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Abstract
Rodent surgical animal models of heart failure (HF) are critically important for understanding the proof of principle of the cellular
alterations underlying the development of the disease as well as evaluating therapeutics. Robust, reproducible rodent models are a
prerequisite to the development of pharmacological and molecular strategies for the treatment of HF in patients. Due to the
absence of standardized guidelines regarding surgical technique and clear criteria for HF progression in rats, objectivity is
compromised. Scientific publications in rats rarely fully disclose the actual surgical details, and technical and physiological
challenges. This lack of reporting is one of the main reasons that the outcomes specified in similar studies are highly variable and
associated with unnecessary loss of animals, compromising scientific assessment. This review details rat circulatory and coronary
arteries anatomy, the surgical details of rat models that recreate the HF phenotype of myocardial infarction, ischemia/reperfusion,
left and right ventricular pressure, and volume overload states, and summarizes the technical and physiological challenges of
creating HF. The purpose of this article is to help investigators understand the underlying issues of current HF models in order to
reduce variable results and ensure successful, reproducible models of HF.
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Abbreviations
HF Heart failure
LAD Left anterior descending artery
ECG Echocardiography
MI Myocardial infarction
I/R Ischemia–reperfusion
LV Left ventricle
MRI Magnetic resonance imaging
VT Ventricular tachycardia
VF Ventricular fibrillation
TAC Transverse aortic constriction
AAC Ascending aortic constriction
PA Pulmonary artery
RV Right ventricle
IVC Inferior vena cava
AR Aortic regurgitation

Qp Pulmonary blood flow
Qs Systemic blood flow

Introduction

Significant contributions have been made to understand the
pathophysiologic and genetic alterations in various animal
models of heart failure (HF). Discovery of new molecular
targets in animals allows researchers to formulate clinical
treatments for HF, which can be potentially translated to hu-
man patients. Despite differences in cardiac physiology, anat-
omy, and molecular profile with respect to humans, rodents
remain the fundamental for proof-of-concept studies testing
HF phenotype and outcome. Rodent models used for transla-
tional studies in HF have led to the establishment of numerous
new cellular and genetic methodologies and discovery of mo-
lecular pathways, which are successfully used in the clinic
today. Most research studies preference rodent models due
to a number of technical and economic considerations, namely
(1) established housing protocols and low maintenance costs;
thus, a large sample size can be studied in a relatively short
time period, and a limited number of personnel are required;
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(2) advances in both invasive catheter design and non-
invasive micro-technology specifically for small-animal char-
acterization that make assessment of heart function accurate
and easily feasible; and (3) the basic experimentally induced
heart failure models are accepted by the majority of re-
searchers [1, 2].

In recent years, mice have been the most used species in
cardiovascular research due to availability of transgenic and
knockout mouse strains. Yet, investigators prefer to use rats
for research studies involving complex surgical procedures
like heart transplantation, creation of HF with various system-
ic arterio-venous shunts techniques, and the use of cardiopul-
monary bypass because they are technically much easier in
rats than inmice [3, 4]. However, scientific publications in rats
rarely share the actual surgical details and technical and phys-
iological challenges of HF creation [5–9]. A lack of descrip-
tion of standardized surgical technique and surgical guidelines
is one of the main reasons that study outcomes are highly
variable and associated with unnecessary loss of animals.
This review has summarized the most frequently used rat
models of left and right heart failure with a focus on highlight-
ing and disclosing the essential surgical techniques and
challenges.

Understanding rat heart anatomy
and physiology

Rats are mammals and belong to the rodent superfamily
Muroidea. The cardiac, pulmonary, and systemic circulatory
systems and valves of the rat are similar to those of humans.
The heart of a rat consists of four chambers. The
brachiocephalic trunk is on the right side of the aortic arch
and divides into the right common carotid artery and the right

subclavian artery (Fig. 1). At the anterior part of the aortic arch
is the left common carotid artery, and to the left of it, the left
subclavian artery is readily identifiable [10, 11]. Additionally,
the right and left atria have an extra coronary blood supply
from internal mammary arteries [11]. The rat also has no true
equivalent of a circumflex artery beside a small artery like
ramus intermediate.

