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HIGHLIGHTS

� Preclinical large animal models play a critical and expanding role in translating basic science findings to the development

and clinical approval of novel cardiovascular therapeutics.

� This state-of-the-art review outlines existing methodologies and physiological phenotypes of several HF models devel-

oped in large animals. A comprehensive list of porcine, ovine, and canine models of disease are presented, and the

translational importance of these studies to clinical success is highlighted through a brief overview of recent devices

approved by the FDA alongside associated clinical trials and preclinical animal reports.

� Increasing the use of large animal models of HF holds significant potential for identifying new mechanisms underlying this

disease and providing valuable information regarding the safety and efficacy of new therapies, thus, improving

physiological and economical translation of animal research to the successful treatment of human HF.
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Preclinical large animal models of heart failure (HF) play a critical and expanding role in translating basic science findings to the

development and clinical approval of novel therapeutics and devices. The complex combination of cardiovascular events and

risk factors leading to HF has proved challenging for the development of new treatments for these patients. This state-of-the-

art review presents historical and recent studies in porcine, ovine, and canine models of HF and outlines existing methodologies

and physiological phenotypes. The translational importance of large animal studies to clinical success is also highlighted with an

overview of recent devices approved by the Food and Drug Administration, together with preclinical HF animal studies used to

aid both development and safety and/or efficacy testing. Increasing the use of large animal models of HF holds significant

potential for identifying the novel mechanisms underlying the clinical condition and to improving physiological and economical

translation of animal research to successfully treat human HF. (J Am Coll Cardiol Basic Trans Science 2020;5:840–56) © 2020

The Authors. Published by Elsevier on behalf of the American College of Cardiology Foundation. This is an open

access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).
T he complexity of heart failure (HF) has chal-
lenged the scientific community for decades.
Multifaceted signatures of pathophysiolog-

ical mechanisms driving HF are under intense inves-
tigation. However, the heterogeneous nature of the
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disease has limited therapeutic advances in the field.
Not surprisingly, the prevalence of HF continues to
increase at an alarming rate. Currently, it is estimated
that 6.5 million people in United States have HF; by
2030, HF will affect >8 million people (1). In addition,
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AB BR E V I A T I O N S

AND ACRONYM S

AF = atrial fibrillation

ECM = extracellular matrix

EDP = end-diastolic pressure

EF = ejection fraction

FDA = Food and Drug

Administration

HF = heart failure

HFpEF = heart failure with

preserved ejection fraction

HFrEF = heart failure with

reduced ejection fraction

I/R = ischemia/reperfusion

IABP = intra-aortic balloon

pump

LAD = left anterior descending

LCx = left circumflex

LV = left ventricular

MI = myocardial infarction

PCI = percutaneous coronary

intervention

RV = right ventricular
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HF negatively affects the economy, costing several
billions of dollars each year (z$70 billion by 2030).

A defining characteristic of HF is the inability of the
heart to pump enough blood to the body, which leads
to poor quality of life for patients with this condition.
In the past 30 years, the diagnosis of HF has evolved 2
primary categories: 1) HF with reduced ejection frac-
tion (HFrEF), characterized by a resting ejection
fraction (EF) of #40% and traditionally referred to as
systolic HF; and 2) HF with preserved ejection frac-
tion (HFpEF), characterized by a resting EF of $50%
and traditionally referred to as diastolic HF (2,3).
Recently, a third category of HF was introduced to the
field, referred to as HF with midrange EF, character-
ized by a resting EF range from 40% to 50% (4).

The combination of numerous risk factors (physical
inactivity), comorbidities (obesity, hypertension, type
2 diabetes, chronic kidney disease), and disease
modifiers (age, sex) associated with HF has made
improving therapeutic options for treating the overall
syndrome difficult. Contributing to these difficulties is
the lack of ideal animal models that reliably replicate
most of the pathophysiological features often found in
human HF. Large animal models of HF (e.g., pigs,
sheep, etc.) have some advantages in terms of clinical
translation given key determinants of myocardial
work and energy consumption, such as left ventricular
(LV) wall tension, heart rate, and vascular wall-to-
lumen ratios are more similar to humans (5–13).
Thus, it could be argued that the use of preclinical
large animal models of HF for the discovery of novel
mechanisms underlying the syndrome and develop-
ment and/or testing of new therapeutic options for the
treatment of HF are not only warranted, but necessary
to advance our understanding of this highly prevalent
cardiovascular disease.

This state-of-the-art review outlines existing
methodologies and physiological phenotypes of
several HF models developed in large animals
(Central Illustration). Historical and recent studies of
HF in porcine, ovine, and canine models of disease
are presented in Table 1. The translational importance
of large animal studies to clinical success is also
highlighted, providing a brief overview of recent de-
vices approved by the U.S. Food and Drug Adminis-
tration (FDA) alongside their associated clinical trials
and preclinical animal studies.

HF INDUCED BY PRESSURE OVERLOAD

Chronic pressure overload resulting from aortic valve
stenosis or systemic hypertension may ultimately
lead to HF (14,15). Over time, sustained increases in
myocardial work required to overcome
chronic elevations in afterload can induce
structural, physiological, and molecular
changes that result in pathological cardiac
remodeling (16–18). In addition, vascular
dysfunction in numerous organs, including
the heart, brain, skeletal muscle, and renal
systems, are negatively affected and may
further contribute to cardiovascular
dysfunction. To maintain normal function
(often measured as EF), the heart transitions
to a compensated stage characterized by
concentric LV hypertrophy and increased
myocardial stiffness associated with
decreased myocardial relaxation, increased
LV filling pressure, pulmonary congestion,
and decreased cardiac reserve (16,17,19,20).
Patients who have transitioned to a
compensated stage of function often show
signs and symptoms similar to those
observed in HFpEF.

