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The development of heart failure is the most powerful predictor of long-term mortality
in patients surviving acute myocardial infarction (MI). There is an unmet clinical need
for prevention and therapy of post-myocardial infarction heart failure (post-MI HF).
Clinically relevant pig models of post-MI HF are prerequisites for final proof-of-concept

studies before entering into clinical trials in drug and medical device development.

Here we aimed to characterize a closed-chest porcine model of post-MI HF in
adult Géttingen minipigs with long-term follow-up including serial cardiac magnetic
resonance imaging (CMRI) and to compare it with the commonly used Landrace pig

model.

MI was induced by intraluminal balloon occlusion of the left anterior descending
coronary artery for 120 min in Géttingen minipigs and for 90 min in Landrace pigs,
followed by reperfusion. CMRI was performed to assess cardiac morphology and
function at baseline in both breeds and at 3 and 6 months in Géttingen minipigs and

at 2 months in Landrace pigs, respectively.

Scar sizes were comparable in the two breeds, but MI resulted in a significant
decrease of left ventricular ejection fraction (LVEF) only in Géttingen minipigs, while
Landrace pigs did not show a reduction of LVEF. Right ventricular (RV) ejection
fraction increased in both breeds despite the negligible RV scar sizes. In contrast to the
significant increase of left ventricular end-diastolic (LVED) mass in Landrace pigs at 2

months, Géttingen minipigs showed a slight increase in LVED mass only at 6 months.
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In summary, this is the first characterization of post-MI HF in Goéttingen minipigs

in comparison to Landrace pigs, showing that the Gottingen minipig model reflects

post-MI HF parameters comparable to the human pathology. We conclude that

the Gottingen minipig model is superior to the Landrace pig model to study the

development of post-MI HF.

Introduction

Despite the decreasing mortality of acute myocardial
infarction (MI), the incidence of post-myocardial infarction
heart failure (post-MlI HF) has not changed over time®.
Heart failure (HF) is one of the most powerful predictors
of death in Ml patientsz. To date, reperfusion therapy is
the only available treatment option to limit myocardial infarct
size and to reduce the risk of a subsequent HF3:4.5,
HF and other complications may occur as a consequence
of reperfusion injury; therefore, there is still an unmet
need for the development of cardioprotective therapies
beyond timely reperfusion6’7*8. Numerous cardioprotective
therapies effective even in large animal models have been
described, but only remote ischemic conditioning (RIC)
seemed to improve clinical outcomes of post-MI HF in
a small clinical trial®. However, this encouraging result
on the efficacy of RIC was questioned in a single-blind,
randomized controlled trial (CONDI-2/ERIC-PPCI) performed
at 33 centers across Europe in STEMI patients, where RIC
failed to improve clinical outcomes'?. Potential reasons for
the failed translation of the preclinical data might be the use
of suboptimal post-MI HF animal models with low clinical

relevance’.

Cardiovascular (patho)morphology and (patho)physiology of
the pig models resemble human conditions; thus, it is

widely used and accepted in translational cardiovascular

K12.13,14

researc Pig breeds used in cardiovascular

research belong to the very diverse domestic pig (Sus scrofa
domestica) species that includes swine that vary in size,
appearance, and genetic background15*16. Although post-
MI HF has been researched in pigs extensively, no study
was published with the aim of characterizing and comparing
the effect of Ml on the outcome of post-MI HF in Landrace
pigs and Gottingen minipigs. The intensive growth rate
of Landrace pigs may affect the cardiac morphofunctional
outcomes; however, Gottingen minipigs with restricted growth
patterns may overcome these concerns and can serve as a
feasible model for long-term follow up in the assessment of
post-MI HF. Moreover, a guideline on the relevance of rigor
and reproducibility in preclinical studies on cardioprotection
recommends the use of cardiac magnetic resonance imaging
(CMRI) as a clinically relevant model for measurement of

ventricular function in pigs12.

To analyze the scientific interest on post-MI HF in pigs we
performed literature search on PubMed using the following
search string: "(pig OR swine OR porcine OR sus-scrofa OR
minipig OR mini-pig OR miniature-pig OR miniature-swine)
AND (infarct* OR ischem™ OR ischaem™ OR reperfus*) AND
(heart OR cardi* OR myocard*) AND (LAD OR left-anterior*
OR LCX OR left-circumflex OR RCA) AND (heart-failure OR
Ivef OR gjection-fraction OR infarct-size OR infarction-size)"
and found that pig models of cardiac ischemia/reperfusion

are frequently used to study MI and post-MI HF, but only
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17% (71 out of 425 articles) of studies involved minipigs and
7% (30 out of 425 articles) used Gottingen minipigs. Only
about 1% (5 out of 425) of studies used Géttingen minipigs
and clinically relevant protocols with long-term follow-up (1-9
months of reperfusion) and CMRI to analyze cardiac function.
The small number of clinically relevant studies highlights
the translational gap between basic research and clinical
trials. Therefore, a comprehensive characterization of the
closed-chest post-MI HF models in Géttingen minipigs and
Landrace pigs with repeated assessment of left and right
ventricular function and anatomy using CMRI during long-
term follow up is required. Here we aimed to focus on
the technical feasibility and clinical relevance of two post-
MI HF models to describe standardized and reproducible
experimental protocols for post-MI HF studies that may be
used to assess cardioprotective drug and/or medical device

therapies.

