensive changes,
including thickened neointima, disorganized elastic laminae,
and myxoid degeneration in the media.18
At necropsy, branches of the distal pulmonary vascular
tree were variably ﬁlled with beads and intertwined with
thrombus and neointima. Histologic examination of pulmonary arteries showed characteristic hypertensive changes.18

Shunt model
The purpose of this model was to create systemic level PH
and do sequential biopsies to assess molecular changes with
progression of the disease. Four micro-Yucatan swine
underwent unrestricted anastomosis of the LPA to the descending aorta. All four animals died: three within a few
hours and one 21 days after the surgery with signs of overwhelming pulmonary edema. At necropsy the size of the
connection was estimated at 5–6 mm. The aortic window
size for the anastomosis was then decreased to 4 mm. Two
animals survived and developed systemic level PH in the left
lung, at days 49 and 70 after surgery, respectively.
The protocol was then modiﬁed to include a baseline pulmonary arterial biopsy catheterization through the right
heart prior to the surgery, thus procuring normal pressure
endovascular tissue to compare with the hypertensive samples. However, two animals died with refractory ventricular
ﬁbrillation during guide wire (n ¼ 1) and long sheath (n ¼ 1)
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passage through the right heart. Therefore, the technique
was modiﬁed to use a softer guide wire and administering
intravenous amiodarone prior to each procedure. The presurgical biopsy procedure was performed safely in all subsequent animals.
Use of a 4-mm window in the aorta resulted in failure to
develop PH in two other animals and shunt obstruction/
thrombosis in ﬁve animals, 39–91 days after surgery. To
solve these diﬃculties, the window size in the aorta was
increased to 4.5 mm (Fig. 4). A total of 17 swine survived
the 6-month protocol and consistently developed nearsystemic level PH in the left lung by 2–3 months (Fig. 5).
LPA angiography performed after surgery but while the pressure was still normal, showed smooth and undistorted distal
pulmonary artery branches. After the onset of severe PH,
there was enlargement of proximal branches and tortuosity,
narrowing, irregularities, and a reduction in number of distal
LPA branches. Angiograms performed immediately after the
biopsies generally showed patent and undistorted vessels, but
occasionally there were partial stenoses or irregularities in the
luminal contour, and very rarely complete occlusions, which
generally resolved on follow-up angiography.20 Cardiac catheterizations, including angiography and biopsies, were performed without signiﬁcant complications, such as death,
hypotension, arrhythmias, hemothorax, hemoptysis, or diﬃculties with weaning from anesthesia. Biopsy samples were
adequate for histologic and molecular studies, including
DNA microarray analysis,21 and quantitation of
microRNA expression at diﬀerent stages of PAH.
At necropsy, the hypertensive left lung was grossly congested. The pulmonary arterial wall was thickened, with
variable amounts of intraluminal thrombus, yellow discoloration, and irregular surfaces. Some vessels showed signiﬁcant patchy sclerosis, which was impossible to cut with a
sharp scalpel. Similar to the canine bead model, baseline
pulmonary tissue showed normal histology, while hypertensive biopsy samples and necropsy specimens showed progressive thickening of the neo-intima, thickening and

Fig. 4 Images of shunt model creation. (a) Left pulmonary artery to aorta anastomosis (arrow) at the time of surgery. (b) Instrument used to
perform a 4.5-mm punch. (c) Descending aortogram showing a patent anastomosis (arrow) and flow to the LPA (asterisk). (d) View of the hole
punch, from the aortic side, at the time of necropsy.

Pulmonary Circulation

Volume 7

Number 1

| 161

Fig. 5 LPA baseline systolic pressure (as a ratio of systemic systolic pressure) versus time after surgical shunt creation in 17 long-term surviving
animals.

degenerative changes in the media (Fig. 6), and plexiformlike lesions.20

Swine bead model

Fig. 6 Pulmonary artery endovascular histology using Elastin
stain in the shunt model. (a) Normal right pulmonary artery. (b, c)
Hypertensive left pulmonary artery: The elastic lamellae are disorganized and the neointima is significantly thickened (two-sided arrow).

