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Large animal models of heart failure are essential for the 
translation of basic science into clinical practice.3,4,6 The ovine 
model has been well characterized in literature3-6,9,12,14,15,17 as 
a crucial preclinical research model for studying the physi-
opathology of myocardial infarction (MI) and postMI left 
ventricular (LV) remodeling. This model provides the structural 
and biologic background to evaluate novel medical devices 
and cell based therapies for the treatment of heart failure. The 
ovine cardiovascular system is comparable to that of humans at 
the cellular level1,12 as well as in terms of cardiac metabolism, 
electrophysiology, and LV function.14 In Dorset sheep, the com-
parable anatomy of the heart and a coronary vasculature that 
lacks collateral circulation enables the creation of infarcts with 
predictable size and location.6,17 Furthermore, the docile nature, 
stable adult body size, and adequate size of the peripheral vas-
culature make sheep an exceedingly suitable model for chronic 
studies evaluating percutaneous catheter-based therapies.9

In our laboratory, a minimally invasive closed-chest approach 
is used to induce permanent coronary artery occlusion in sheep 
via catheter delivery of thrombogenic coils. This model has been 
useful in developing structural and functional impairment that 
simulates postinfarction LV dysfunction in humans.4 However, 
despite preventative pharmacologic therapy, perioperative ar-
rhythmias are often refractory and may result in sudden death. 
The literature currently describes a 30% mortality rate associated 

with this model.5,9 Site and duration of occlusion, preprocedural 
pharmacologic treatment, anesthetic strategy, and management 
practices all play a role in minimizing mortality after surgical 
or interventional induction of MI in sheep. To minimize mortal-
ity associated with creating the ovine MI model, we targeted 
the primary cause of acute death, intractable arrhythmias. We 
hypothesized that implementing a standardized cardiopulmo-
nary resuscitation (CPR) protocol would decrease the overall 
mortality associated with model creation.

Materials and Methods
Animals. Animal use was approved by the Skirball Center 

for Cardiovascular Research IACUC for an ovine myocardial 
infarction model to be used in preclinical testing of cardiovas-
cular therapies. Research was conducted in accordance with 
all applicable regulations and the Guide for the Care and Use of 
Laboratory Animals.11 Female Dorset sheep (Ovis aries; weight, 34 
to 47 kg) were purchased from a local commercial vendor (Ani-
mal Biotech Industries, Danboro, PA). Sheep were tested and 
confirmed negative for Q-fever prior to purchase. All animals 
were vaccinated, dewormed, and acclimated for a minimum of 
5 d prior to experimental procedures. Sheep were group-housed 
in large stainless steel cages with raised grid flooring. Sheep 
were provided water ad libitum and fed a dry commercial diet 
(Purina Rumilab 5508, WF Fisher and Son, Somerville, NJ) sup-
plemented with alfalfa hay.

Study design. A total of 44 sheep underwent transfemoral 
catheter-based embolization procedures with coronary coils 
for induction of MI leading to LV dysfunction and eventual 
chronic heart failure. The first 15 animals in the series were 
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tered as need to maintain the activated clotting time at 250 s or 
greater. After the appropriate depth of anesthesia was achieved, 
a 7-French vascular access sheath (Terumo Medical, Elkton, 
MD) was placed in the femoral artery percutaneously, by us-
ing the standard Seldinger technique or by surgical cutdown. 
Intracoronary nitroglycerin (100 μg; American Regent Shirley, 
NY) was prophylactically administered to prevent vasospasm. 
The left coronary artery was cannulated by using a 7-French 
guide catheter (Cordis, Miami, FL) under fluoroscopic guidance. 
Baseline coronary angiography and transthoracic echocardiog-
raphy were performed.

