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The prevalence of cardiovascular disease (CVD) in humans 
achieved global significance over the past 2 decades.2,15 In the 
Asian Pacific region, ischemic heart disease accounted for an 
estimated 7.3 million deaths in 2008, whereas CVD, in general, 
is the leading cause of death in the Caribbean region.1,12 In addi-
tion, ischemic heart disease is responsible for 5.2% of the world-
wide burden due to heart disease.14 Many risk factors including 
diet, tobacco use, obesity, diabetes mellitus, and hypertension 
predispose the human population to CVD, but occupational 
hazards such as ambient pollution by factories coupled with 
debilitating preexisting conditions such as HIV–AIDS are im-
portant contributors also.3,7,11,14,16,17 Pigs and sheep, which have 
poor coronary collateral circulation, are 2 important animal 
models used to study ischemic heart disease.4,9,13 Depending on 
the nature of the study, sheep may be chosen over pigs, which 
are prone to ventricular arrhythmia and have a tendency to de-
velop irreversible ventricular fibrillation. Sheep are used for 
diverse cardiac studies including evaluation of valvular pros-
theses and research involving myocardial ischemia. In addition, 
the sheep heart is similar to that of humans both in terms of size 
and the composition of cardiomyocytes.5,6,18 The current study 
provides valuable insights regarding the use of infarction scar 

size in conjunction with left ventricular ejection fraction as a 
useful predictor of advanced left ventricular dysfunction.

Materials and Methods
This study was conducted in an AAALAC-accredited facility 

at the Icahn School of Medicine at Mt Sinai (New York, New 
York). All animals were maintained with husbandry practices 
consistent with the Guide for Care and Use of Laboratory Animals.10 
The sheep were assigned to the study of myocardial infarction. 
All procedures were reviewed and approved by the IACUC 
at the Icahn School of Medicine at Mt Sinai. The procedures 
were conducted in accordance with institutional guidelines and 
the Guide for the Care and Use of Laboratory Animals.10 Castrated 
male Suffolk-cross sheep (n = 13; age, 6 mo; weight, 35 to 55 
kg) were obtained from Barton’s West End Farms (Oxford, NJ). 
The animals were screened at the vendor and were negative 
for Coxiella burnetti (Q fever), brucellosis, ovine progressive 
pneumonia, and Pasteurella spp. On arrival to our facility, all 
sheep received a complete physical exam and a health profile, 
including CBC and serum biochemistry analysis. The animals 
were received in good body condition, with a score of at least 
3 on a scale of 5 and were free of clinical signs of disease. The 
sheep were group-housed and were acclimated for 2 to 7 d prior 
to use. They were fed twice daily with a species-specific diet 
(Rumilab 5508, LabDiet, Brentwood, MO) and were provided 
with water at all times. Room environmental parameters were 
monitored twice daily and maintained on a 12:12-h light:dark 
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cycle, a temperature of 61 to 81 °F (16.1 to 27.2 °C), and a relative 
humidity of 30% to 70%.

Presurgical evaluation and preparation. Sheep underwent 
MRI, ECG, hematology, serum biochemical analysis, and car-
diac biomarker measurement at baseline and at 3 wk and 3 
mo after infarction for verification of model creation and for 
tracking the progression of ischemic disease states. Food was 
withheld for 12 h before surgery; water was available without 
restriction. Sheep received buprenorphine (0.01mg /kg IM) and 
cefazolin (25 mg/kg IM) preemptively; ketamine (10 mg/kg 
IV) and midazolam (0.3 mg /kg IV) were used for induction of 
anesthesia. Each animal was intubated with a 7.0-mm endotra-
cheal tube and an 18-gauge angiocatheter, which was placed in 
the cephalic vein of the right forelimb. Intravenous fluids con-
sisting of 0.9% NaCl were administered at rate of 0.5 to 1 mL/
kg/h. The left side of the chest was shaved and scrubbed by 
using chlorhexidine–impregnated sponges, with 70% alcohol as 
the final scrub. The animal was transported to the surgical suite, 
placed in right lateral recumbency, and ventilated mechanically. 
General anesthesia was provided with 2% isoflurane in oxygen 
(1 to 2 L/min). Equipment was installed to monitor SpO2 trans-
cutaneously; end-tidal volume CO2 concentration, heart rate, 
respiratory rate, body temperature, and blood pressure were as-
sessed by using a noninvasive blood pressure monitor. Surgical 
intervention was undertaken through left thoracotomy.