Given the significant number of HF pa-
tients with antecedent hypertension and/or
aortic stenosis, numerous large animal

models of pressure overload�induced HF have been
developed to enhance our understanding of how
these pathological mechanisms contribute to disease
development. Many of these models have incorpo-
rated parallel comorbidities, such as obesity, type 2
diabetes, and chronic kidney disease, into the overall
design in an effort to more comprehensively imitate
the clinical syndrome, alongside traditional physio-
logical features of HF (e.g., pulmonary congestion,
dyspnea, and exercise intolerance). As a result, ani-
mal models of experimental pressure
overload�induced HF have been developed using
surgical techniques such as transthoracic aortic
constriction (i.e., aortic banding), renal wrapping,
and renal microembolization in pigs, sheep, and dogs.
Endocrine-mediated methods based on high-salt di-
ets like deoxycorticosterone acetate have also been
used. Transthoracic aortic constriction methods
attempt to recreate aortic stenosis by narrowing the
aorta, which results in both local increases in
myocardial afterload and neurohumoral involve-
ment; the severity of each depends on the location of
the aortic constriction (e.g., ascending aorta vs. the
descending aorta). Aortic banding increases the LV
aortic pressure gradient, induces concentric LV hy-
pertrophy, increases myocardial stiffness, and im-
pairs myocardial relaxation similar to that observed
in aortic stenosis. However, aortic banding fails to
recapitulate calcification and fibrotic lesions in the
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aortic valve or significant increases in vascular stiff-
ness occurring along the length of the aorta as often
seen in human aortic stenosis. Renal wrapping, renal
microembolization, and implantation of deoxy-
corticosterone acetate pellets induce systemic hy-
pertension via neurohumoral activation. Although
effective, these methods are limited by their inability
to incorporate genetic factors that often contribute to
developing hypertension and use supra-physiological
doses of salt that may also have disproportionate
impacts on neurogenic and neurohormonal activa-
tion. With these general strengths and weakness in
mind, the following sections discuss existing large
animal models of pressure overload�induced HF and



TABLE 1 Summary of Large Animal HF Studies Highlighting Interventions, Techniques, General Function and Species

Model of Heart Failure LVEF Type of Animal (Ref. #)

Method

Pressure overload

Aortic banding Preserved Pig (21–35)

Reduced Sheep (47–52)

Preserved or reduced Dog (54–58)

Renal wrapping or embolization Preserved Dog (59–64); pig (65)

DOCA Preserved Pig (66,67)

Myocardial infarction

Ischemia/reperfusion Reduced Dog (86); pig (87,88,111); sheep (82–92)

Permanent coronary occlusion Reduced Pig (93–100); sheep (89,101,102)

Coronary microembolization Reduced Dog (103,104); pig (105–107); sheep (108–110)

Arrhythmia

Pacing-induced tachycardia Reduced Dog (118,119); pig (120,121,124); sheep (122,123)

Atrial fibrillation Preserved or reduced Dog (125,127); pig (125,126); sheep (128)

DOCA ¼ deoxycorticosterone acetate; HF ¼ heart failure; LVEF ¼ left ventricular ejection fraction.
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highlight the physiological and molecular phenotypes
associated with each.
AORTIC BANDING MODELS. Several different studies
have examined aortic banding in swine in the absence
of comorbidities. Cardiac pressure overload was
induced by constricting the ascending aorta in
45-day-old Yorkshire pigs using a 60- to 70-mm Hg
systolic pressure gradient over 2 months (21–23).
Traditional experimental signs of HF in these animals
included peritoneal ascites in the range of 100 to
2,000 ml in less than one-half of all aortic-banded
animals. Signs of both LV and right ventricular (RV)
hypertrophy were observed in parallel with diastolic
dysfunction evident as increased end-diastolic pres-
sure (EDP) depending on the severity of disease. This
model demonstrated significant impairments to
myocardial oxidative and high-energy phosphate
bioenergetics measured using primarily nuclear
magnetic resonance spectroscopy techniques.

Aortic banding was also used to induce chronic
pressure overload�induced HF in both 3- and 8-
month-old Yucatan miniature swine using a 50- or
70-mm Hg systolic pressure gradient, respectively,
placed on the ascending aorta over 6 months (see
Figure 1 for surgical visualization) (24–32). In this
model, classic signs of experimental HF included
increased LV brain natriuretic peptide mRNA levels
and lung weight. Molecular and physiological phe-
notypes were most reminiscent of HFpEF in these
animals, including global concentric hypertrophy,
normal resting EF, diastolic dysfunction (increased
end-diastolic pressure�volume relationship,
impaired diastolic strain during both early and late
diastole, altered cardiomyocyte calcium handling),
increased fibrosis and altered regulation of the
extracellular matrix (ECM), mitochondrial dysfunc-
tion, and significant sex-based disparities in disease
manifestation. This model also exhibited signs of
significant vascular dysfunction in both coronary and
peripheral vascular beds, including the brain, in
which significant cerebrovascular impairment was
observed alongside cardiogenic dementia.

Other models of HF developed by using aortic
banding in pigs included studies by Ishikawa et al.
(33) and Yarbrough et al. (34). A customized rubber
band with a fixed inner radius of 12 cm was placed on
the ascending aorta of Yorkshire pigs (10 to 13 kg) that
were subsequently followed for 3 to 5 months by
Ishikawa et al. (33). These animals did not show his-
torical experimental signs of HF, but did demonstrate
preserved EF, diastolic dysfunction (increased end-
diastolic pressure�volume relationship and
increased EDP with pacing), and LV hypertrophy with
increased fibrosis. Using an inflatable cuff placed on
the ascending aorta of Yorkshire pigs, Yarbrough et al.
(34) progressively narrowed the ascending aorta by
inflating the cuff weekly over 5 weeks. Final mea-
surements showed a pressure gradient of 66 mm Hg
with diastolic dysfunction (increased LV EDP and
Tau) and increased fibrosis associated with regional
myocardial stiffness and altered levels of ECM regu-
latory biomarkers (MMP-7 and -14, TIMP-1 and -4).
This more acute model of myocardial pressure over-
load also did not show traditional indicators of HF.

