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Acute myocardial infarction (AMI) is considered the major 
cause of mortality in the world. Tremendous animal 
studies are performed to develop novel therapeutics, and 
this study aimed to induce porcine myocardial infarction 
model by using polyethylene terephthalate (PET). Coronary 
guidewire was placed in left anterior descending artery 
(LAD). The balloon angioplasty catheter was inserted at 
the back of the PET. The balloon catheter was carefully 
pushed forward, until the balloon marker was located in 
mid-LAD. Coronary angiography was performed pre- and 
post-occlusion at 28 days by C-arm. Histologic analysis 
of heart tissue was performed 28 days after inducing AMI. 
Thirty three pigs were anesthetized and underwent percu-
taneous coronary catheterization. All pigs were successfully 
embolized in mid-LAD by PET. Fifteen pigs died due to 
ventricular fibrillation during post-anesthetic recovery time, 
and overall experiment mortality was 45.5%. In 2,3,5-
triphenyl tetrazolium chloride staining, gross finding of 

the ischemic heart lesion showed firm and white area of 
infarction associated with the apex and left ventricular 
posterior wall. Infarct on H&E-stained sections demon-
strated a region without myocytes and rich with cardio-
myocyte with atypical nuclei. Successful induction of 
AMI by using PET may provide the pathophysiological 
information of ischemic heart disease and improvement 
of therapy development for AMI.

Key words: polyethylene terephthalate, porcine model, 
myocardial infarction, interventional cardiology, cardio-
vascular disease

Introduction

Coronary artery disease (CAD) and acute myocardial in-
farction (AMI) are major causes of mortality and morbid-
ity in the world and are estimated to be responsible for 
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Fig. 1. Preparation of PET occlude (A). A representative image of the actual experiment. The balloon catheter was inserted at the 
back of the PET occlude (B). A schematic diagram of the experimental procedure (C). PET, polyethylene terephthalate; LAD, left 
anterior descending artery; LCX, left circumflex artery.

15%–20% of deaths in the United States [1]. To overcome 
and treat CAD, numerous AMI models using rodents, sheep, 
dogs, and pigs have been developed to study the associated 
pathophysiological, cellular, and molecular changes.

Among these, porcine models are preferred because of the 
similarity of the coronary artery anatomy and heart/body 
ratio to that of humans. Additionally, polyethylene ter-
ephthalate (PET) is widely used in the medical field due 
to its documented excellent biocompatibility. PET has 
been used to replace a diseased segment of artery. PET 
is a commercially available material with an excellent 
mechanical strength, good stability against body fluids, 
and high radiation resistance for sterilization [2, 3].

In this study, we utilized PET to occlude the left ante-
rior descending coronary artery of pigs to develop a nov-
el AMI model.

Materials and Methods

Animal preparation

This animal study was approved by the Ethics Committee 
of Chonnam National University Medical School and 
Chonnam National University Hospital (CNU IACUC-H-

2013-12), and conformed to the Guide for the Care and 
Use of Laboratory Animals published by the US National 
Institutes of Health (NIH Publication No. 85-23, revised 
1996). Our study included a total of 33 pigs from the 
animal catheterization laboratory of Chonnam National 
University Hospital. Yorkshire × Landrace F1 crossbred 
castrated male pigs (20–25 kg) were observed in the lab-
oratory animal center of Chonnam National University 
Medical Institute for 5–10 days before the experiment. 
All pigs were housed under controlled environmental 
conditions and veterinarian care. Premedication with as-
pirin 100 mg and clopidogrel 75 mg per day was given 
for 5 days before the procedure [4–6].

Materials

Vascular repair material made of PET was obtained 
(DuPont Co. USA).

Preparation of polyethylene terephthalate occlude

The PET occluder was manufactured with material trim-
med from a woven polyester graft (Fig. 1A). The size of 
the PET occluder was adjusted to the size of the left an-
terior descending coronary artery.
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Anesthesia

All pigs were fasted for 24 h with unlimited access to 
water before the procedure. On the day of the procedure 
the pigs were anesthetized with zolazepam and tiletamine 
(2.5 mg/kg, Zoletil50®, Virvac, Caros, France), xylazine 
(3 mg/kg, Rompun®, Bayer AG, Leverkusen, Germany), 
and azaperone (6 mg/kg, Stresnil®, Janssen-Cilag, Neuss, 
Germany). An intravenous (IV) catheter was placed in 
the marginal ear vein for the administration of fluid and 
emergency drugs such as epinephrine and anti-arrhythmic 
agents (amiodarone hydrochloride). IV fluid administra-
tion with saline 0.9% was continued throughout the 
experiment. After intubation, anesthesia was maintained 
with inhalation anesthetic consisting of sevoflurane (1%) 
in oxygen (100%) [7]. Pigs were mechanically ventilated. 
Tramadol HCl (5 mg/kg, Trodon®, Aju pharm, Korea) 
was administered IV pre- and post-operatively for reducing 
pain.