Surgical procedure to create small and large acute transmural 
myocardial infarctions. The sheep were of similar health status, 
weight, and body condition score and were randomly allocated 
for infarct creation. Control animals remained untreated. At 1 h 
prior to infarction, central venous infusion of amiodarone (75 
mg/kg/h IV) and lidocaine (35 mg/kg/h IV) was initiated to 
prevent cardiac arrhythmias. A left anterolateral thoracotomy 
incision was created in the fourth or fifth intercostal space. The 
left lung was collapsed. The pericardium was opened longitu-
dinally posterior to the phrenic nerve. Next step was to identify 
the circumflex artery. The 2 primary branches of the coronary 
left circumflex artery are obtuse marginal (OM) 1 and 2, which 
supply blood to the lateral and posterior parts respectively, of 
the left ventricle. To create large infarcts, the proximal portion 
of both OM1 and OM2 was ligated by using 4-0 polypropylene 
suture, with close attention to ECG changes. For small infarcts, 
we ligated OM1 only. Acute ST elevation and discoloration of 
surrounding tissue confirmed the creation of an infarct. The 
heart was inspected for residual bleeding. The pericardium was 
loosely approximated by using 3-0 silk suture. A 28-French an-
gled thoracostomy tube was placed in the left pleural space and 
connected to low, continuous wall suction through a drainage 
system (PleurEvac, Teleflex, Morrisville, NC) for 30 min. The 
thoracotomy incision was repaired routinely, after which suc-
tion was discontinued and the tube removed. After extubation, 
the sheep was transported to a recovery room for routine post-
operative care including buprenorphine (0.01mg/kg IM twice 
daily for 3 d), flunixin meglumine (1 mg/kg IM once daily for 3 
d), and cefazolin (25 mg/kg IM twice daily for 7 d).

Electrocardiography. Six-lead electrocardiography (MAC 1600, 
Hewlett-Packard, Palo Alto, CA) was performed in all sheep at 
baseline and at 3 and 12 wk after infarction, with analysis of the 
waveform components and segment depression or elevation.

MRI analysis of cardiac hemodynamics. Cardiac MRI (Sigma 
LX, GE Healthcare, Chalfont St Giles, United Kingdom) acqui-
sition and analysis of cardiac hemodynamics were conducted 
on each sheep at baseline and 3 and 12 wk after infarction. The 
same anesthesia regimen was used for MRI and ECG as for sur-
gery. The heart was imaged from apex to base in 10 imaging 

levels. Contrast-enhanced images were acquired approximately 
10 min after bolus injection of gadolinium (0.20 mmol/kg IV). 
Cardiac cycles were evaluated by using manufacturer-provided 
software.

Left ventricular cardiac mechanics measures including vol-
umes, dimensions, and ejection fraction were tracked over 
time by MRI at baseline and at 3 and 12 wk after myocardial 
infarction; in parallel, scar size was measured by using delayed 
contrast enhancement imaging. All global and regional hemo-
dynamic measures, including stroke volume, cardiac index, 
end-diastolic volume index, end-systolic volume index, left 
ventricular radial contraction velocity, left ventricular fractional 
wall thickening, preload recruitable stroke work, and infarct 
size (% of left ventricular wall), were obtained directly from the 
MRI evaluation. Data were normalized according to body sur-
face area, and analytic models including the modified Simpson 
rule were implemented to assess functional parameters. Quan-
titative evaluation of cardiac output was computed by multi-
plying stroke volume (area underflow curve within one cardiac 
cycle) by the corresponding heart rate of the animal.