MI was induced by advancing a coronary infusion catheter 
into the middle left anterior descending artery (also known 
as the paraconal interventricular branch of the left coronary 
artery), where appropriately sized (diameter, 2.0 to 3.5 mm) 
coronary coils (Cook Medicine, Bloomington, IN) were de-
livered into the middle left anterior descending artery and 
adjacent diagonal arteries to block regional coronary blood 
flow. Coronary angiography was performed to confirm total 
occlusion and serial angiograms were taken every 15 to 20 
min to ensure complete and persistent occlusion. After a 120-
min period of continuous monitoring of electrocardiographic 
and hemodynamic parameters after coil implantation, final 
angiography was performed (Figure 3). All catheters and 
sheaths were removed, and surgical sites closed routinely. 
Postoperative care was provided by the veterinary staff and 
included continuous monitoring of vital parameters until 
sheep were fully recovered. Analgesia was preemptively 
provided by buprenorphine (0.01 to 0.02 mg/kg IM; Reckitt 
Benckiser Pharmaceutical, Richmond, VA) and flunixin meg-
lumine (2 mg/kg IM; Phoenix Pharmaceutical, St Joseph, MO) 
given perioperatively in addition to the intraoperative use 
of bupivacaine as a regional anesthetic (1 mg/kg, intercostal 
nerve block; Hospira). Postoperative analgesia consisting of 
buprenorphine and flunixin meglumine was provided for an 
additional 1 to 2 d or longer as clinically indicated. To assess 
LV function, follow-up echocardiography was performed 6 
wk after coil embolization (Figure 3).

Statistics. Echocardiographic parameters are reported as 
mean ± 1 SD. Data were analyzed according to the unpaired 
Student t test and, when indicated, a Mann–Whitney rank sum 
test was used. Mortality data were analyzed by using a Fisher 
exact test. Differences among group means were considered 
significant when the P value was less than or equal to 0.05. All 
analyses were performed by using data analysis software system 
(Statistica version 10, StatSoft, Tulsa, OK).

managed at the operator’s discretion, with resuscitation of 
sheep experiencing life-threatening perioperative arrhythmias 
according to operator-driven instructions. The remaining 29 
sheep were managed according to a standardized protocol 
(Figure 1). Importantly, all procedures were conducted in cath-
eterization laboratories equipped with interventional radiology 
equipment (Innova 2100 or 3100, GE Healthcare, Milwaukee, 
WI) by the same 3 operators (GHY, GBC, and KM), who have 
extensive training in interventional cardiology. Likewise, the 
same experienced veterinary staff members (CF, AW, DRO, and 
PAM) were responsible for anesthesia, monitoring, and, when 
necessary, performing CPR in all 44 animals before and after 
implementation of the standardized protocol.

Management of the ovine MI model at the operator’s dis-
cretion. Prior to development and implementation of the 
standardized protocol, perioperative antiarrhythmic therapy 
and resuscitation efforts were led by the individual operator. 
Antiarrhythmic therapy included atenolol (25 mg PO beginning 
2 d prior to procedure and continued until 2 to 3 d afterward; 
Butler Schein, Dublin, OH) in addition to metoprolol (Hospira 
Worldwide, Lake Forest, IL) and lidocaine (Hospira World-
wide), which were administered as needed at the operator’s 
discretion for arrhythmias. Standard resuscitation drugs—
atropine (American Regent, Shirley, NY), epinephrine (Hospira 
Worldwide), and lidocaine (Hospira Worldwide)— also were 
used, along with sodium bicarbonate (Hospira Worldwide) and 
calcium chloride (Hospira Worldwide). Although the choice 
of drugs used in perioperative management of arrhythmias 
and for resuscitation was consistent, the dosage and timing of 
administration varied among operators.

Development and implementation of a standardized protocol. 
The standardized protocol (Figure 2) was developed by using 
published guidelines2,8,10,18 and the collective experience of 
cardiologists, catheterization specialists, and veterinary staff 
at our facility. After the protocol was developed and agreed 
upon, all veterinary and catheterization laboratory staff 
members were trained regarding the standardized protocol, 
with emphasis placed on rapid recognition of life-threatening 
arrhythmias and prompt initiation of CPR. For ease of refer-
ence, these guidelines were physically posted in catheterization 
laboratories and made digitally available to all staff. In addition, 
the standardized protocol included mandatory pretreatment 
of the sheep with amiodarone (100 mg IV [loading dose] ap-
proximately 30 min prior to coil embolization and then 25 to 
50 mg/h continuous intraoperative intravenous infusion for 
the duration of anesthesia; Hospira Worldwide) and ad hoc 
pharmacologic treatment of arrhythmias with metoprolol  
(1 to 2 mg IV; Hospira Worldwide) or lidocaine (1 to 2 mg/kg 
IV; Hospira Worldwide) or both agents as indicated in the 
standardized protocol (Figure 2).