A rat’s heart rate is approximately five times higher in
comparison to humans and the relationship between myocar-
dial force and frequency is inversely proportional. Rat myo-
cardium differs from human myocardium in that it has a
shorter action potential without a plateau phase during con-
traction. It is well known that the duration of cardiac action
potentials increases with body size and is approximately
50 ms in rat ventricles compared to 250 ms in humans. The
physiology of action potential reflects the contribution of
depolarizing and repolarizing currents. This contribution of
ion channels is different between humans and rats. In rat ven-
tricular muscle, the presence of a relatively large depolariza-
tion current activated outwardly rapidly brings the membrane
potential back to a negative diastolic value. Thus, the rat ven-
tricular myocyte action potential lacks a prominent plateau
phase, resulting in a shorter duration action potential [12,
13]. Another difference is the mechanism of removal of cal-
cium from the cytosol, and the activity of the sarcoplasmic
reticulum (SR) calcium pump [14]. A study investigating SR
Ca2+ uptake and Ca2+ leak in human cardiac muscle showed
that (i) the maximum SR Ca2+ uptake is closely related to the
measured SR Ca2+-ATPase activity and the translocation of
Ca2+ ions, (ii) the Ca2+ sensitivity of Ca2+uptake is significant-
ly higher in different human myofilaments, and (iii) SR Ca2+

leak rates in human myocardium are lower than those in rat
heart and seemingly less affected by cytoplasmic adenosine
diphosphate suggesting that SERCA regulation differs in the
two species [15].

The most fundamental research studies utilizing rats in-
volve the creation of myocardial infarct (MI) or ischemia/
reperfusion in the left anterior descending (LAD) artery area
[16–19]. The LAD artery in rats branches off the ascending
aorta and transverses down over the anterior lateral wall of the
left ventricle parallel to the interventricular groove. The septal
artery is the first large arterial branch of the LAD. The other
branches include several diagonals that supply the LV lateral
and posterior free wall and pulmonary trunk. The most impor-
tant surgical detail is that the LAD artery, through its course
length to the apex, transverses completely intramurally [20].
Therefore, any external inspection is difficult. This important
detail requires that the surgeon use cardiac landmarks, such as
the left margin of the pulmonary trunk and left atrial append-
age, to assure consistent results from the occlusion or ligation
of the LAD. The proximal part of the LAD artery is usually
located between these landmarks, close to the pulmonary ar-
tery. Since there is little collateral flow, inter-arterial

Fig. 1 Rat aortic anatomy. The figure demonstrates rat aorta anatomy.
The ascending aorta leads to the aortic arch. The vessels of the aortic arch
include the brachiocephalic trunk, which branches into the right carotid
and right subclavian arteries, and the left carotid artery
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anastomoses are rare in the rat [10, 11]. Permanent ligation of
the LAD artery results in a consistent, large, and uniform
ischemic zone. It should be noted that in 25–30% of rats, there
are anatomical variations of coronary arteries of which the
surgeon should be aware of in order to best manage cases
and outcomes, but not all of these variations are considered
anomalous [2, 11] (Fig. 2). The most common types of LAD
arteries are those with 2–3 diagonal branches and a septal
perforating branch. If the first diagonal is large, then the other
diagonal vessels tend to be small and run shorter courses.
Sometimes, it is possible to see right ventricular branches with
the extension over the right ventricular surface (Fig. 2A, B, C).
In some rats, there is a duplication of LAD (Fig. 2D) or early
bifurcation of LAD (Fig. 2E). If a ramus intermediate artery is
present, the diagonal vessels are less prominent and arise more
distally (Fig. 2F).

Even the branching and position of the LAD artery is dif-
ferent in Sprague-Dawley outbred rats compared to Lewis
inbred rats [21]. It is important that the investigator pays at-
tention to the anatomy during the procedure to ensure the
proper vessel is ligated and to avoid error and variability.