Clinical evaluation. All 13 sheep were received in good physi-
cal health. The animals received additional physical exams prior 
to sedation for surgery and other procedures at the various time 
points of the study; only healthy animals were cleared for sur-
gery or the selected procedures. Biochemical tests for serum 
biochemistry and cardiac biomarkers (troponin, creatinine ki-
nase) were conducted at baseline 3 wk and 3 mo after infarction. 
Although results were elevated at baseline, cardiac markers nor-
malized by the 3-wk time point and for the remainder of the 
study. All 13 animals were monitored twice daily until 3 mo 
postsurgery. Parameters routinely monitored were level of activ-
ity; appetite; body temperature; heart rate and quality of beats 
as determined through auscultation, respiratory rate and integ-
rity of breaths as determined through auscultation, and body 
condition score (scale of 1 [poor] to 5 [extremely obese]). Body 
condition scoring included assessment of spinous processes, fat 
cover, and muscle fullness along the dorsum of the animal; a 
score of 1 indicated sharp, prominent spinous processes without 
fat cover or muscle fullness, and scores 2 through 5 indicated 
decreasing sharpness of spinous processes and increasing fat 
cover and muscle fullness for grades 2, 3 and 4. Grade 5 repre-
sented spinous processes with thick fat cover and full muscles. 
A trained veterinary technician blinded to the study assessed 
body condition scores and monitored the animals daily. The ani-
mals were weighed at the time of sedation for the selected pro-
cedures and were found to conform to expected growth curves. 
The 3 animals that were used as controls had similar clinical 
health profiles and body condition scores to those of the experi-
mental groups except for minor cardiac-unrelated findings that 
were recorded for the experimental groups.

Pathology. For characterization of the damage and remod-
eling in the affected hearts, multiple samples from 2 affected 
hearts (one from the mild group and one from the severe group) 
were submitted for histopathology. The samples submitted from 
each heart included myocardium from a grossly unaffected area 
distant from the infarct, an infarcted area, and the border zone 
between the infarcted area and adjacent normal tissue. Sections 
were stained with hematoxylin and eosin, Masson trichrome, 
and picrosirius red (for collagen) according to standard pro-
tocols and were evaluated by an experienced comparative pa-
thologist.

Statistical analysis. All data are presented as mean ± SEM. The 
Kolmogorov–Smirnov test for normality was applied to each da-
taset. Single ANOVA was performed across time (for example, 
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baseline, 3 wk, 12 wk) for each parameter, and then unpaired t 
tests (significance, P < 0.05) were used to assess differences within 
a group between any 2 time points or between groups (for ex-
ample, mild compared with severe) at the same time point.

Results
Clinical features. Except for minor, cardiac-unrelated clini-

cal findings among some sheep in the experimental groups, all 
animals were otherwise clinically normal. Each animal’s level 
of activity, body condition scores, and postures were normal. 
Heart and lung auscultation were murmur-free, with normal si-
nus rhythm and clear, acoustic and eupneic, respectively. Hema-
tologic parameters were normal for both categories of infarcts 
at all time points, as were serum biochemical renal and hepatic 
test profiles, but cardiac enzyme biomarkers were elevated be-
tween baseline and 24 h after infarct creation. The presence of 
ST elevation and increased levels of cardiac enzymes, including 
troponin 1 and total creatine phosphokinase, within 24 h after 
infarction confirmed successful creation of the model. Cardiac 
enzyme concentrations normalized by the 3-wk time point. Scar 
size was increased at the 3-wk time point in both the small- and 
large-infarct groups and was further increased at 12 wk only 
for large infarcts. Left ventricular ejection fraction percentages 
decreased for each infarct group at the corresponding 3 wk and 
12 wk’ time-points.

Mild infarction group. One sheep developed an elevated tem-
perature of 105.7 °F (40.9 °C) and exhibited reduced appetite at 
2 wk after infarction. These conditions resolved after treatment 

with cefazolin (25 mg/kg IM twice daily for 7 d) and flunixin 
meglumine (1 mg/kg IM daily for 3 d).

Severe infarction group. Three animals developed symptoms 
that were of clinical importance. One sheep had moderate se-
roma formation at the incision site that resolved within 14 d 
without additional treatment. Another developed pain with 
a mild limp in the left forelimb immediately after infarction; 
the limp and pain persisted through the first 5 d of the postop-
erative period. We suspected the condition was due to inflam-
mation at the surgery site, and it resolved after treatment with 
flunixin meglumine (1 mg/kg IM daily for 3 d).