A more recent attempt investigated the heteroge-
neous aspects of HF by including comorbidities via a
combination of Western diet (10 months) and chronic
pressure overload using aortic banding (6 months;
70-mm Hg systolic pressure gradient) in female
Ossabaw swine (35), a unique translational large



FIGURE 1 Representative Angiogram Illustrating Aortic Banding Technique for

Pressure Overload-Induced HF

Angiography from a male Yucatan mini-pig (8 months old) showing placement of the

aortic band (anatomically marked by radiopaque umbilical tape) and narrowing of the

ascending aorta proximal to the brachiocephalic artery (large peripheral vessels outlined

by red dashed line). The systolic pressure gradient is determined by a fluid-filled guide

catheter (femoral insertion) connected to a pressure transducer and measured proxi-

mally and/or distally to the banding location. HF ¼ heart failure.
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animal model genetically predisposed to obesity and
metabolic derangement that does not develop HF
from dietary intervention alone (36–43). Recently
listed as a multihit model useful for examining the
heterogenous nature of HFpEF by the National Heart,
Lung, and Blood Institute HFpEF working group (44),
these animals displayed classic experimental markers
of HF, including increased lung weight and genetic
signatures that indicated the induction of numerous
HF-related genes (e.g., natriuretic peptides). Signifi-
cant inflammation and metabolic derangement
(obesity, insulin resistance, dyslipidemia) was
observed at both clinical and molecular levels,
which has been considered a major causative
component of HFpEF (45,46). Molecular and physio-
logical phenotypes were also evocative of HFpEF,
including concentric LV hypertrophy, normal EF,
diastolic dysfunction (increased end-diastolic
pressure�volume relationship, impaired diastolic
strain during both early and late diastole, titin
isoform shift, altered cardiomyocyte calcium
handling), changes in the composition of ECM, and
mitochondrial dysfunction. Biomarkers with poten-
tial relevance to HFpEF (e.g., Pentraxin-3 and inter-
leukin 1 receptor-like 1) were also observed in parallel
with significant microvascular dysfunction in coro-
nary and peripheral (skeletal muscle, brain) vascular
beds (35).

In contrast to swine models, the development of
systolic dysfunction tends to precede diastolic
dysfunction in ovine models of pressure
overload�induced HF. Aortic banding of the
ascending aorta in sheep was accomplished using a
number of different methods, varying from static
banding in young animals (47) to adjustable inflatable
occluders in adult animals age 6 months to 2 years
(47–52), which resulted in a wide range of systolic
pressure gradients measuring 25 to 80 mm Hg.
Demonstration of experimental HF was typically
presented as a decrease in fractional shortening or EF,
which indicated pressure overload in sheep might be
more representative of HFrEF. Two of these studies
addressed the often asked but understudied ques-
tion, “What happens to the heart if the cardiac pres-
sure overload is removed?” (49,52). These studies
demonstrated some plasticity for the myocardium to
return to normal via reversal of pathological cardiac
remodeling, numerous cellular markers of apoptosis,
and ECM regulation and modification.

Acute and chronic models of canine pressure
overload-induced HF have been heavily used for >40
years. The use of dog models has diminished over
time in part due to its extensive collateral circulation
in dogs, which differs dramatically from that of
humans and other large animals (e.g., pigs) (53). We
referenced several historical studies that provide a
foundation for functional and structural adaptations
to the myocardium and coronary vasculature in aortic
banded dogs (54–58).
SYSTEMIC HYPERTENSION MODELS. Historical
studies led to the development of canine models of
systemic hypertension by clamping of a renal artery
(59) and wrapping 1 or 2 kidneys in cellophane (60).
These models of systemic pressure overload have
been used to study several aspects of HFpEF in both
young and importantly, old dogs, given the signifi-
cant aging component associated with this type of HF
(45). Use of the “Page model” of bilateral renal
wrapping for 6 to 12 weeks (both with and without
deoxycorticosterone acetate) induced hypertension
with systolic blood pressure reaching as high as
250 mm Hg, concentric LV remodeling, preserved EF,
diastolic dysfunction, and fibrosis (61–64). Classic
signs of experimental HF were mostly absent, and
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comorbidities often associated with HFpEF were not
incorporated into the model.

Two more recent swine models induced systemic
pressure overload via hypertension using a combi-
nation of factors layered with comorbidities relevant
to HFpEF. Sorop et al. (65) combined systemic hy-
pertension (renal artery embolization), diabetes
(streptozotocin), and hypercholesterolemia (high-fat
diet) in 2- to 3-month-old Yorkshire-Landrace swine
for 6 months. Renal embolization was achieved by
injection of 75 mg of 38- to 42-mm polyethylene mi-
crospheres into the right kidney and into one-third of
the left kidney. These animals, also listed by the Na-
tional Heart, Lung, and Blood Institute HFpEF work-
ing group as a multihit model of HFpEF (44),
demonstrated hemodynamic indicators of experi-
mental HF, including increased left atrial pressure per
a given cardiac index at rest and during exercise.
Ejection fractio was more in the mid-range in this
model (45%) and observed in parallel with diastolic
dysfunction (increased end-diastolic pressure-vol-
ume relationship, titin isoform shift), increased LV
collagen deposition, and coronary microvascular
dysfunction. Obesity and concentric LV hypertrophy
were absent, despite evidence of systemic increases
in blood pressure, inflammation (plasma tumor ne-
crosis factor�a), and metabolic derangement (type 1
diabetes, dyslipidemia).

The second of these studies included the combi-
nation of deoxycorticosterone acetate with Western
diet for 12 weeks in Landrace swine (66). Hemody-
namic markers of experimental HF were evident as a
decrease in cardiac output and increase in LV EDP in
response to pacing or dobutamine under anesthesia.
Obesity, dyslipidemia, and increased systolic blood
pressure were seen in combination with concentric
LV hypertrophy, normal EF, diastolic dysfunction
(titin isoform shift and altered phosphorylation), and
LV nitric oxide synthase uncoupling. A separate
magnetic resonance study in this same model also
demonstrated impaired myocardial perfusion
reserve, longitudinal strain, and torsion in response
to dobutamine stress (67).