The present study is the first one in the literature to
characterize a clinically relevant model of post-MI HF using
adult Gottingen minipigs and to compare morphological and
cardiac left and right ventricular functional parameters with

that of the adolescent Landrace pigs.

Protocol

13 healthy and sexually mature female Géttingen minipigs
(age between 12 and 14 months) and 10 healthy and sexually

immature female Landrace pigs (age between 2 and 3

months) were housed in pig stalls conforming to the size
recommendations of the most recent Guide for the Care
and Use of Laboratory Animals DHEW and EU Guidelines
63/2010. Animals were not spayed. The temperature of the
animal rooms was controlled, and animals were kept at a
12-hour light/dark cycle and vermin-free. Ad libitum feeding
leads to overt weight gain in both Géttingen minipigs and
Landrace pigs, therefore, pigs from both the breeds were fed
with a restricted diet regimen. Goéttingen minipigs were put on
restricted diet as early as they arrived to the animal facility and
for the whole study duration. Special Diet Services pig chow
180-220 g/meal/animal was given twice daily according to
"Taking good care of Ellegaard Géttingen Minipigs" guideline
(revision date: 13 March, 2013) in the first 2 days. Between
day 3 and 12 animals were fed 50% Special Diet Services pig
chow and 50% maintenance minipig diet. From day 14 until
the end of the study animals were fed a maintenance minipig
diet. Landrace pigs received pregnant sow chow, 1.5% of
body weight given two times a day according to PIC Wean
to Finish Manual 2008 and 2013. All the animals received
food individually dispensed and food intake was monitored to
avoid competition for chow. Animals with feeding difficulties
were fed individually aided by tending personnel. All animals
received tap water ad libitum. The experimental protocol of
post-MI HF in Goéttingen minipigs and in Landrace pigs is

shown in Figure 1.
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Figure 1. Experimental protocol for post-myocardial infarction-induced heart failure in Landrace pigs and Goéttingen

minipigs. CMRI - cardiac magnetic resonance imaging. Please click here to view a larger version of this figure.

1. Baseline CMRI

1. Withdraw food from animals at least 12 hours before the
start of anesthesia but secure access to water to prevent

dehydration.
2. Anesthesia

1. Induce anesthesia of the animals with ketamine
hydrochloride (12 mg/kg), xylazine (1 mg/kg), and
atropine (0.04 mg/kg) as an intramuscular injection

to the neck region.

2. Measure the body weight and length of animals. The 3.
calculation of the body surface areas (BSA) formulas

were described by ltok et al. for Gottingen minipigs

(BSA [m?] = (7.98 x BW [kg]¥3)/100)'7 and by

1.

Swindle et al. for Landrace pigs (BSA [m2] =(7.34

x BW [kg]®-66)/100)18.

Intubate animals, maintain anesthesia with
isoflurane (2% isoflurane, 2 L/min oxygen). The size
of the endotracheal tube depends on the individual
anatomic characteristics of each animal and ranges

between 6.0- to 7.5-mm.

Cannulate the ear vein with 18 G needle and
start administration of 5% glucose in Ringer solution

(1 L/hour).

CMRI

Transfer animal to CMRI facility and administer
0.4-0.5 mg/kg atracurium besylate i.v.. Atracurium

besylate is a nondepolarizing, skeletal muscle

Copyright © 2021 JoVE Creative Commons Attribution-NonCommercial-NoDerivs 3.0 Unported jove.com
License

April 2021170+ 61901 - Page 4 of 25


https://www.jove.com
https://www.jove.com/
https://www.jove.com/files/ftp_upload/61901/61901fig1v2large.jpg

jove

relaxant that is used to avoid respiratory artefacts
during CMRI measurements. Start positive pressure
ventilation (16/min frequency, 350 mL volume,

25-30 mmHg positive pressure).

Position the animals in the supine position. Place
flexible coils on the chest and 32-channel coils are
placed in CMRI bed. Perform non-contrast cardiac
MRI with a 1.5T scanner, using a phased array
coil and a vector electrocardiogram (ECG) system
to assess the cardiac function and morphology
(ejection fraction (EF), cardiac output (CO), chamber
and wall dimensions). Acquire cine MRI images
using a retrospectively ECG-gated, steady-state free
precession cine MRI technique in short-axis and
long-axis views of the heart using 1.2 ms echo time,
40 ms repetition time, 50-degree flip angle, 300 mm
field-of-view, 8 mm slice thickness, and at least

256x256 image matrix.

Quantify left and right ventricular end-diastolic
(LVEDV and RVEDV) and end-systolic volumes
(LVESV and RVESV), stroke volumes (LVSV and
RVSV), EF-s (LVEF and RVEF) and masses by
manual planimetry of end-diastolic (LVED mass)
and end-systolic (RVED mass) short-axis cine
images. Quantify left atrial volume by tracings on
the two- and four-chamber cine images. Correct the
left atrial volumes to BSA to get left atrial volume
indexed to body surface area (LAVi). Assess the
presence of pulmonary oedema on the localizer

images.