Ovine model of myocardial infarction. After solid food had 
been withheld for 48 h, sheep were premedicated with gly-
copyrrolate (0.004 to 0.02 mg/kg IM; American Regent) and 
tiletamine–zolazepam (2 to 5 mg/kg IM; Telazol, Fort Dodge 
Animal Health, Fort Dodge, IA) then mask-induced with 3% to 
5% isoflurane (Baxter Healthcare, Deerfield, IL). Once fully an-
esthetized, sheep were intubated, placed in dorsal recumbency, 
and connected to an anesthesia machine–mechanical ventilator. 
Anesthesia was maintained with 1.5% to 2.5% isoflurane in O2. 
Electrocardiographic and physiologic monitoring was initiated. 
The inguinal area was shaved and prepared for aseptic access 
of the femoral artery. Before catheterization, heparin (100 U/
kg IV; Hospira) was given to achieve an activated clotting time 
of 250 s or greater; additional heparin boluses were adminis-

Figure 1. Overview of study design. Of the 44 sheep that underwent 
catheter-based coil embolization for the creation of a myocardial in-
farction model, 15 were managed according to operator discretion 
with regard to perioperative antiarrhythmic therapy and, if needed, 
resuscitation. The remaining 29 cases were managed according to a 
standardized protocol for antiarrhythmic therapy and cardiopulmo-
nary resuscitation.
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Outcomes in sheep with life-threatening perioperative ar-
rhythmias. Of the 15 sheep that underwent catheter-based coil 
embolization and were treated according to operator discretion, 
67% (10 of 15) experienced arrhythmias warranting CPR. In 
contrast, only 34% (10 of 29) of the sheep treated according to 
the standardized protocol developed life-threatening arrhyth-
mias requiring CPR. Furthermore, the mortality rate of sheep 
requiring CPR differed between the 2 treatment groups. The 
mortality rate in the operator discretion group was 50% (5 of 
10) whereas the standardized protocol group had the lower (P < 
0.05) mortality rate of 30% (3 of 10). Regardless of study group, 
mortality was due to perioperative refractory arrhythmia, most 
commonly ventricular fibrillation, and typically occurred at 33 
± 10 min after coil embolization.

Effect of standardized protocol on mortality. Overall mortality 
in the group treated according to operator-driven instructions 
was 33% (5 of 15 sheep), comparable to published information 
regarding this model.4 Presumably as a combined consequence 
of decreased frequency of life-threatening arrhythmias and im-
proved rate of successful resuscitation, the overall mortality in 
sheep treated according to the standardized protocol was 10% 
(3 of 29). As mentioned earlier, a mortality rate of 30% occurred 
among animals requiring CPR that was administered according 
to the standardized protocol; this rate is radically reduced from 
the 50% mortality of sheep requiring CPR that were treated ac-
cording to operator-driven instructions. The overall mortality 
rate associated with the standardized protocol (10%) is dra-
matically lower than the 33% overall mortality rate experienced 
prior to implementation of the standardized protocol.

Discussion
The ovine MI model is validated in the literature as a crucial 

step in the preclinical evaluation of therapies for human heart 
failure. Despite the model’s many advantages and ability to 
create moderate MI with stable but decreased cardiovascular 
function, we had come to expect a mortality rate of approxi-
mately 30% during the creation of the model, a proportion that 
is concordant to what has been established in literature. Our 
current study was designed to decrease the mortality rate of the 
ovine middle left anterior descending artery catheter-based coil 
embolization procedure by targeting the most common cause 
of death, perioperative intractable arrhythmias. To this end, 
we evaluated the effect of 2 methods of CPR management on 
overall mortality.

When LV impairment, which corresponds to infarct size, was 
compared, both groups sustained similar levels of myocardial 
dysfunction. In the current study, we demonstrated a 20% 
reduction of mortality when MI model creation was managed 
according to a standardized protocol as compared with operator 
discretion. Despite higher mortality rates in the group managed 
according to operator discretion, a review of medical records 
by facility veterinarians did not reveal any inadequacies in 
resuscitation efforts led by individual operators. Although the 
reduction of mortality by using the standardized protocol was 
not statistically significant, we feel that animal welfare was im-
proved notably and that the decrease in the number of animals 
needed for successful model creation was worthwhile.