HF INDUCED BY MYOCARDIAL INFARCTION

Cardiac cell death associated with aberrant heart
dysfunction is the main characteristic of a myocar-
dial infarction (MI), which can ultimately lead to HF
(68,69). This catastrophic event occurs due to
interruption of blood flow to a discrete area of the
myocardium that results from partial or complete
occlusion of 1 or multiple coronary arteries. Unbal-
anced myocardial blood supply and demand can be
spontaneously precipitated by coronary artery dis-
ease (e.g., atherosclerosis or thrombosis) or can
occur during periprocedural revascularization sur-
gery performed to revert spontaneous ischemia
(e.g., percutaneous coronary intervention [PCI] or
coronary artery bypass grafting) (68,69). The
correct identification of different types of MI in
response to ischemia is critical for optimizing pa-
tient treatment and is an important consideration
for translational studies attempting to model acute
MI and the subsequent development of HF. In this
regard, the Universal Definition of MI was recently
updated based on critical clinical projections driven
by MI, including biomarkers (e.g., cardiac troponin
levels), pathological features (e.g., edema, reduced
glycogen content, and mitochondrial abnormalities),
electrocardiography (e.g., new ST-segment eleva-
tions), and imaging by echocardiography, radionu-
clide imaging, or resonance magnetic imaging (e.g.,
myocardial free wall rupture and mitral regurgita-
tion) (70).

Cardiac structural, functional, and metabolic
characterization after MI reveal disruption of the
contractile apparatus, mitochondrial impairment,
endothelial dysfunction, and increased cell death
(71,72). Coronary revascularization procedures such
as PCI or coronary artery bypass grafting can
improve survival rate post-MI and quality of life, but
often result in the development of decompensated
HF (i.e., HFrEF) (73,74). Consistent with this pro-
gression of HF, animal models of MI-induced HF are
characterized by an initial ischemic event followed
by a decrease in cardiac output and reduced EF,
ventricular dilation associated with normal or
reduced wall thickness (i.e., eccentric hypertrophy),
areas of focal fibrosis in the ischemic area, activation
of neurohormonal systems, and decreased cardiac
reserve (17).

Experimental models of MI-induced HF include
ischemia/reperfusion (I/R), non-reversible coronary
occlusion induced by coronary ligation or ameroid
constrictors, and coronary microembolization. Each
technique incorporates clinical features that encom-
pass central and peripheral modifications observed in
patients with HFrEF caused by MI. An I/R approach
acutely occludes coronary blood flow to the myocar-
dium followed by reintroduction of blood flow to the
ischemic area (75,76). Molecular mechanisms driving
reperfusion injury are sudden arrhythmias, myocar-
dial stunning caused by calcium overload and oxida-
tive stress, as well as microvascular and endothelial
dysfunction (74,77). This method has been most often
used in the left anterior descending coronary artery
(LAD) or left circumflex coronary artery (LCx) by
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reversible ligation or inflatable angioplasty balloon.
Although historically dogs were used in I/R studies,
an extensive coronary collateral circulation present in
the canine heart has significantly decreased the use of
this model. In pigs and sheep, strengths of I/R ap-
proaches include the ability to create infarcts of a
predictable size and location by taking advantage of
similarities more reminiscent of human coronary ar-
teries, including gross anatomical structure and an
absence of existing collateral vessels. Weaknesses of
swine and ovine I/R models include significant acute
susceptibility to arrhythmia and difficulty imaging
the heart using ultrasound techniques due to
ruminant-dependent differences in gastrointestinal
anatomy.

Non-reversible coronary occlusion is performed by
suture ligation or ameroid constrictor placement
without reperfusion. The coronary ligation by suture
is an immediate approach to develop acute MI,
whereas ameroid constrictors can mimic MI resulting
from coronary stenosis due to progressive athero-
sclerotic plaque formation. Limitations to this tech-
nique include permanent occlusion of vascular flow
to the myocardium, which is rarely seen clinically
because routine treatment includes reperfusion of the
ischemic myocardium via PCI or coronary artery
bypass grafting.

Finally, coronary microembolizations are sequen-
tial injections of microspheres that can be performed
acutely and/or over time (78,79). Accumulation of
atherosclerotic plaque debris in the coronary micro-
circulation increases the incidence of micro-
embolization, varying from 20% to 79% (80), which
can also result from PCI (81). Disruption of coronary
atherosclerotic plaques by rupture, erosion, or calcific
nodules can release harmful substances and poten-
tially aggregate in the distal coronary microcircula-
tion, which causes vasoconstriction, inflammation,
and potential microinfarcts (79,82). Currently, clinical
evidence of atherosclerosis driving reduction of
myocardial blood flow and incidence of MI in the
absence of significant coronary occlusion is classified
as MI in the absence of coronary artery disease
(83–85). Atherosclerotic plaque disruption and sub-
sequent coronary microembolization can impair
myocardium contractility and increase inflammation
predominantly mediated by tumor necrosis factor�a,
with sustained embolization resulting in repetitive
events of thrombogenesis leading to MI. Although
this technique can model the chronic effects of
gradually increasing ischemia to the myocardium
over time, consistency and reproducibility of infarcts
can be difficult because of multiple embolization
surgical procedures and a limited ability to control
the extent of occlusion throughout the coronary
vascular tree. Furthermore, this model results in
multiple infarct and remodeling sites in the myocar-
dium (in contrast to an individual area with a focused
distinct injury) that can introduce variability and
inconsistency to the assessment process. The
following sections examine these models of MI-
induced HF in large animals and outline physiolog-
ical and molecular phenotypes relevant to each
technique.
I/R MODELS. Occlusion times of coronary arteries
from 30 to 180 min in duration have been shown to
cause an ischemic insult significant enough to induce
myocardium cell death (70,71,75). Given extensive
coronary anastomosis has resulted in the decreased
use of dogs to study MI and subsequent HF (53,76), a
recent study investigated the effects of LV mechani-
cal unloading after reversible LAD coronary ligation
plus ligation of branches originating from the LCx
coronary artery that potentially feed the LAD coro-
nary area (86). With the stated goal of preventing
potential influence of collateral circulation, coro-
naries were ligated for 180 min and then reperfused.
Four weeks post-MI, this method produced an
infarcted area of approximately 16% and a LVEF of
approximately 40% in parallel with increased LV EDP,
LV end-systolic volume, and N-terminal pro�B-type
natriuretic peptide suggestive of HFrEF. This I/R
approach provides a new alternative method that may
help account for coronary collateralization in dog
models of MI-induced HF.