For calculation of cardiac index (Cl) use BSA and

cardiac output.

Terminate the anesthesia by withdrawal of
isoflurane. When spontaneous breathing returns,
extubate the animal, remove i.v. cannula and return

it to its cage.

2. Premedication, vascular access and coronary
artery occlusion

1.

Premedication

1.

One day prior to surgical procedure administer
500 mg of acetyl salicylic acid and 300 mg of

clopidogrel orally.

Apply analgesia (meloxicam 0.4 mg/kg body
weight) and antibiotic cocktail (benzylpenicillin-
procain (24.8 mg/mL), benzylpenicillin-benzatine
(83.6

(156.3 mg/mL), 3 mL/50 kg body weight) by

mg/mL), dihidrostreptomycine-sulfate
intramuscular injections on the day of coronary

artery occlusion.
Repeat the steps described in 1.2.1-1.2.4 sections.

Use the ear vein cannula for fluid replacement
and drug administration. Administer 1g magnesium
sulfate throughout the procedure via ear vein every
30 min to prevent ventricular tachycardia (VT) and

ventricular fibrillation (VF).

Vascular access

1.

Place the animal on the operating table, fix the limbs,
and apply wedges to immobilize the animal in the

supine position.

Disinfect the surgical site with povidone-iodine. The
surgical site is around the skin fold between the

gracilis and sartorius muscle.

Remove the hair at the surgical site with a razor.
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10.

11.

12.

13.

Place surface ECG electrodes in Einthoven's
triangle. This triangle is formed by the two anterior
limbs and left hind limb and the electrodes are

placed on limbs.

Start positive pressure ventilation (16/min
frequency, 350 mL volume, 25-30 mmHg positive

pressure).

Isolate the disinfected surgical area with a surgical

drape.

Approach the femoral region as described in detail

by K. S. Ettrup et al.’9_ In brief, make a longitudinal
incision to the skin between the gracilis and sartorius
muscles. Separate the subcutaneous tissue and
fascia. Isolate the femoral artery and put two surgical

sutures below it to control hemorrhage.

Puncture and cannulate the femoral artery with a 6F-

ACT introducer using the Seldinger techniquezo'21 .

Fix the sheath to the skin.

Use the artery for blood sampling for further

biochemical analyses.

Administer 5000 IU heparin via the femoral
sheath to secure adequate anticoagulation and
prevent thrombosis during the surgical intervention.
Readminister 2500 IU heparin every 60 min
throughout the procedure. The animals received
approximately 370-440 1U/kg heparin during the

whole intervention.

Attach a pressure sensor to the femoral vessel to
monitor the arterial blood pressure throughout the

surgical intervention.

For calibration of pressure place the pressure

recording system on the level of the heart of each

animal. After removing the air bubbles, the zero
pressure calibration is performed when the three-
way stopcock is opened to the direction of the free

air.

3. Coronary artery occlusion, reperfusion and intracoronary

drug administration

1.

Note that this intervention should be performed
only by trained interventional cardiologist. Through
the femoral sheath, introduce and advance the
guidewire to the aortic arch and introduce the 5F
guiding catheter over the guidewire. First, advance
the guidewire to approach aortic root atraumatically.
Perform deep intubation by a thin, 5F guiding
catheter to avoid significant obstruction of the blood

flow.
Position the fluoroscope in antero-posterior position.

Ensure that there is no thrombus or air bubble within
the catheter with the aspiration of at least 5 mL of
blood, the volume of the catheter, with the syringe

connected to the catheter.

Connect the outer portion of the catheter to a syringe
filled with radiocontrast agent (iobitridol 1.1 mL/50 kg
body weight).

Take care that the syringe is held elevated to prevent

infusion of air bubbles into the coronary artery.

To perform baseline angiography, intubate
separately and fill with contrast agent selectively
the ostia of right coronary artery and left main

coronary artery. For more technical details, refer to

catheterization textbooks2?:21.
Perform BARI (Bypass Angioplasty
Revascularization Investigation Myocardial
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10.

Jeopardy Index) scoring after the baseline

angiography. A score to all terminal arteries
(terminal portion of the left anterior descending,
left circumflex, and right coronary artery, as
well as the ramus, diagonals, obtuse marginals,
posterior descending and posterolateral branches)

is assigned based on their length and caliber

according to specific criteria?2:23. A value of 0
represents an almost insignificant vessel size. In
contrast, a value of 3 defines a large-sized artery
with a length of two thirds the distance between the
base and cardiac apex. Do not take right ventricular
marginals and posterior descending artery septal

branches into account.

1. Calculate the final BARI score (% of the left
ventricle at risk) by dividing the total value from
the infarct-related artery by the total values of
all arteries (Figure 2A-D) supplying the LV.
Choose the occlusion site on the left anterior
descendent (LAD) coronary artery to achieve
approximately 25-30% myocardium at risk as

assessed by BARI scoring.

Insert the percutaneous transluminal coronary
angioplasty (PTCA) guidewire through the guiding
catheter. Position it distally to the planned site
of the occlusion under fluoroscopic guidance, and
check angiography for potential complications (e.g.,

coronary dissection, perforation).

Determine by visual estimation the optimal balloon

size based on coronary artery diameter.