Protocol for AMI induction

Lidocaine (2% solution) was administered subcutaneously 
at the left cut-down site. The left carotid artery was sur-
gically exposed, and a 7F introducer sheath with a side 
port was placed in the left carotid artery. 

A 7F coronary artery guiding catheter was placed with-
in the opening of the coronary artery and a baseline cor-
onary angiogram was obtained using the nonionic con-
trast agent iohexol (Omnihexol 300, Korea United Pharm 
Co., Seoul, Korea) under fluoroscopic guidance with a 
mobile fluoroscopy system (BV Pulsera, Philips Medical 
Systems, Andover, MA, USA).

A 0.014″ interventional guide wire with the attached 
PET occluder was advanced through the guiding catheter 
and placed across the left anterior descending artery 
(LAD). We used balloon catheters once inflation and 
then deflated to negative pressure using indeplator to 
prevent slipping of PET occluder from the interventional 
wire into the back of the balloon. A balloon angioplasty 
catheter was inserted into the mid-LAD until it was just 
proximal to the PET occluder and was carefully pushed 
forward until the balloon marker was located in the mid-
dle LAD and the occluder was lodged in the LAD (Fig. 
1B and 1C). First remove the interventional wire and 
then remove the balloon. PET occlude is then placed in 
front maker portion of the removed balloon.

Angiography was performed to confirm obstruction of 
the distal-LAD. Finally, the guide wire, balloon catheter, 
and guiding catheter were removed and the left carotid 
artery was ligated.

Electrocardiographic monitoring for AMI and arrhy-

thmia confirmation

Electrocardiography monitoring was performed through-
out the experiment. Acute occlusion of the coronary artery 
was confirmed by changes in the normal ST segment at 
baseline and ST elevation during cardiac ischemia on 
continuous electrocardiography. All pigs were observed 
for at least 1 h for the development of cardiac arrhythmias 
such as ventricular fibrillation or tachycardia.

Evaluation of left ventricular systolic function by us-

ing two-dimensional transthoracic echocardiography

Transthoracic echocardiography (TTE) was performed 
prior to (baseline, before AMI), 1 hour after, and 4 weeks 
after AMI. All the surviving pigs were examined to as-
sess the left ventricular ejection fraction (LVEF), which 
represents left ventricular systolic function. Cardiac im-
ages were taken by using an echocardiography system 
(Vivid S5, GE Healthcare, Schenectady, NY, USA) 
under general anesthesia while the pigs were in the supine 
position. Left ventricular end-systolic (left ventricular end-
systolic volume; LVESV) and end-diastolic dimensions 
(left ventricular end-diastolic volume [LVEDV]) were de-
termined from two-dimensional imaging, and LVEF was 
calculated by using the modified biplane method [8]. 

Pathological analysis of infarcted lesion

A follow-up coronary angiogram was performed 4 
weeks post-AMI. At the end of the experiment, pigs 
were anesthetized sacrificed with an overdose of potassium 
chloride. The hearts were rapidly removed, extracted and 
grossly sectioned at 1-cm intervals. The myocardial sec-
tions were stained with 2,3,5-triphenyl tetrazolium chloride 
(TTC) solution (1% in phosphate-buffered saline) for 30 
min at 37℃. After TTC staining, sectioned heart tissues 
were fixed in 10% neutral buffered formalin overnight, 
and embedded in paraffin for histological analysis. The 
tissue samples were cut into 3- to 5-μm thick sections 
and stained with hematoxylin and eosin (H&E) and 
Masson’s trichrome. TTC, H&E, and Masson’s trichrome 
stains were performed to evaluate the infarcted area of 
the ventricle. Histological analysis of the infarcted my-
ocardium was performed by an experienced cardiac 
pathologist. 

Statistical analysis

Statistical analysis was performed using the Statistical 
Package for Social Sciences (SPSS) for Windows, version 
16.0 (IBM, Armonk, NY, USA). The data are presented 
as means ± S.D. The baseline, 1 hour after AMI and 
4-week follow-up echocardiographic data were compared 
using the paired t-test. A p-value < 0.05 was considered 
significant.
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Fig. 2. Coronary angiograms during and after induction of anterior wall myocardial infarction. (A) baseline, (B) occlusion and (C) 
follow-up after 4 week of the distal-left anterior descending artery. White arrow indicates occlusion site. 