In Yorkshire swine, differences in MI-induced HF
following occlusion of the proximal LAD or LCx was
examined using an I/R protocol produced by infla-
tion of an intracoronary angioplasty balloon for
120 min (87). After 3 months, occlusion of the LAD
produced an infarct size of approximately 14% in
contrast to approximately 10% after occlusion of the
LCx coronary artery. Increases in LV weight and
impairments to LV mechanics (torsion and radial
and/or circumferential strain, assessed via 2-
dimesional speckle tracking echocardiography) was
the same between groups, with a greater decrease in
LVEF and increased end-systolic and end-diastolic
volumes observed in the proximal LAD occluded
group. Overall, the I/R protocol that used proximal
occlusion of the LAD resulted in more severe dis-
ease, which suggested it may be a better preclinical
model of MI-induced HF. Other studies in swine
showed impaired calcium handling (decreased cal-
cium transient amplitude and increased diastolic
calcium levels) 14 weeks post-I/R using occlusion of
the proximal LCx coronary artery for 2 h, which
resulted in an EF of 39% (88).
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Ovine models of I/R were also used to examine MI-
induced HF. Charles et al. (89) examined I/R in
Coopworth ewes using 90 min of occlusion by intra-
coronary balloon angioplasty placed between the first
and second diagonals of the LAD coronary artery (89).
Acute increases in natriuretic peptide level and car-
diac troponin T (peak at 7 h post-MI) were observed
alongside reduced EF (38%) 7 days post-MI, although
LV dilation was not observed. In Dorset hybrid sheep,
infarction size was dependent on time of ischemia
(range 45 min to 6 h) with damage susceptibility
significantly influenced by regional myocardial loca-
tion (90). Six hours of ischemia progressively
increased LV volume and decreased EF (27%) in
Dorset hybrid sheep 12 weeks post-MI (91). Recent
work demonstrated a decrease in EF (38%) 2 weeks
post-MI following 120 min of occlusion in the LCx
coronary artery using balloon occlusion (92).

NON-REVERSIBLE CORONARY OCCLUSION

MODELS. van der Velden et al. (93) studied MI caused
by non-reversible LCx artery ligation in 2- to 3-
month-old Yorkshire-Landrace pigs. Three weeks
post-MI, permanent ligation of the LCx artery
increased heart weight, end-diastolic and end-
systolic areas, and significantly decreased EF (35%).
The sarcoplasmic/endoplasmic reticulum salcium-
ATPase 2a (SERCA2a) protein level was decreased,
and skinned cardiomyocytes demonstrated decreased
maximal force generation and increased calcium
sensitivity believed to be mediated by altered PKA
phosphorylation of troponin I. A separate group of
studies in Yorkshire swine (45 days old) demon-
strated permanent ligation of the either the LCx or
LAD coronary artery decreased EF (25% to 30%) and
the bioenergetic reservoir measured by concentration
of high-energy phosphate levels (phosphocreatine/
adenosine triphosphate ratio) 4 to 8 weeks post-
MI (94,95).

Ameroid constrictors were also used with and
without comorbidities such as obesity and type 2
diabetes in swine to induce MI and HF. Early studies
placed 2.0- to 2.5-mm ameroid constrictors around
the LCx coronary artery, with gradual occlusion of
blood flow resulting in a highly variable infarct size
(5% to 37% of the LV) (96,97). Recently, an ameroid
constrictor was placed on the LAD coronary artery for
4 weeks in obese Ossabaw swine, which resulted in
infarct sizes of approximately 15% (98). Other studies
that examined obese Ossabaw swine placed an ame-
roid constrictor around the LCx for 7 weeks, which
resulted in a model of chronic ischemia as opposed to
MI-induced HF because no infarcts were observed
(99,100).
Ovine models of ischemic heart disease induced by
ameroid constrictor were also used. Chekanov et al.
(101) analyzed the effects a 3.5-mm ameroid
constrictor placement in the LCx coronary artery.
After 4 weeks, EF decreased to 49% and was associ-
ated with an increase in LV end-diastolic and end-
systolic volumes. A separate set of studies in Coop-
worth ewes showed significant decreases in EF%
(20% to 25%) 1 to 4 weeks post-surgery after
occluding the LAD coronary artery using a thrombo-
genic coil in parallel with increased plasma circu-
lating natriuretic peptides, cardiac troponin T, and
creatine kinase (89,102).

CORONARY MICROEMBOLIZATION. Attempting to
replicate acute MI and subsequent HF in a dog model
of coronary microembolization, Franciosa et al. (103)
acutely injected 100-ml glass microspheres (approxi-
mately 475 mm in diameter) into the LCx coronary
artery of mongrel dogs and evaluated the animals at 1,
3, and 10 months. Ten months post-surgery, MI (23%
average scar size) was associated with a significant
decrease in cardiac output (103). Later studies used
polystyrene latex microspheres (77 to 102 mm in
diameter) sequentially injected into the LAD and LCx
coronary arteries over 1 to 3 weeks (3 to 9 total coro-
nary embolization procedures/animal) (104). Three
months post-surgery, cardiac output and EF (21%)
were decreased and associated with a transmural MI
distributed throughout the LV, septum, and RV. Signs
of HF included LV dilation (increased end-diastolic
volume), increased pulmonary artery wedge pres-
sure, and increased plasma atrial natriuretic peptide
and/or norepinephrine.

A cardiac magnetic resonance study infused
microbeads 100 to 300 mm in diameter into the LAD
coronary artery of farm pigs (34 kg), which resulted in
decreased EF (36%) 1 week after microembolization
(105). In 4- to 5-month-old Yucatan mini-swine,
Hanes et al. (106) acutely injected 2 ml of 90 mm
polystyrene microspheres into the LAD coronary ar-
tery. This model was used in a follow-up study, which
demonstrated decreased EF (45%) and LV dilation
(increased end-diastolic volume) in addition to sig-
nificant electrophysiological remodeling of numerous
myocardial ion currents (106). Recent studies also
used microspheres to induce acute MI by injecting
1 ml of polyvinyl-alcohol microspheres (45 to 150 mm
in diameter) every 3 to 10 min for 45 min total in pigs
(107).