Place the balloon catheter (balloon diameter 2.5 mm
and balloon length 12 mm) over the PTCA guidewire

and advance it to the planned position.

11.

12.

13.

14.

16.

17.

18.

19.

Fill the balloon with contrast agent and check the

position of the balloon catheter by angiography.

Inflate the balloon below the nominal pressure
(7-9 atmospheres) of the balloon to develop the soft
touch between the balloon side-wall and the surface
of the vessel. Soft-touch is defined as interaction
of balloon side-wall that is enough to occlude the

vessel without causing injury to the vessel wall.

Confirm the occlusion (TIMI 0) with angiography by
visualizing the stop of the contrast flow. Keep in
place the guidewire and the balloon and pull back
the guiding catheter from the ostium of the coronary

artery to avoid diffuse cardiac ischemia.

Tape instruments to the surgical drape to avoid

dislocation of the intracoronary balloon.

Record and document the ECG sign of occlusion by

ST elevation.

During the whole procedure, carefully monitor the
vital signs, heart rate (HR), blood pressure, core

temperature using rectal probe, and pulse oximetry.

Cover the animal with a heating device to maintain

the core temperature.

Administer 1 g of magnesium sulfate as an
intravenous bolus if pulseless VT or VF occurs
and start chest compressions with a frequency of
100/min immediately. Apply 300J DC shock and
lidocaine 2-4 mg/kg as an intravenous bolus. Treat
asystole with 1 mg of epinephrine as an intravenous

bolus.

Check balloon pressure every 30 min during the

coronary occlusion. If there is a decrease of more
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than 0.5 bar in balloon pressure, set it back to initial

values.

20. Perform angiography just before the end of coronary
occlusion to verify the maintained balloon placement

and absence of flow distally to the occlusion site.

21. Administer 2500 IU of heparin and 1 g of magnesium
sulfate intracoronarily as a slow bolus to prevent

thrombosis and arrhythmias.

22. Initiate the reperfusion with balloon deflation after
120 min cardiac ischemia in Géttingen minipigs and

after 90 min in Landrace pigs.
23. Remove the deflated balloon.

24. Confirm the success of reperfusion with coronary
angiography to demonstrate the blood flow at the

distal part of the coronary vessel (TIMI 3).

. Intracoronary drug administration

To prevent coronary artery embolization, fill the

therapeutic perfusion microcatheter with saline.
Place the microcatheter over the PTCA guidewire.

Advance and confirm the position of the microcatheter.
The tip of the microcatheter should be placed at the level

of occlusion.
Remove the PTCA guidewire.

Connect the microcatheter with the perfusion pump
and initiate intracoronary administration 5 minutes after

initiation of reperfusion.
After drug administration remove the microcatheter.

Make control angiography to check the TIMI 3-grade flow
of the contrast and to exclude that intervention led to air

emboli or coronary dissection.

4. Wound closure and post-operative care

Remove the arterial sheath and tie down the femoral
artery proximal to the puncture site. Occlusion of femoral
artery following the angiographic intervention has no
effect on the function of legs in pigs as assessed by daily

veterinarian observations.

Close the wound using continuous sutures and apply

antiseptic coating.
Terminate the anesthesia by withdrawal of isoflurane.

Closely monitor the animals in the recovery period and
inspect them every 12 hours until postoperation day 3,
then every 24 hours until the end of the study. Particular
attention should be given to eating and drinking behavior,
lethargy, signs of infection, painful condition, weight
change, mobility, and general health status. Following
the procedure, the animals were transported with a van
in small groups in cages to avoid unnecessary stress in

early postoperative period.

5. Post-MI CMRI and its evaluation

1.

2.

Anesthesia

1. Use the anesthetic protocol described in sections

1.2.1-1.2.4.
CMRI

1. Administer an intravenous bolus of contrast agent,
0.2 mmol/kg gadobutrol at a rate of 4 mL/sec, using

a manual injector.

2. Take delayed enhancement images using

an inversion recovery-prepared, gradient-echo

sequence. Obtain short-axis and long-axis images
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10 to 15 minutes after the administration of contrast

agent.
3. Evaluation

1. Perform evaluation using MASS 7.6 analysis

software in a blinded fashion.

2. Assess end-diastolic segmental wall thickness

on short-axis cine images.

3. Measure scar transmurality on short-axis

delayed enhancement images.

4. Quantify myocardial necrosis with manual

planimetry on the delayed contrast

enhancement images by delineating the
myocardium with signal intensity 5 SDs above
the mean signal obtained in the remote, non-

infarcted myocardium.

6. Statistics

1.  Show continuous data as mean + standard error.

2. Evaluate the difference using repeated measures one-
way ANOVA followed by Fisher's LSD test in Gottingen
minipigs and paired t-test in Landrace pigs. BARI scores
were compared with unpaired t-test and mortality rates

with the chi-square test between the two breeds.

3. Use GraphPad Prism for data evaluation. The differences

were claimed to be statistically significant if p<0.05.

Representative Results

Mortality

Out of 13 Gottingen minipigs subjected to myocardial
infarction, two animals died (15.4% mortality), one during
the ischemic period due to irreversible VT and one owing
to asystole in reperfusion. In Géttingen minipigs, one animal
was successfully resuscitated during cardiac ischemia. The
mortality rate was 0% in Landrace pigs, ten out of ten animals
survived, two of them required resuscitation due to VF in the
ischemic period. Mortality did not differ significantly between

the two breeds.