Baseline 
(Before AMI, n = 18, A)

Follow-up 1
(1 hour after AMI, n = 18, B)

Follow-up 2
(4 weeks after AMI, n = 18, C)

p-value 
between

LVEF
(%) 59.1 ± 6.20 34.7 ± 6.61 52.7 ± 3.68

A vs. B: p<0.0001
B vs. C: p<0.0001
A vs. C: p<0.0001

LVEDV
(mL) 34.3 ± 2.66 29.0 ± 9.19 36.8 ± 11.36

A vs. B: p=0.0271
B vs. C: p=0.0211
A vs. C: p=0.4036

LVESV
(mL) 23.7 ± 2.08 19.1 ± 6.93 23.1 ± 8.60

A vs. B: p=0.0112
B vs. C: p=0.1220
A vs. C: p=0.7726

Data are presented as mean ± S.D.
Each groups were compared using the paired t-test.
AMI, acute myocardial infarction; LVEF, left ventricular ejection fraction; LVEDV, left ventricular end-diastolic volume; LVESV, 
left ventricular end-systolic volume.

Table 1. Echocardiographic data at baseline, and 1 hour and 4 weeks after acute myocardial infarction in the surviving pig

Results

AMI induction using PET

A total of 33 pigs were anesthetized and underwent 
percutaneous coronary catheterization. The left and right 
carotid arteries were successfully catheterized without any 
side effects such as bleeding, arterial dissection, or shock. 
All pigs successfully underwent embolization of the mid-
dle LAD with PET. Fifteen pigs died due to ventricular 
fibrillation during the post-anesthetic recovery time. 
Ventricular fibrillation occurred within 40 min after AMI 
induction. The overall study mortality was 45.5% (dead 
15/total 33 pigs). None of the pigs manifested clinical 
signs of surgical site infection during the subsequent 4 
weeks.

Coronary angiographic findings

Left coronary angiogram confirmed occlusion of the 
LAD (Fig. 2A). After the procedure, repeated coronary 

angiogram showed acute obstruction of the distal LAD in 
this pig (Fig. 2B). The follow-up angiogram was per-
formed 4 weeks post-AMI (Fig. 2C). All of LAD was 
occluded on follow-up coronary angiogram in 18 pigs.

Echocardiographic findings 1 hour and 4 weeks after 

AMI compared with baseline

Table 1 shows the echocardiographic data at baseline, 
and 1 hour after and 4 weeks before/after AMI. All the 
values changed after induction of myocardial infarction. 
Notably, the EF values were decreased by approximately 
45% of the baseline after 1 hour of induction of AMI 
(59.4% ± 6.18% at baseline vs. 34.9% ± 6.45% at 1-hour 
follow-up; Table 1). On comparisons of echocardiography 
data among baseline, 1-hour and 4 weeks after AMI, 
LVEF (p<0.0001), LVEDV (p=0.0271) and LVESV (p=
0.0112) values decreased significantly from baseline to 1 
hour after AMI. LVEF (p<0.0001) was decreased signifi-
cantly, but LVEDV (p=0.4036) and LVESV (p=0.7726) 
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Fig. 3. TTC staining at 5 weeks showing areas of infarcted myocardium in the left anterior ventricle wall (white arrows). TTC, 2,3,5, 
triphenyl tetrazolium chloride.

Fig. 5. Hematoxylin-eosin-stained tissue sections of the coronary 
artery occlusion site (A, original magnification ×40) by the 
PET occluder (B, original magnification ×100; white arrow, 
short axis of the PET fiber, long axis of the PET fiber). PET, 
polyethylene terephthalate.

Fig. 4. Hematoxylin and eosin (A, ×100; A-1, ×200) and Masson’s 
trichrome (B, ×100; B-1, ×200) staining of representative images 
in infarcted tissue. White arrows indicated infarcted tissue. 

was no differences between baseline and 4 week follow-
up estimated value.

Gross and histological findings

TTC staining grossly showed a firm white area of in-
farction involving the cardiac apex and left ventricular 
posterior wall. The white infarcted myocardium contrasted 
with the red color of the surrounding normal cardiac 
muscle (Fig. 3). 

H&E-stained sections demonstrated a region without myo-
cytes and rich with cardiomyocytes with atypical nuclei 
(Fig. 4A). Masson’s trichrome staining showed fibrosis 
and collagen deposition in the infarcted area (Fig. 4B).

Histological examination of the PET occluder insertion 
site showed complete occlusion of the coronary artery. 
The fiber of PET occluder was observed in the occluded 
lesion (Fig. 5).