In adult Merino Wether sheep (51 kg), an average of
5 embolization procedures was administered every
2 weeks using 90-mm polystyrene microspheres in
both the LAD and LCx coronary arteries (108,109).



FIGURE 2 Proposed Translational Flow for Development and Testing of New Therapies and Devices to Clinical Trials and FDA Approval

Continuous testing and evaluation of safety and/or efficacy during the preclinical phase is a proposed pathway to improving clinical success.

(Intra-aortic balloon pump [IABP], Impella, and TandemHeart pictures from were originally published in Atkinson et al. [170]). FDA ¼ Food and

Drug Administration.
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Several indicators of HF were observed 26 weeks
post-procedure, including decreased EF (27%),
increased pulmonary capillary wedge pressure, and
LV dilation and wall thinning (increased end-diastolic
volume and decreased LV wall thickness, respec-
tively). Monreal et al. (110) injected 0.5 ml of 90-mm
fluorescence polystyrene microspheres into the LCx
coronary artery in Dorsett cross sheep (44 kg). This
approach successfully reduced EF (25%), caused LV
dilation (increased end-diastolic volume), and
increased mean pulmonary artery pressure 4 months
post-intervention with sustained dysfunction present
2 years later.

COMBINATION I/RD CORONARYMICROEMBOLIZATION.

Recent work combined I/R and coronary micro-
embolization protocols in Yorkshire swine (38 to
43 kg) (111). In this model, the LAD coronary artery
was occluded using intracoronary balloon angioplasty
for 60 min followed by embolization via autologous
thrombus injection and reperfusion. Decreased EF
(<40%) and cardiac output were observed in parallel
with increased LV end-diastolic volume and pulmo-
nary capillary wedge pressure 1 week post-surgery.
Scar size was significantly increased in these ani-
mals compared with 90 min of I/R alone.

HF INDUCED BY ARRHYTHMIA

The pathological interaction between arrhythmia and
HF is well established, increasing both the risk of
developing HF and morbidity and/or mortality in
established HF cases (112). Recently, arrhythmia-
induced cardiomyopathy was proposed as a more
inclusive way to examine the diverse impact of elec-
trophysiological pathology to the overall HF syn-
drome (113). Sudden cardiac death is significant cause
of mortality in HF, regardless of EF, and the role of
tachycardia to developing HF has long been appreci-
ated. In particular, supraventricular arrhythmias such
as atrial fibrillation (AF) can increase HF risk 3-fold
(114–116). Similar to the human syndrome, the
development of HF in animal models of arrhythmia-
induced cardiomyopathy include bi-ventricular dila-
tion and decreased wall thickness, followed by a
steady deterioration of cardiac output and EF over
time, activation of neurohormonal systems, and sig-
nificant impairment of cellular calcium homeostasis.
Experimental models of arrhythmia-induced HF are
characterized by periods of chronic rapid pacing
denoted primarily by anatomical location of the
pacemaker. For tachycardia models, the pacemaker is
implanted in the RV or LV, whereas animal models of
AF often stimulate pathological pacing of the
myocardium from an atrial location. Interestingly,
arrhythmia-induced models of HF models include
almost complete recovery of myocardial function and
structure upon termination of the pacing stimulus.
Important considerations for these techniques
include: 1) changes to myocardial structure and
function, which can vary significantly within the
same heart based on proximity to the pacemaker; and
2) development of HF directly related to pacing rate
and duration. Furthermore, atrial pacing has
demonstrated an inability to sustain chronic AF for
longer than 2 to 8 weeks and often requires parallel
dosing of traditional cardiac therapeutics, including
b-blockers and/or cardiac glycosides. Because of the
historical use of these models, we briefly highlight
these approaches in the following sections.
PACING-INDUCED TACHYCARDIA. Originally re-
ported in 1962 (117), a significant number of canine
(118,119), swine (120,121), and ovine (122,123) models
of pacing-induced HF have been developed and used
in both acute and chronic experimental settings
(references provided for historical context). Cardiac
pacing using heart rates across a spectrum of 120 to
260 beats/min have been routinely shown to induce
symptoms comparable to HFrEF, including decreased
EF, ventricular dilation and decreased ventricular
wall thickness, pulmonary involvement, increased
plasma expression of biomarkers (e.g., natriuretic
peptides), and neurohumoral activation. Recently,
Möllmann et al. (124) desynchronized heart beats in
swine (10 to 12 weeks old; 34 kg) using different
pacing locations in the RV (110 beat/min for each lead,
effective heart rate of 220 beats/min). Desynchroni-
zation caused more severe HF compared with single-
lead pacing, which was characterized by significantly
impairing LV systolic function (decreased cardiac
and/or stroke volume index and fractional short-
ening), increased pulmonary capillary wedge pres-
sure and LV end-diastolic dimension, cardiac
hypertrophy, and pathological ECM remodeling.

ATRIAL FIBRILLATION. Although several large ani-
mal models of AF have been developed, studies in
which this common arrhythmia results in HF are
limited. Dosdall et al. (125) examined the impact of
chronic rapid atrial pacing in mixed breed hounds,
Boer and mixed breed goats, and Yorkshire swine in a
study designed to determine the appropriate animal
model to optimize long-term development of AF and
subsequent HF. A pacemaker implanted in the right
atria was programmed to stimulate at 50 Hz for 1 s
followed by 1 s of no stimulation at 2 to 3 times the
diastolic pacing threshold. Every 1 to 2 weeks, the
pacemaker was deactivated to determine whether



TABLE 2 Summary of Clinical Trials for Mechanical Circulatory Support Devices and Associated Preclinical Large Animal Studies

Mechanical Circulatory
Support Device/Clinical Trial Name Clinical Trial Identifier

Clinical Trial
status Patients Large Animal Studies

Impella System* (2.5; CP; LD; LP 2.5)

DTU NCT03000270 Completed 50 Pig (152,156–161); sheep (162,163)

REVERSE NCT03431467 Recruiting 96

PERMIT1 NCT01294267 Completed 20

RECOVER I NCT00596726 Completed 17

PROTECT I NCT00534859 Completed 28

CARDSUP NCT04117230 Recruiting 1500

Protect Kidney Trial NCT04321148 Recruiting 224

ISAR-SHOCK NCT00417378 Completed 26

Protect PCI Study NCT02831881 Recruiting 369

TandemHeart†

THEME NCT02326402 Recruiting 200 Pig (151–155)

ANCHOR NCT04184635 Active/Not yet recruiting 400

CentriMag Circulatory‡

Failure-to-Wean NCT00819793 Completed 32 Sheep (164–166); pig (167)

CMagRVAS NCT01568424 Completed 25

*Food and Drug Administration (FDA) approval: P140003 and 510K-K063723. †FDA approval: 510(k)-K110493. ‡FDA approval: recalled.