The third animal died within 24 h after infarction. The car-
cass was submitted for necropsy, and selected tissues were 
processed for gross and histopathologic evaluation. Patho-
logic evaluation of specimens from this animal revealed fo-
cally extensive, acute myocardial degeneration in the area of 
the infarct, moderate pulmonary edema and congestion, and 
subacute to chronic enteritis with intraluminal cestode. All 12 
remaining animals were otherwise clinically normal and free 
of signs of cardiac disease for the remainder of the study. Se-
lected parameters, such as cardiac biomarkers, were elevated 
at 24 h after model creation but had normalized for the 3- and 
12-wk time points (Table 1).

Electrocardiography. ST segment deviation occurred immedi-
ately after ligation of the respective circumflex vessels for both 
the mild (OM1) and severe (OM1 and 2) infarction groups; how-
ever ST segment elevation had returned to normal at the 3- and 
12-wk time points (Table 2).

Table 1. Hematology and clinical chemistry in sheep with mild or severe left ventricular myocardial infarcts

Reference range

Baseline 24 h after infarction 3 wk after infarction 12 wk after infarction

Mild Severe Mild Severe Mild Severe Mild Severe

Hematology
Hgb 8.5–14.8 g/dL 12.7 ± 0.4 12.3 ± 0.7 8.9 ± 1.3 9.2 ± 0.7 10.2 ± 0.9 9.6 ± 0.3 10.3 ± 0.4 10.6 ± 0.6
WBC 3.8–11.5 ×103 

cells/μL
6.3 ± 0.5 5.7 ± 0.7 8.5 ± 0.3 7.4 ± 0.8 6.0 ± 0.5 4.9 ± 0.9 5.2 ± 0.5 5.6 ± 0.6

RBC 8.5–15.5 ×103 
cells/μL

11.2 ± 0.7 10.7 ± 1.3 8.6 ± 0.3 8.2 ± 0.9 9.3 ± 1.9 10.3 ± 1.4 9.9 ± 0.4 9.5 ± 1.0

Hct 27%–45% 36.7 ± 1.6 33.9 ± 1.5 26.8 ± 1.5 28.7 ± 1.1 29.6 ± 1.6 31.2 ± 1.8 32.3 ± 1.9 30.8 ± 1.2
Platelets 150–750 ×103 

cells/μL
436.3 ± 66.0 426.8 ± 57.0 322.7 ± 77.0 356.8 ± 47.0 362.0 ± 52.0 432.0 ± 56.0 388.7 ± 40.0 322.7 ± 87.0

Neutrophils 10.5%–55.0% 30.1 ± 3.2 35.5 ± 2.9 40.7 ± 3.8 43.3 ± 4.2 28.9 ± 2.3 26.9 ± 3.4 29.8 ± 1.9 31.8 ± 3.1
Lymphocytes 42%–75% 61.8 ± 4.8 65.8 ± 3.2 73.8 ± 3.8 74.3 ± 2.7 63.7 ± 4.7 60.6 ± 5.9 56.3 ± 3.6 52.6 ± 2.9

Kidney function
BUN 8.5–35 mg/dL 14.6 ± 2.2 13.6 ± 1.9 16.5 ± 3.2 15.9 ± 3.2 14.2 ± 2.9 17.9 ± 4.8 17.3 ± 3.2 16.8 ± 4.0
Creatinine 0.4–1.9 mg/dL 0.75 ± 0.09 1.3 ± 0.2 1.6 ± 0.1 1.4 ± 0.1 1.2 ± 0.1 0.9 ± 0.1 1.2 ± 0.1 1.1 ± 0.1

Liver function
ALT 20–38 U/L 26.1 ± 4.4 28.3 ± 3.2 33.2 ± 3.3 35.1 ± 2.8 27.9 ± 3.0 33.9 ± 3.9 25.1 ± 2.9 28.4 ± 4.0
ALP 70–390 U/L 165 ± 27 155 ± 37 288 ± 26 302 ± 30 187 ± 26 245 ± 47 193 ± 42 266 ± 36
Total bilirubin 0.1–0.5 mg/dL 0.14 ± 0.03 0.16 ± 0.04 0.43 ± 0.03 0.35 ± 0.05 0.34 ± 0.08 0.20 ± 0.09 0.22 ± 0.02 0.38 ± 0.03