Discussion

This study was conducted to establish the novel method 
to induce an AMI using PET in the LAD of a pig, and 
demonstrates the successful induction of an AMI similar 
to that of a human. Our porcine AMI model may pro-
vide additional pathophysiological information regarding 
ischemic heart disease and allow the development of ad-
vanced cardiac therapeutics.

Despite improving patient survival rates, CAD, includ-
ing AMI, remains a leading cause of cardiovascular mor-
tality and morbidity in the world [9, 10]. Over the past 
few years, preclinical study by using animal models has 
become important for translational research. It is clinically 
important to verify cardiac therapeutics in large animal 
models prior to clinical applications. Pigs are considered 
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as the most suitable animal for myocardial infarction 
model due to several advantages. The heart size is com-
patible with the human heart and cardiovascular function 
and hemodynamic parameters are also similar [11]. 

PET was chosen for this study because of its avail-
ability and widespread use in vascular surgery and inter-
ventional cardiology devices such as angioplasty balloon 
catheters and artificial blood vessels. Additionally, the bi-
ocompatibility of PET has been extensively studied [12–
14].

The present MI model has three advantages over bal-
loon angioplasty occlusion or coronary coil deployment. 
First, the three methods are closed-chest approaches and 
considered noninvasive. Second, the main difference from 
balloon angioplasty occlusion is that the present model is 
a permanent occlusion. Last, unlike the PET occlusion 
method, the commercial embolization coil (VortX-18 
Diamond 3 mm/3.3 mm coil, Boston Scientific/Target) is 
expensive.

The ischemia-reperfusion model using balloon catheter 
would be more close to the clinical situation of human 
patients with AMI. However, the permanent ischemia and 
ischemia-reperfusion models have different heart injury 
mechanism [15]. The lesion induction mechanism of our 
model is the blockage the coronary blood flow through 
an artificial scaffold (PET).

In addition, the permanent model has the advantage of 
confirming the lesion clearly compared to the reperfusion 
model. It would be better to use each model as a tool 
for the purpose of experiment.

Several animal models have been developed to evaluate 
novel drugs and devices, to study the pathophysiological 
changes of AMI, and to decrease mortality and sub-
sequent heart failure.

The main difference among animal myocardial infarc-
tion models is use of invasive surgical approaches, or, as 
in the present study, non-invasive interventional cathe-
ter-based approaches for infarction induction.

AMI models have several differences between small 
(mouse and rat) and large animals (dogs, sheep, and pigs). 
The application of rodent AMI models is simpler and 
less expensive than large animal models. However, the 
coronary anatomy and pathophysiology of these animals 
are not similar to those of humans, and their small size 
precludes the testing of medical devices. 

Sheep and pigs have been widely used as the large ani-
mal models of AMI. Tyler et al. created a sheep AMI 
model by using autologous-aggregated platelets, and 
other induction methods have been reported [16–19]. 
However, the left coronary artery of sheep demonstrates 
anatomical variation [20].

Researchers have preferred the pig model for car-

diovascular research because of its greater similarity to 
the human coronary artery anatomy, clotting cascade, and 
cardiac pathophysiology. Furthermore, the heart-to-body 
ratio of the pig is similar to that of humans [21]. In ad-
dition, the size of conventional crossbred pigs weighing 
> 20 kg allows preclinical studies with coronary stents, 
intra-cardiac devices, artificial valves, and vascular grafts 
that may be eventually utilized in human patients. 

As a result, most animal models have been replaced 
with porcine models when investigating cardiovascular 
devices and minimally invasive cardiac interventions.

Previous studies have used open chest surgery (amyloid 
constructor and surgical ligation) and cardiac intervention 
procedure (ethanol infusion, coil embolization, and bal-
loon occlusion) to induce a porcine AMI [7, 21–34]. Our 
new model used interventional devices that are readily 
available and frequently used in clinical settings, and al-
lows a simple and direct method to induce an ischemic 
lesion in the left ventricular myocardium without the need 
for non-biocompatible beads or invasive thoracotomy 
with coronary ligation [35, 36].

Results of stem cell experiment using this model were 
published [37]. Intramyocardial stem cell injections were 
performed around the borderline (infarcted and non-in-
farcted tissues). The reperfusion model using an angio-
plasty balloon did not present a clear boundary between 
these tissues. We are therefore developing and using this 
model.

Study limitations

A limitation of this study was that we did not evaluate 
the infarcted lesion and cardiac function with imaging 
modalities such as magnetic resonance imaging, techne-
tium single photon emission tomography, or computed 
tomography.

Conclusion

We successfully induced an AMI in the territory of the 
LAD of pigs using a safe and feasible biomaterial PET. 
This model may provide further pathophysiological un-
derstanding of ischemic heart disease and be applied for 
therapeutic development for cardiac repair.
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