The purpose of this model was to create PH and perform
acute vasodilator testing. Of the nine Micro-Yucatan swine
subjected to repeated delivery of microspheres, two died
after one bead infusion each, having attained acute systolic
pulmonary arterial pressures of 55 and 45 mmHg, respectively. Two other animals died after two bead infusions each,
having reached a systolic pulmonary arterial pressure of 40
and 58 mmHg at the second bead infusion, respectively. One
animal died after three bead infusions, with a peak systolic
pulmonary arterial pressure of 35, 43, and 45 at the three
procedures, respectively. One animal had nine separate catheterizations and six bead infusions and ran out of arterial
and venous access sites and was euthanized. We then modiﬁed the technique of leaving rubber vessel tie markers
around the vein and artery at the end of each procedure
(see ‘‘Technical aspects’’ below). Three animals survived in
the long term after undergoing 21, 24, and 40 separate
microsphere infusions, respectively. PAp increased acutely
after each microsphere infusion and completely or partially
recovered between infusions. The maximal baseline systolic
PAp attained after the multiple microsphere infusions in the
three animals was 35, 37, and 38 mmHg, respectively, despite attaining peak systolic pressures of 60–85 mmHg immediately after the bead infusions. Fig. 7 depicts representative
changes in systolic PAp after each infusion in one animal
and the mean increase in baseline systolic pressure in three
animals after multiple microsphere infusions.
While the baseline PAp did not increase signiﬁcantly after
multiple microsphere infusions, it was possible to acutely
increase the PAp to approximately three-quarters of the systemic level and perform acute vasodilator studies. We have
been testing the eﬀects of fasudil (a Rho Kinase inhibitor),
treprostinil, and veletri, with and without the eﬀects of a
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Fig. 7 Representative changes in systolic PAp after each microsphere infusion in one animal from the swine bead model (left). Average baseline
systolic pressure in three animals after multiple microsphere infusions (right).

Fig. 8 Vessel rubber markers (arrows) placed at the end of the procedure around the (a) common carotid artery (asterisks) and (b) jugular vein
(asterisks).

pulmonary vascular homing peptide CARSKNKDC (CAR)
in acutely instrumented studies.22,23

Technical aspects
The relatively thin skin in dogs allowed for repeated percutaneous access to neck veins. However, the thicker skin in
pigs required cutdowns for venous and arterial access.
Marking the vein and artery just prior to wound closure
facilitated ﬁnding the vessels at the subsequent procedure
(Fig. 8). Re-canalization of completely thrombosed veins
and arteries was generally possible and successful.
Microsurgery was used to reconstruct the vessels at the
end of each procedure. With these techniques, we were
able to successfully perform more than 40 separate procedures in one animal via a neck cutdown.

Discussion
We present a chronologic account of our experience, including the technical details, creating chronic models of PH in
large animals. The purpose of the canine bead model was to
develop chronic PH in dogs and to test the safety and