Cardiac enzymes
Troponin I < 0.03 ng/mL 0.01± 0.00 0.01 ± 0.00 26.7 ± 2.8b 26.7 ± 2.8c 0.13 ± 0.00 0.09 ± 0.008 0.02 ± 0.00 0.02 ± 0.01
Total creatine  
phosphokinase I 

49–397 U/L 64 ± 2.1 80 ± 3.8 2154 ± 344c 6884 ± 286c 369 ± 48a 324 ± 38a 123 ± 23 188 ± 48

aP < 0.05 compared with baseline value for this group.
bP < 0.01 compared with baseline value for this group.
cP < 0.001 compared with baseline value for this group.
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MRI. In the small-infarct group, the infarction scar involved 
10% ± 1% of the left ventricle at both 3 and 12 wk after infarc-
tion, whereas the severe group demonstrated higher percent-
ages at 3 wk 14 ± 1% and worsening to 17 ± 2% at 12 wk, (all P < 
0.05; Figure 1). MR images of a typical enlarged ventricle due to 
severe infarction are shown in Figure 2.

Changes in end-diastolic volume over time (baseline, 3 wk, 
12 wk) were modest in the mild-infarction group (94 ± 4, 111 ± 
11, 104 ± 4 mL) but were much more accentuated in the severe-
infarction group (94 ± 6, 109 ± 5, 127 ± 7 mL; P < 0.05). End-
systolic volumes followed a similar trend, with those of 35 ± 
2, 48 ± 5, and 51 ± 3 mL in the small-infarct group compared 
with 36 ± 3, 56 ± 4, and 75 ± 5 mL in the large-infarct group. 
The group that received severe infarction had a much smaller 
functional ejection fraction over time compared with the mild 
group. Both groups had an ejection fraction of 62% ± 2% at 
baseline; but, at 3 wk, sheep that underwent mild infarction 
had an ejection fraction of 57% ± 1% compared with 48% ± 5% 
for the severe-infarction group; at 12 wk, these data were 51% 
± 1% for the small-infarct sheep compared with severe 41% ± 
2% for the large-infarct animals (P < 0.05, Figure 3).

Pathology. Myocardium in areas distant from the infarct 
showed no replacement fibrosis in either the mild- or severe-in-
farction sheep heart (Figure 4 A and D). The infarcted area from 
the severely affected heart revealed transmural and nearly com-
plete replacement of the myocardium by dense fibrous tissue af-
ter staining with Masson trichrome (Figure 4 B). In contrast, the 
infarcted area from the mildly affected heart had only multifocal 
deposits of a mixture of dense and loose, poorly organized fi-
brous tissue (Figure 4 E). The border zone in the severely affected 
heart had multifocal replacement fibrosis, which was composed 
of loose bundles of collagen that dissected into adjacent muscle 
(Figure 4 C). The border zone in the mildly affected heart had a 
focal, distinctly demarcated area of fibrosis, which was composed 
of dense and loose collagen, within the myocardium (Figure 4 F).

Discussion
Sheep have been commonly used as an animal model for many 

cardiovascular studies.6,8 In this study, we evaluated the useful-
ness of scar size in combination with selected parameters to track 
the progression of left ventricular myocardial disease. Daily rou-
tine clinical evaluation of the animals was uninformative in the 
assessment of the onset and progression of disease. The observed 
signs of ill health were not directly related to myocardial disease 
and resultant dysfunction of the left ventricle. Although some 
parameters, such as cardiac biomarkers (troponin, total creatine 
phosphokinase) and electrocardiography (ST elevation), were use-
ful indicators of acute ischemic insult, they were of less value for 

Table 2. Electrocardiographic analysis after mild and severe myocardial infarction in sheep