The decreased mortality associated with the standardized 
protocol is likely multifactorial and may be attributed to factors 
that are difficult to quantify. Sheep in the standardized protocol 
group received dopamine to alleviate systemic hypotension; 
this treatment may have conferred a survival advantage. In 
addition, consistent pretreatment with amiodarone prior to MI 
induction may have played a role in reducing the susceptibility 

Results
Analysis of MI and LV function. Total occlusion of the left an-

terior descending artery and diagonal artery by thrombogenic 
coil was confirmed visually by angiography (Figure 3). The 
effect of myocardial infarction on LV function was assessed by 
echocardiography on day 0 and at 6 wk after coil embolization. 
In sheep surviving until 6 wk after the procedure, LV functional 
parameters revealed profound postMI cardiac dysfunction in 
both groups, as evidenced by metrics of cardiac dilatation (end-
diastolic volume: 79 ± 21 mL in the operator discretion group 
compared with 71 ± 15 mL in the standardized protocol group, P 
= 0.26; end-systolic volume: 48 ± 19 mL in the operator discretion 
group compared with 45 ± 11 mL in the standardized protocol 
group, P = 0.56) and by reduction in ejection fraction (41% ± 
8% in the operator discretion group compared with 38% ± 7% 
in the standardized protocol group, P = 0.26; Table 1).

Figure 2. Standardized protocol of (A) antiarrhythmic therapy for sheep 
undergoing catheter-based myocardial infarction procedures and (B) car-
diopulmonary resuscitation for animals experiencing pulseless cardiac 
arrest. All veterinary and research staff received training according to 
these algorithms. In addition, the standardized protocol was posted with-
in the catheterization laboratory and made readily available for review 
in digital format. VF, ventricular fibrillation; VT, ventricular tachycardia.
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We mainly ascribe the success of the standardized protocol to 
the rapid initiation of CPR. Minimizing the preshock pause du-
ration is known to improve the rate of successful termination of 
ventricular fibrillation.7 The initial seconds during cardiac arrest 
determine the chances of successful defibrillation. The importance 
of leadership in the catheterization laboratory and staff training is 
further emphasized by recent recommendations put forth by the 
American Heart Association21 and the Reassessment Campaign 
on Veterinary Resuscitation (RECOVER) initiative.16 In addition, 
after the institution of the standardized protocol, research and 

of infarcted hearts to succumbing to life-threatening arrhyth-
mias and may have contributed to an improved success rate of 
CPR, but this benefit is unlikely to be solely responsible for the 
improved outcomes achieved. Conflicting conclusions have 
been reported regarding the effect of amiodarone with regard 
to the effectiveness of CPR efforts when administered acutely in 
porcine models of cardiac arrest without MI.13,20 Furthermore, in 
a recent report of a porcine endovascular model of myocardial 
infarction and reperfusion, mortality was 33% despite preopera-
tive infusion of amiodarone.19

Figure 3. Representative angiographic images taken (A) before and (B) after coil implantation (thrombogenic coils, black arrows) to confirm 
occlusion of the left anterior descending artery (red arrows) and diagonal artery (white arrow). Vessel occlusion was confirmed by the lack of 
flow distal to implanted coils. Representative images of B-mode echocardiography of the LV obtained from the parasternal long-axis view (C) 
on day 0 and (D) at 6 wk postmyocardial infarction to assess LV function. Dilation of the LV and apical aneurysm (red double-headed arrows) 
was present at 6 wk after infarction.

Table 1. Comparative analysis of LV function between groups at baseline and at 6 wk after MI

Operator-driven instructions Standardized protocol P

Baseline End-diastolic volume (mL) 49 ± 8 50 ± 8 0.80

End-systolic volume (mL) 20 ± 4 22 ± 4 0.11

Ejection fraction (%) 60 ± 3 55 ± 3 0.26

6 wk after MI End-diastolic volume (mL) 79 ± 21 71 ± 15 0.26

End-systolic volume (mL) 48 ± 19 45 ± 11 0.56

Ejection fraction (%) 41 ± 8 38 ± 7 0.26
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veterinary staff members appeared to demonstrate confidence in 
effective decision-making in a high-stress situation.

By implementing this protocol, we positively affected the 
overall success of MI model creation. Our laboratory has low-
ered the expected mortality rate to 10% during catheter based 
induction of myocardial infarction in sheep and reduced the 
overall number of animals required. In addition, the imple-
mentation of a standardized protocol has enhanced procedural 
efficiency and proven beneficial for training of veterinary and 
research staff. Given the results of the current study, the stand-
ardized approach to arrhythmia management that we presented 
here will continue to be used for this model and will be evalu-
ated for utility in other species and studies.
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