ANCHOR ¼ Assessment of ECMO in Acute Myocardial Infarction Cardiogenic Shock; CARDSUP ¼ Swiss Circulatory Support Registry; CMagRVAS ¼ CentriMag RVAS U.S. Post-
approval Study Protocol; DTU ¼ Door To Unloading With IMPELLA CP System in Acute Myocardial Infarction - Safety and Feasibility Study; Failure-to-Wean ¼ CentriMag
Ventricular Assist System in Treating Failure-to-Wean From Cardiopulmonary Bypass; ISAR-SHOCK ¼ Efficacy Study of LV Assist Device to Treat Patients With Cardiogenic
Shock; PERMIT1 ¼ Percutaneous Hemodynamic Support With Impella 2.5 During Scar-related Ventricular Tachycardia Ablation; PROTECT I ¼ A Prospective Feasibility Trial
Investigating the Use of IMPELLA RECOVER LP 2.5 System in Patients Undergoing High Risk PCI; RECOVER I ¼ RECOVER I Impella RECOVER LP/LD 5.0 Support System Safety
and Feasibility Study; REVERSE ¼ Impella CP With VA ECMO for Cardiogenic Shock; THEME ¼ TandemHeart Experiences and Methods.
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sustained AF had developed. If AF was sustained, the
pacemaker was reprogrammed to stimulate AF only if
the animal returned to normal sinus rhythm. Six
months post-intervention, dogs were the only ani-
mals to develop signs of HF evident as a decrease in
EF (33%) and increased LV fibrosis. Both pigs and
goats failed to develop HF. Rapid atrial pacing was
shown to induce HF in domestic swine and dogs
(evident as a decrease in EF to z30%) 3 weeks or
3 months after the initiation of pacing, respectively
(126,127). In sheep, the combination of atrial and RV
pacing impaired LV contractility and relaxation dur-
ing exercise (�dP/dtmax) and increased biomarkers of
HF (brain natriuretic peptide, endothelin) 21 days
after introduction of the arrhythmic stimulus (128).

THE TRANSLATIONAL ROLE OF LARGE

ANIMAL MODELS OF HF: A CRITICAL PART OF

CLINICAL SUCCESS?

Pre-clinical large animal models of cardiovascular
disease are an essential, but arguably underused
translational bridge to the development and testing
of new therapies and devices before clinical trials
(129). Clinical attrition rates for research and devel-
opment range from 80% to 97%, with clinical seg-
ments of the overall studies accounting for 73% of the
total cost of bringing the therapeutic to market (130).
This high rate of failure occurs despite preclinical
attrition rates of only 35%, which suggests high levels
of success in animal research may be “fool’s gold.”
Several factors have been proposed regarding the
failure of animal research to translate clinically,
including overoptimistic conclusions inferred from
methodologically flawed animal studies, animal
models that do not adequately reflect human disease,
and neutral or negative outcomes in animal studies
that are more likely to remain unpublished (131,132).
Together, these factors contribute to a likelihood of
an approval rate of approximately 7% for cardiovas-
cular drugs as assessed from phase I clinical trials to
official authorization of new drug and/or biologic li-
cense application (133). Currently, >60% of the time
and money required for the successful approval of a
new device or therapeutic is spent during human
clinical trials (134). Given the high rate of failure
during this phase, studies have suggested that an
increase in the amount of time and money spent on
candidate selection, safety, and efficacy in the pre-
clinical phase could improve human translation both
physiologically and economically (134). Recent view-
points have proposed follow-up times of $1 year in
large animal studies to better assess endpoint success
pre-clinically before moving to phase I (129). Large
animal models of pathophysiology are also necessary
to improve translation practically by: 1) facilitating
testing of clinical delivery, imaging, and support de-
vices; 2) providing valuable toxicology and

https://clinicaltrials.gov/ct2/show/NCT03000270
https://clinicaltrials.gov/ct2/show/NCT03431467
https://clinicaltrials.gov/ct2/show/NCT01294267
https://clinicaltrials.gov/ct2/show/NCT00596726
https://www.clinicaltrials.gov/ct2/show/NCT00534859
https://clinicaltrials.gov/ct2/show/NCT04117230
https://clinicaltrials.gov/ct2/show/NCT04321148
https://clinicaltrials.gov/ct2/show/NCT00417378
https://clinicaltrials.gov/ct2/show/NCT02831881
https://clinicaltrials.gov/ct2/show/NCT02326402
https://clinicaltrials.gov/ct2/show/NCT04184635
https://clinicaltrials.gov/ct2/show/results/NCT00819793
https://clinicaltrials.gov/ct2/show/NCT01568424
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biodistribution information; and 3) providing rele-
vant physiological inputs that can guide computa-
tional and omics-based assessment of clinical risk
useful for precision medicine. Supporting data from
large animal models is often a critical aspect of the
Investigational New Drug or Device Exemption pro-
cess that leads to FDA approval. Thus, the following
section highlights recent clinical trials that have used
preclinical studies as part of the development process
for new HF therapeutic support devices (Figure 2).