Myocardial scar sizes were comparable between the two

breeds

To measure the extent of cardiac scar as a consequence
of MI, CMRI was performed. Scar sizes and BARI scores
were comparable between the two breeds measured at the
2nd month of follow-up in Landrace pigs, and at the 3rd
and 6th month in Goéttingen minipigs (Figure 2E,F). No
differences were observed when scar sizes were related
to the BARI scores in Landrace pigs at 2 months (0.55 %
0.1) and in Géttingen minipigs at 3 months and 6 months
respectively (0.75 £ 0.12 and 0.57 + 0.08). The scars were
localized in the anterior, anteroseptal, septal, anteroapical
and apical segments of the heart in both breeds. The lateral
wall was affected only in Géttingen minipigs. Right ventricular
infarction was negligible, affected only one animal out of
eleven surviving Goéttingen minipigs and one out of ten

Landrace pigs (2.11 £ 2.11 vs. 0.97 £ 0.97).

Increase in left ventricular mass was more pronounced

in Landrace pigs during follow-up

The cardiac growth rate was measured by CMRI. LVED mass
in Gottingen minipigs increased only moderately (8%) at 6
months (Figure 3A). In contrast, in Landrace pigs, LVED

mass increased by almost 100% at 2 months (Figure 3B).
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Left ventricular ejection fraction decreased only in

Géttingen minipigs

LVEF, as the most widely used parameter of left ventricular
systolic function, was measured by CMRI. MI resulted in a
significant decrease in LVEF in minipigs at 3 months and 6
months (Figure 4A). In Landrace pigs, LVEF did not change
after 2 months (Figure 4B).

Post-infarction LVESV and LVEDV increased significantly in
both breeds (Table 1). LVESV increased by 69% and 80% in
Gottingen minipigs after 3 and 6 months, respectively, and by
80% in Landrace pigs after 2 months. LVEDV showed a 28%
increase after 3 months and a 42% increase after 6 months
in Goéttingen minipigs and an 82% increase in Landrace pigs
after 2 months. LVSV of Landrace pigs increased by 85% in
2 months and LVSV of Géttingen minipigs did not increase

significantly even at 6 months.

Left atrial volume indexed to body surface area increased

only in Gottingen minipigs, but both the breeds
developed pulmonary oedema following myocardial

infarction

In order to further examine signs of HF, we performed
measurement of the left atrial volume indexed to body surface
area (LAVi). LAVi increased by 34% in Gdéttingen minipigs
after 6 months (Figure 5A) and did not change significantly
in Landrace pigs after 2 months (Figure 5B). Representative
images show the tracing of the left atria (Figure 5C-D).
Moreover, the presence or absence of pulmonary oedema
was assessed by CMRI on the localizer images (Figure 5E).
Pulmonary oedema was observed in both breeds as a result
of cardiac decompensation. Ten out of eleven Goéttingen
minipigs and nine out of ten Landrace pigs showed obvious

signs of pulmonary oedema.

Increase in body weight was more pronounced in

Landrace pigs during follow-up

In Géttingen minipigs body weight gain was only 8% after
3 months and 30% after 6 months (Figure 6A), whereas
increased heart weight was accompanied by a nearly 100%
increase in body weight in Landrace pigs at 2 months (Figure

6B).

Trends in cardiac functional parameters differ between

Gottingen minipigs and Landrace pigs

Coronary artery occlusion led to an almost significant
decrease in mean arterial pressure (MAP) in Goéttingen
minipigs (57.9 + 3.98 mmHg vs. 49.89 + 1.24 mmHg) and
decreased significantly in Landrace pigs (65.4 + 5.97 mmHg
vs. 45.47 £ 4.79* mmHg) in the early reperfusion phase as

compared to the baseline (pre-infarction) values.

Clis areliable indicator of cardiac performance, which relates
left ventricular CO to BSA. In Goéttingen minipigs, Cl did
not change at the measured time points (Figure 7A), whereas
in Landrace pigs a tendency to increase was detected in

cardiac index (Figure 7B).

HR of Géttingen minipigs increased significantly at 3 (20%)
and 6 months (22%) after Ml compared to baseline values

(Table 2).
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In contrast, the HR of Landrace pigs did not change
significantly during the follow-up period. In Géttingen minipigs
CO showed a significant 32% increase only at 6 months of
follow-up, whereas CO was increased by 76% in Landrace
pigs after 2 months due to a significant increase in LVSV
(Table 2). BSA increased significantly in both breeds at the
measured time points (Table 2). BSA increased by 4% and
19% in Géttingen minipigs after 3 and 6 months, respectively,

and by 54% in Landrace pigs after 2 months.

Increase in right ventricular morphofunctional

parameters were observed in both Géttingen minipigs

and Landrace pigs

MI affected not only left ventricular function, but it also resulted
in a significant increase of RVEF in both breeds (Figure 8)
measured by CMRI, despite the negligible right ventricular
scar size. RVED mass increased in Landrace pigs only (Table

3).