eﬃcacy of a novel endoarterial biopsy catheter in obtaining
sequential pulmonary arterial endovascular samples. The
purpose of the aorto-pulmonary shunt model was to
develop high-level PH in swine and assess whether the
biopsy procedure could be performed safely and if the
biopsy samples would be adequate for histologic and
newer molecular studies. The purpose of the swine bead
model was to attempt to recreate the canine bead model,
with the aim of performing acute vasodilator studies.
The choice of dogs in the ﬁrst model was based on previous experience with that species in the laboratory. Swine were
chosen in the second model based on a published study.24 The
use of swine in cardiovascular research has been strongly
supported by others.25,26 Only female animals were used
because of the higher propensity for development of PH in
the experimental and the clinical setting and less aggressive
behavior in the cages.27–29 The third model was also created
in swine based on the success in creating the swine shunt
model and our previous success with the canine bead
model. The canine and swine bead models have some similarities, at least mechanically, to clinical thromboembolic PH.
The shunt model mimics systemic to pulmonary arterial
shunts in humans including patent ductus arteriosus, Potts
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shunts (anastomosis of the left pulmonary artery to the descending aorta), Waterston shunts (anastomosis of the right
pulmonary artery to the ascending aorta), large BlalockTaussig shunts, hemitruncus (origin of one of the pulmonary
arteries from the ascending aorta), aorto-pulmonary windows, and perhaps even ventricular septal defects.
The advantages of the canine and swine bead models
were the relative ease of delivery of beads through a jugular
venous sheath at regular intervals, no need for a major surgical procedure, and creation of PH in both lungs. The
canine bead model was successful for testing a novel endoarterial biopsy catheter in pulmonary arteries with pressures
ranging from normal to systemic level PH. The limitation of
this model was that with increasing numbers of microsphere
infusions, the number of available vessels, which remained
patent for biopsy, became more limited. The shunt model
was created to allow sequential biopsies and analysis of genetic (mRNA and miRNA) changes as PH developed. In this
model, single-sided systemic level PH was reached very
reproducibly. However, the disadvantage of this model
was that a few weeks after systemic level PH was attained,
the vessels in that lung developed thrombi, even despite the
implementation of daily anticoagulation with warfarin. In
addition, we performed a preliminary study of vasodilator
testing in the shunt model when the pressures were at systemic level. However, it was diﬃcult to separate the decrease
in left pulmonary arterial pressure from the decrease in
aortic pressure (as the left pulmonary artery is connected
directly to the descending aorta). We surgically implanted
a ﬂow probe in the proximal left pulmonary artery to assess
the acute changes in pulmonary vascular resistance; however, scar developed between the pulmonary artery and
the probe and limited its usefulness.
Both the canine and swine bead models oﬀer an opportunity to study the mechanisms by which pressure and vascular resistance decrease in between bead infusions. Whether
this occurs through dilation of pre-existing vessels, recruitment of superﬂuous vessels, or angiogenesis/vasculogenesis
remains to be determined. In the swine bead model, we
attempted to recreate the canine bead model. However,
even after multiple separate microsphere infusions in the
swine (40 in one animal), the baseline PH was only modestly
elevated. The nature and mechanism of this potentially protective mechanism in swine during attempts to create systemic level PH by delivery of ceramic microspheres to the
pulmonary vasculature awaits further study.
In the shunt model, the use of a 4.5-mm aortic window in
the Micro Yucatan swine established a reproducible hemodynamic course, which resulted in two or three catheterizations in which LPA pressure was still normal, and several
subsequent catheterizations and biopsy procedures in which
severe PH had developed. This PH model could be used to
test therapeutic agents or maneuvers at several hemodynamic and disease stages, including baseline, during a
high ﬂow but low LPA pressure state, and at the time of
development of PH.
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Several procedural details were important in the ﬁnal
development of the shunt model, starting with the size of
the animals (20–22 kg) and the size of the aortic window at
the time of surgery. Furosemide was continued twice a day
for 3–4 weeks. No chest tube was necessary after the surgeries. Antibiotics were continued for 10 days after surgery
and reinstituted when animals had increased cough or
fevers. Intravenous amiodarone may have prevented
arrhythmias during intracardiac wire and catheter manipulations. Initially in the study, neither antiplatelet agents nor
anticoagulants were used, except for heparin during the surgery and catheterization procedures. However, two animals
showed signiﬁcant thrombi in the LPA vascular tree at necropsy, one with complete occlusion by thrombus from the
aorto-LPA anastomosis to the periphery. Therefore, in the
last ﬁve animals, we used daily warfarin and were still
unable to completely prevent clotting. We would still recommend a trial of antiplatelet or anticoagulant agents, at
perhaps higher doses, if animals are maintained experimentally longer than a few weeks after developing PH. An additional procedural improvement was the marking of the vein
and artery with a vessel loop at the end of the procedure.
This allowed faster dissection, less trauma, and decreased
subsequent scarring around the vessels and the access site.
In these studies, we used an endoarterial biopsy catheter,
which allowed pulmonary endoarterial biopsy procedures to
be performed sequentially as the PH models developed. The
catheter was safe and eﬀective. Biopsy samples were adequate for cell culture and propagation of smooth muscle
and endothelial cells,19 histology and the study of
mRNA21 and microRNA changes. We have also shown previously that biopsy samples obtained in an experimental
model of lung transplantation were adequate for polymerase
chain reaction (PCR) analysis and that molecular changes in
VCAM-1 mRNA levels were observed earlier than histologic changes of lung transplant rejection.30
Prostacyclin analogs, endothelin blockers phosphodiesterase 5 inhibitors, and guanylate cyclase stimulators have been
approved for treatment of patients with PH.31–39 However,
PH continues to be a severe disease with signiﬁcant morbidity
and mortality. To better understand the mechanisms leading
to PH and to develop improved therapies, it would be helpful
to study animal models and device techniques to obtain pulmonary vascular tissue in animals and humans. PH has been
created in small animal models, including mice and rats, with
hypoxia,2–5 monocrotaline,6–14 genetic modiﬁcations,9,40–42
and surgical shunts16 One of the limitations of these models
is the diﬃculty with chronic hemodynamic and tissue monitoring. Larger animal models, including, pigs, sheep, dogs,
macaques, calves, and apes, have also been created with hypoxia,43–50 monocrotaline,51–53 infectious agents,15 air infusions,54 carotid to jugular vein anastomoses,55 ligation of
pulmonary veins,56 systemic to pulmonary arterial shunts,
surgical pulmonary artery ligation, and microsphere infusions.18,19,22,57–63 They have added signiﬁcantly to the understanding of PH.
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There are several limitations to our models. As always,
animals may not exactly reﬂect the changes or the rate of
development of PH that occur in humans. For the bead
models, the beads mechanically obstruct pulmonary arteries
but may lack many of the mediators present in chronic
emboli that aﬀect the pulmonary vasculature. For the
shunt model, no direct assessment of LPA vascular resistance was performed because the amount of ﬂow through the
left lung was diﬃcult to quantitate.
Animal models will continue to be essential to further our
understanding of and develop improved therapies for PH. In
this paper, we summarized our experience, including the
diﬃculties and successes, in creating three long-term
models of PH in large animals. The choice of species and
method of PH creation should depend on the aims of each
investigation. The advantages and drawbacks of each model
need to be recognized. We describe a signiﬁcant diﬀerence in
the chronic response of the pulmonary vasculature to
repeated infusion of microspheres in dogs compared to
pigs. Elucidating the nature of the resistance or compensatory response to the development of chronic high levels of
PH in pigs may oﬀer clues that could be useful in designing
new therapies for patients with PH.
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