The FDA evaluates, regulates, and approves
various medical products, including mechanical cir-
culatory support devices for patients with HF, such as
intra-aortic balloon pumps (IABPs), axial flow pumps,
and left atrial-to-femoral arterial ventricular assist
devices. These devices mechanically assist the
myocardium, providing short-term systemic hemo-
dynamic support and minimizing myocardial work-
load during ischemic events complicated by
cardiogenic shock or during high-risk PCI procedures
(135–137). IABPs were previously considered class I
treatment for acute MI complicated by cardiogenic
shock (138–140) but are currently recommended as
class II treatment (141,142). Although widely used in
patients with HF, IABPs have hemodynamic and
surgical limitations (143–145). As a result, new me-
chanical circulatory support devices have been
developed for clinical use. These devices support
cardiac function by collecting blood from: 1) the LV
and delivering it into the ascending aorta
(135,146,147); or 2) the left atrium and delivering the
blood to the femoral artery by centrifugal bypass
(135,148–150). Two of these devices are the FDA-
approved TandemHeart (left atrial-to-femoral arte-
rial ventricular assist device) (LivaNova PLC, London,
United Kingdom) and Impella (Axial flow pump) LV
support systems (Abiomed Inc., Danvers, Massachu-
setts). TandemHeart supports systemic hemody-
namics by pumping blood up to 4 l/min, whereas
several Impella models (Impella CP, Impella 2.5,
Impella 5.0/LD, and Impella RP) provide flow ranging
from 2.5 to 5.0 l/min. The efficacy and safety of these
systems has been tested in several large animalmodels
of HF, which are reported adjacent to their associated
clinical trials in Table 2.

The impact of TandemHeart on hemodynamics
and cardiac morphology has been investigated in
porcine models of acute MI or ventricular arrhythmia
(151�155). For example, TandemHeart was implanted
during LCx occlusion (30 min) and effectively
unloaded the LV while maintaining systemic pres-
sure, which was evident via decreased stroke vol-
ume, end-diastolic volume, and EDP (151). Impella
devices have also been investigated in swine
(152,156–161) and ovine (162,163) models of adult and
pediatric HF. Using their recently described combi-
nation I/R�coronary microembolization protocol in
Yorkshire swine, Watanabe et al. (159) examined
mechanical LV unloading 2 weeks post-MI using the
Impella CP. After 2 h of circulatory support, Impella
decreased LV end-diastolic volume and EDP, main-
tained peripheral vascular pressure, and increased
coronary vascular perfusion in the infarct area. An
interesting comparison between Impella and Tan-
demHeart was assessed in Yorkshire swine (76 kg)
subjected to acute MI induced by occlusion of the
LCx for 2 h followed by 30 min of reperfusion (152).
At comparable flow rates, TandemHeart decreased
LV preload (end-diastolic volume), stroke volume,
and contractility (dP/dtmax, stroke work, pre-load
recruitable stroke work) to a greater extent than
the Impella.

Although the preceding studies reflect successful
translational interactions and outcomes between
large animal and human studies, the process is not
infallible. One example is the CentriMag Circulatory
ventricular assist device (Abbott Laboratories, Abbott
Park, Illinois), which was recalled due to a calibrating
system error linked to electromagnetic interference,
which caused the device to stop (https://www.fda.
gov/medical-devices/medical-device-recalls/abbott-
recalls-centrimag-circulatory-support-system-motor-
due-pump-and-motor-issues). Difficulties with the
device occurred after FDA approval, despite several
preclinical studies in both sheep (164�166) and pigs
(167), 3 registered clinical trials (Table 2) (CentriMag
Ventricular Assist System in Treating Failure-to-
Wean From Cardiopulmonary Bypass; NCT00819793
[completed]; CentriMag Ventricular Assist System in
Treating Failure-to-Wean From Cardiopulmonary
Bypass for Pediatric Patients; NCT01171950 [with-
drawn]; and CentriMag RVAS U.S. Post-approval
Study Protocol [CMagRVAS]; NCT01568424
[completed]), and a multicenter study that showed
short-term support with low incidence of device-
related complications and no device failure in
cardiogenic shock patients 30 days after CentriMag
implantation (168). These findings are not meant to

https://www.fda.gov/medical-devices/medical-device-recalls/abbott-recalls-centrimag-circulatory-support-system-motor-due-pump-and-motor-issues
https://www.fda.gov/medical-devices/medical-device-recalls/abbott-recalls-centrimag-circulatory-support-system-motor-due-pump-and-motor-issues
https://www.fda.gov/medical-devices/medical-device-recalls/abbott-recalls-centrimag-circulatory-support-system-motor-due-pump-and-motor-issues
https://www.fda.gov/medical-devices/medical-device-recalls/abbott-recalls-centrimag-circulatory-support-system-motor-due-pump-and-motor-issues
https://clinicaltrials.gov/ct2/show/NCT00819793
https://clinicaltrials.gov/ct2/show/NCT01171950
https://clinicaltrials.gov/ct2/show/NCT01568424
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undermine the importance of integrating preclinical
and clinical studies for assessing safety and feasibility
during development, but rather to highlight that work
still remains regarding optimization of current sys-
tems that facilitate testing and/or approval of new
therapies and devices.

CONCLUSIONS

Preclinical large animal models play a critical and
expanding role in translating basic science findings
to the development and clinical approval of novel
cardiovascular therapeutics. As recently examined
in mice (169), researchers are similarly encouraged
to consider the strengths and weaknesses of large
animal models, including specific breeds, comor-
bidities, disease modifiers, and overall study goals
such as acute or chronic outcomes. Space, cost, and
competencies should also be taken into consider-
ation given differences in U.S. Department of Agri-
culture requirements for large animal housing and
surgical expertise can vary greatly between large
animal species. Increasing the use of large animal
models of HF holds significant potential to identify
novel mechanisms underlying the HF condition, to
provide valuable information regarding the safety
and efficacy of new therapies, and to improve
physiological and economical translation of animal
research to the successful treatment of human HF.

ADDRESS FOR CORRESPONDENCE: Dr. Craig A.
Emter, Department of Biomedical Sciences, Univer-
sity of Missouri-Columbia, 1600 E. Rollins, W160
Veterinary Medicine, Columbia, Missouri 65211.
E-mail: emterc@missouri.edu.
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