RVESYV did not change during follow up in any of the breeds.
RVEDV increased significantly by 37% only in Landrace
pigs (Table 3). While RVSV in Géttingen minipigs increased
significantly by 23% only after 6 months, in Landrace pigs a

significant 80% increase in RVSV was observed at 2 months.
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BARI score (% of left ventricle at risk) = total value of the infarct-related artery
divided by the sum of the 3 total values of each coronary artery = 4/16 = 25%
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Figure 2. Estimation of the myocardium at risk based on the BARI (Bypass Angioplasty Revascularization

Investigation Myocardial Jeopardy Index) score (A-D). The total value of the infarct-related artery is divided by the sum of

the 3 total values of each coronary artery, the right coronary artery (RCA), the left circumflex coronary artery (LCX), and the

left anterior descending coronary artery (LAD). Left ventricular scar sizes in Goéttingen minipigs and Landrace pigs measured

by cardiac magnetic resonance imaging (E). Scar size is shown as a ratio of mass of infarction to the mass of left ventricle

at end of diastole (LVED). BARI scores in Géttingen minipigs and Landrace pigs measured before coronary occlusion (F).

Please click here to view a larger version of this figure.
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Figure 3. Left ventricular end-diastolic (LVED) mass (g) of Goéttingen minipigs (A) and Landrace pigs (B) measured
by cardiac magnetic resonance imaging. *p<0.05 vs. corresponding baseline (repeated measures one-way ANOVA
followed by Fisher's LSD test in Géttingen minipigs; paired t-test in Landrace pigs). Please click here to view a larger version

of this figure.
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Figure 4. Left ventricular (LV) ejection fraction (%) of Géttingen minipigs (A) and Landrace pigs (B) measured by
cardiac magnetic resonance imaging. *p<0.05 vs. corresponding baseline (repeated measures one-way ANOVA followed
by Fisher's LSD test in Gottingen minipigs; paired t-test in Landrace pigs). Please click here to view a larger version of this

figure.
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Measured Gottingen minipigs Landrace pigs

parameter Baseline 3 months 6 months Baseline 2 months
LVESV [ml] 2577 £1.73 43.65 £ 4.53* 46.28 + 4.35* 54.59 +2.00 98.26 + 8.60*
LVEDV [mlI] 55.49 + 3.14 71.08 £ 5.25* 78.81 + 5.46* 93.99 +3.85 171.20 + 11.50*

LVSV [ml] 29.71+1.65 27.44 +1.97 32.52 +2.37 39.40 + 3.05 72.94 + 3.99*

Table 1. Left ventricular end-systolic volume (LVESV), left ventricular end-diastolic volume (LVEDV), and left
ventricular stroke volume (LVSV) at the measured time points in Landrace pigs and Goéttingen minipigs. *p<0.05 vs.

corresponding baseline (repeated measures one-way ANOVA followed by Fisher's LSD test in Géttingen minipigs; paired t-

test in Landrace pigs).

A Gottingen minipigs B Landrace pigs
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Figure 5. Left atrial volume indexed to body surface area (LAVi) in mL/m? in Gottingen minipigs (A) and Landrace
pigs (B) measured by cardiac magnetic resonance imaging. Representative images of left atrial volumes, tracings were
made on the two- (C) and four chamber (D) cine images. The white arrows show the presence of pulmonary oedema on the
representative localizer image (E). *p<0.05 vs. corresponding baseline (paired t-test in Géttingen minipigs and Landrace

pigs). Please click here to view a larger version of this figure.
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Figure 6. Body weight (kg) of Goéttingen minipigs (A) and Landrace pigs (B). *p<0.05 vs. corresponding baseline
(repeated measures one-way ANOVA followed by Fisher's LSD test in Géttingen minipigs; paired t-test in Landrace pigs).

Please click here to view a larger version of this figure.
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Figure 7. Left ventricular (LV) cardiac indices (L/minlmz) of Gottingen minipigs (A) and Landrace pigs (B). Please

click here to view a larger version of this figure.
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Measured Gottingen minipigs Landrace pigs
parameter Baseline 3 months 6 months Baseline 2 months
HR [1/min] 79.64 +4.03 95.55 + 5.34* 97.00 + 4.46* 93.44 +2.73 88.00 + 2.52
CO [L/min] 2.37+0.16 2.58 +0.20 3.12 £ 0.24* 3.65+0.25 6.41 + 0.39*
BSA [m?] 0.70 £ 0.01 0.73+0.01* 0.83 +0.03* 0.70 £ 0.01 1.08 £ 0.03*

Table 2. Heart rate (HR), cardiac output (CO), and body surface area (BSA) of Géttingen minipigs and Landrace

pigs. *p<0.05 vs. corresponding baseline (repeated measures one-way ANOVA followed by Fisher's LSD test in Géttingen

minipigs; paired t-test in Landrace pigs).
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Figure 8. Right ventricular (RV) ejection fractions (%) of Gottingen minipigs (A), and Landrace pigs (B). *p<0.05 vs.