24 h after infarction 3 wk after infarction 12 wk after infarction

Baseline mild severe mild severe mild severe

PQ interval (ms) 121 ± 6.2 141 ± 4.8a 143 ± 7.2a 133 ± 4.2a 139 ± 3.4a 127 ± 3.8a 129 ± 4.6a

QRS complex (ms) 29.6 ± 2.1 33.2 ± 1.5a 38.6 ± 2.3a 36.1 ± 2.7a 38.9 ± 3.9a 42.3 ± 2.1a 55.2 ± 3.2a

QT interval (ms) 325 ± 11.2 349 ± 10.2 366 ± 8.7a 354 ± 9.8a 372 ± 11.2a 355 ± 6.9a 359 ± 13.2a

ST deviation (mV) –12.4 ± 2.2 242 ± 13.5b 489 ± 15.9b 71.6 ± 5.6c 91.1 ± 8.7c 41 ± 2.5a 52 ± 4.7a

aP < 0.05 compared with baseline value for this group.
bP < 0.01 compared with baseline value for this group.
cP < 0.001 compared with baseline value for this group.

Figure 1. Infarct size (% of left ventricle) at 3 and 12 wk after ligation of 
1 (mild) or 2 (severe) branches of the left circumflex artery in sheep. At 
both time points, severe infarcts were significantly (*, P < 0.05) larger 
than mild infarcts.

Figure 2. Left ventricular (LV) scar size was measured by using de-
layed contrast enhancement on MRI. The left ventricle and interven-
tricular septum are outlined in green, the left ventricular lumen is 
outlined in red, the area between the green and red outlines represents 
the myocardium, and the infarcted area is outlined in yellow.

Figure 3. Left ventricular ejection fraction over time after mild com-
pared with severe infarction.
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Figure 4. Panels A through C represent the severe-infarction group; panels D through F represent animals with mild infarcts. (A and D) Grossly 
unaffected areas of the myocardium away from the infarct show no replacement fibrosis. (B) The infarcted area from a severely affected heart has 
extensive and transmural replacement fibrosis, whereas (E) the mildly affected heart demonstrates multifocal distribution in the infarcted area. 
(C) The border zone from the severely affected heart shows multifocal and poorly demarcated replacement fibrosis, whereas that from (D) the 
mildly affected group has less replacement of muscle. Masson trichrome stain (red, muscle; blue, collagen); magnification, 20×.

tracking the progression of left ventricular dysfunction. Scar size 
combined with the left ventricular ejection fraction was the most 
robust indicator of progressive failure of the myocardium and the 
resultant dysfunction.

Comparison of scar size and ejection fraction for the 3 and 
12-wk time points revealed an inverse relationship for mild 

infarction (10% and 5%, respectively) and almost direct propor-
tionality for severe infarction (14% and 15%, respectively). Com-
parative ratios of scar size to left ventricular ejection fraction for 
the 12-wk point were 1:4.7% for small infarcts and 1:2.2% for 
large infarcts. These values indicate the level of myocardial re-
modeling experience for each model and suggest the likelihood 
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of survival of animals in each group. Although we expected 
both models to show a decline in myocardial function over time, 
this study provides precise correlation of scar size relative to 
the left ventricular ejection fraction, thus enabling researchers 
of ischemic heart disease to make more accurate decisions rela-
tive to experimental and humane endpoints in sheep. The data 
obtained from the severe model provided solid evidence of the 
functional deterioration of the left ventricle; researchers who 
use cardioprotective substances such as ACE inhibitors and β-
blockers as a therapeutic component of these studies can now 
make incisive decisions regarding their use. Although these sub-
stances are potential confounders of studies of myocardial isch-
emia, our findings will help to delineate any actual contribution 
and potential adverse events due to their use. We conclude that 
the information yielded by this study has considerable prognos-
tic value regarding the identification of the critical limits of left 
ventricular function after the creation of experimental models of 
small and large myocardial infarcts in sheep.

Although the large infarct model yielded robust data that 
verified significant left ventricular dysfunction, the sheep were 
euthanized for tissue harvest shortly after the 12-wk time point. 
Our findings define the critical limits of survival; However cor-
relating scar size and ejection fractions with death as an end-
point would be informative.
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