corresponding baseline (repeated measures one-way ANOVA followed by Fisher's LSD test in Géttingen minipigs; paired t-

test in Landrace pigs). Please click here to view a larger version of this figure.
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Measured Gottingen minipigs Landrace pigs
parameter Baseline 3 months 6 months Baseline 2 months
RVED mass [g] 8.64 + 0.68 8.98 £ 0.76 7.94 +£0.77 16.49 £ 0.90 23.61 £ 1.40*
RVESV [ml] 18.27 + 1.47 16.91+1.80 14.57 + 1.02 43.59 + 3.68 42.65 +2.37
RVEDV [ml] 44.16 + 2.61 42.14 +2.83 46.27 £ 3.45 83.03 + 3.42 113.72 £ 5.12*
RVSV [ml] 25.82+1.72 2525+ 1.67 31.71 £ 2.99* 39.44 +3.52 71.06 + 3.38*

Table 3. Right ventricular end-diastolic (RVED) mass, right ventricular end-systolic volume (RVESV), right

ventricular end-diastolic volume (RVEDV), and right ventricular stroke volume (RVSV) in Gottingen minipigs and

Landrace pigs. *p<0.05 vs. corresponding baseline (repeated measures one-way ANOVA followed by Fisher's LSD test in

Géttingen minipigs; paired t-test in Landrace pigs).

Discussion

Here we described a detailed protocol highlighting the
critical steps of a technique of induction of acute MI and
the evaluation of post-Ml HF in a closed-chest model of
adult Goéttingen minipigs. We also described the method
of intracoronary drug administration, BARI scoring, and
reported left and right ventricular cardiac morpho-functional
changes in a translational post-MI HF model. This is the
first characterization of post-MI HF in Goéttingen minipigs in
comparison to Landrace pigs, showing that the Géttingen
minipig model reflects post-MI HF parameters comparable to
humans. We conclude that the Goéttingen minipig model is
superior to the Landrace pig to follow-up the development
of post-MI HF. Clinically relevant pig models of post-MI HF
are prerequisites for final proof-of-concept studies before
entering into clinical trials in most of the cardiovascular drug

and medical device development projects6'7'12

. Indeed,
pig models resemble humans in anatomy, physiology, and
biochemical properties in particular in the field of Ml research
as they develop trans-mural infarctions due to the lack of

collateral perfusion14. Therefore, pig models can serve as

models for the analysis of cardioprotective therapies and their

mechanisms24»25 ,26,27,28,29 ]

Here we have found that despite the equal scar sizes,
mortality rates, and BARI scores in the two breeds, left
ventricular dysfunction characterized by decreased LVEF
was observed only in Géttingen minipigs. Here we observed
a 15.4% acute mortality in Goéttingen minipigs and no
mortality in the follow-up period, the latter is comparable
to that in clinical studies. Indeed, a patient-level meta-
analysis of 10 randomized clinical trials found that the
Kaplan-Meier estimated 1-year rate of all-cause mortality
was as low as 2.2% following myocardial infarction30. Scar
sizes reported here are comparable to those in clinical
trials. In clinical trials performed by Lonborg et al and
Stone et al in patients surviving ST-elevation myocardial
infarction the median scar sizes, measured as % of
left ventricular myocardial mass were 9.5% and 17.9%

30,31

respectively Moreover, scar sizes in the present

study accord with those reported in previous publications

12-25%)32.33,34,35,36,37

in Gottingen minipigs ( and in

Landrace pigs (14-18%)38’39'40. The present finding on
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baseline LVEF in Landrace swine is according to data
reported by others in large swine'3:41.42 These values
in large swine are smaller as compared to healthy human
LVEF reference ranges (58—61%)43 and baseline (pre-
infarction) values in Géttingen minipigs (55-73%)33’44'45.
Nevertheless, it is worth noting that only the post-infarction
data or delta changes of LVEF are reported in most

publications6.47.48.49,50

. In accordance with the present
results, previous studies of either post-MI HF induced by
45 to 90 min LAD occlusion followed by reperfusion or
by permanent LAD occlusion have demonstrated either no
reduction or modest reduction of LVEF in Landrace or
Yorkshire swine after 4-6 weeks follow up as compared to
baseline (pre-infarction) LVEF®1.52.53 However, Schuleri
et al. compared morphofunctional parameters between
Géttingen minipigs and Yorkshire swine and found that both
breeds showed a decrease of LVEF 8 weeks after induction
of Ml by 120 to 150 min LAD occlusion-reperfusion; however,
baseline LVEF values in Yorkshire swine were not reported54.
In other experiments in female Dalland Landrace pigs post-MI
adverse remodeling was induced by 90 min LAD occlusion,
however, LVEF was not reported after 4 weeks of follow-
up®®. In contrast to our findings, in a study by de Jong et
al., LVEF markedly decreased in Landrace pigs subjected to
open chest LAD occlusion and followed by a 12-week follow-
up56. This difference can be attributed to substantially longer
ischemic period (150 min), which resulted in larger infarct
size (23.4 £ 2.1% of LV). Elsewhere, 120-min closed-chest
occlusion of left circumflex (LCX) coronary artery in German
Landrace pigs led to a significant reduction in LVEF after eight
weeks of reperfusion, suggesting that the different location
of MI may also affect global left ventricular function®”. Our

present findings are consistent with others showing significant

reduction in LVEF in post-MI HF in Gottingen minipigs after

long-term follow up33’44'45.

The reduction of LVEF in Géttingen minipigs following Ml
is consistent with clinical data showing cardiac dysfunction
as a consequence of ventricular remodeling in patients after
AMI® . In conclusion, Géttingen minipigs better mimic the
human conditions, since pre-infarction LVEF, scar size, post-
infarction LVEF, and mortality are all comparable to these

parameters found in humans.

Here we observed an 8% increase in LVED mass after six
months in Géttingen minipigs and a markedly higher (97%)
increase in LVED masses in Landrace pigs after two months.
Similar data were reported by Schuleri et al. in Yorkshire
pigs, where a 40% increase in heart weight was observed
after two months. In contrast, in other experiments of closed-
chest post-MI HF in Géttingen minipigs no significant changes
in left ventricular masses were observed33:44. Therefore,
differences between the two breeds regarding LVEF can be
attributed to an intensive cardiac growth rate in Landrace pigs

and thus altered cardiac remodeling.

In clinical settings, besides the LVEF, left ventricular volume
provides valuable insight into long-term prognosis and
mortality rate in post-MI patients®®. LVESV is the primary
determinant of both early and late mortality in patients after
AMI®0.61 " Here we have shown that ventricular volume
assessed by CMRI increased significantly in both breeds.
Post-MI remodeling induced a more pronounced increase
in LVESV than in LVEDV in Géttingen minipigs, while both
LVESV and LVEDV were increased by a similar rate in
Landrace pigs. Consequently, left ventricular ejection fraction
(LVEF) was significantly decreased at 3 and 6 months only in

Gottingen minipigs but not in Landrace pigs after 2 months.

These results must be interpreted with caution in Landrace
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pigs, where increased LVESV, LVEDV, and LVSV (calculated
as the difference between the LVESV and LVEDV) are
more likely related to an intensive increase in cardiac mass.
Increased LVESV and LVEDV are consistent with clinical data
of patients with post-Ml HF62.63.64 Moreover, adverse left
ventricular remodeling was defined as an increase of 15%

65,66 and we found

or more in the LVEDV in clinical studies
here a 28% increase after 3 months and a 42% increase
after 6 months in LVEDV in Géttingen minipigs showing a
clinically relevant adverse remodeling. In addition, here we
have shown that LAVi increased only in Géttingen minipigs,
but not in Landrace pigs. Increase of left atrial volume is an
additional key structural alteration in the context of HF and is

an independent predictor of death and HF hospitalization in

patients surviving MIB7.

Right ventricular function is rarely studied in post-Ml
HF models. Here we have found that right ventricular
ejection fraction increased in both breeds. Although RV
was practically not involved in myocardial necrosis, RVEF
increased significantly in both breeds indicating RV volume
overload and hence left ventricular dysfunction. Similarly, a
clinical study enrolling 2008 patients with chronic systolic HF
showed that 733 patients (37%) belonged to normal right

ventricular function category with RVEF240%58.

In conclusion, we have shown here that the adult Gottingen
minipig model with long-term follow-up mimics functional
and morphological parameters of post-Ml HF comparable to
humans. Our present data also show that Landrace pigs are
not suitable for the evaluation of post-MlI HF mainly due to
consequences of the rapid increase in body and heart weight
that does not allow long-term follow-up and interferes with
post-MI HF pathology. Landrace pigs might be suitable to

assess the consequences of acute myocardial infarction. The

present comprehensive characterization of the closed-chest
infarction models in Landrace and Goéttingen minipigs will
be useful for choosing the optimal large animal models to
study post-MI HF and developing novel therapies against this

pathology.
Limitations

The current experiment was performed only in female pigs,
therefore, the potential effect of the different sexes on post-
MI HF remains unknown in these models®?. Signs of HF
were assessed by CMRI, according to recommendations of a
recent guideline on the relevance of rigor and reproducibility
in preclinical studies on cardioprotection12. However, the use
of more targeted angulation of CMRI imaging planes and
more targeted sequence may result in better estimation of left
atrial volumes, and pulmonary oedema. Although we have
not measured biomarkers and histological signs of post-Mi
HF in this study, these models are suitable for analysis of
any biomarkers since the availability of plasma and tissue
samples. Due to the different susceptibility of the 2 breeds
to ischemia/reperfusion injury, different durations of coronary
occlusions were selected here that may although limit the
comparison of the 2 models, however, by this approach we
achieved similar infarct size. The follow-up time in the 2
breeds was different as in the Landrace pigs only 2 months
follow up time can be achieved due to technical reasons, i.e.
rapid increase in body weight that shows a major limitation of
the Landrace model. A further limitation is the lack of different
risk factors and comorbidities and thus the present large
animal models do not completely mimic the clinical situation
in terms of the presence of multiple risk factors including
co-morbidities and their medications. However, currently,
there are no established large animal models with multiple

comorbidities for routine use. These large animal models

Copyright © 2021 JoVE Creative Commons Attribution-NonCommercial-NoDerivs 3.0 Unported
License

jove.com

April 2021-:170 - 61901 - Page 19 of 25


https://www.jove.com
https://www.jove.com/

jove

cannot be powered for mortality analysis due to animal ethical

reasons and the high cost of these studies.
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