Ischemic heart failure

Despite significant progress in the prevention and treatment of
cardiovascular diseases, the incidence and prevalence of HF

have been steadily increasing in recent years. Currently, the
leading cause of HF is ischemic heart disease which accounts
for ~ 70% of HF incidence. Regardless of the etiology, ische-
mic HF is a complex disease of impaired LV function and
structure [22]. Myocardial ischemia causes deterioration in
LV function, which initially causes compensatory local and
systemic changes in an attempt to maintain adequate stroke
volume. These compensatory alterations included the Frank–
Starling mechanism by an increase in preload, myocardial
hypertrophy, activation of the sympathetic adrenergic, cyto-
kine overexpression, and activation of the renin-angiotensin
system. At the molecular level, HF is associated with abnor-
mal excitation–contraction coupling, changes in extracellular
matrix, shifts in gene expression, and programmed cell apo-
ptosis. Finally, these events led to severe cardiac pump dys-
function, increased wall stress, and promote adverse patholog-
ical remodeling.

HF can be divided into two categories, i.e., HF with re-
duced ejection fraction (HFrEF) and HF with preserved ejec-
tion fraction (HFpEF) [23]. HFrEF is associated with systolic
dysfunction and characterized by the inability of the heart to
maintain cardiac output. In turn, HFpEF is associated with
diastolic dysfunction while systolic function is normal.
Interestingly, in the rat model of HFpEF, treadmill exercise
intolerance developed earlier than hemodynamic abnormali-
ties [23].

Fig. 2 Variability of rat’s
coronary arteries. (A, B, C) The
most common types of LAD
artery are with 2–3 diagonal
branches and septal perforating
branch. (D) Two left anterior de-
scending arteries (duplication of
LAD). (E, F) Left anterior de-
scending artery has early bifurca-
tion and does not reach the heart’s
apex. If a ramus intermediate ar-
tery is present, the diagonal ves-
sels are less prominent and arise
more distally
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There are several reproducible animal models utilized to
create ischemic HF. The classic model of myocardial infarc-
tion is created by complete ligation of the LAD artery. The
ischemia/reperfusion model of ischemic HF is created by tem-
porarily closing the LAD artery, then allowing blood to reper-
fuse through the LAD by releasing the closure.

Myocardial infarction

The permanent ligation of the LAD artery is a standard model
for myocardial infarction followed by heart failure [17, 24].

Surgical technique

The animal’s chest is prepped in sterile fashion by removing
the hair on the chest and disinfecting the surgical area with
three subsequent washes of 10% povidone-iodine, followed
by 70% ethanol. Thirty minutes prior to surgery, all animals
are injected with 0.1 mg/kg of the analgesic buprenorphine.
For induction, the animal is placed into an appropriately scav-
enged inhalational isoflurane anesthetic chamber with 3–4%
of isoflurane mixed with 100% oxygen flowing. After 3–
5 min, the surgeon assesses the level of anesthetic depth by
observing the loss of the righting and palpebral reflexes such
as pedal reflex (firm toe pinch), and by muscular tone, re-
sponse to painful stimulation, and the rate and depth of respi-
ration. When the animal is fully sedated, an endotracheal in-
tubation with a 16–18G catheter is performed. The anesthe-
tized animal was placed in a right lateral semi-decubitus posi-
tion on an isothermal heating pad to maintain body tempera-
ture around 37 °C. A rectal temperature probe is placed in the
animal for temperature monitoring. The rat is connected to the
ventilator and ventilated with 2–3% isoflurane mixed with
100% oxygen at the appropriate rate based on the animal’s
weight. The appropriate ventilation settings for rats are depen-
dent on the animal weight and can be calculated according the
following formulas: tidal volume (Vt, ml) = 6.2 M1.01 (M =
animal mass, kg); respiration rate (RR, min−1) = 53.5 ×
M−0.26. For example, in a 400-g rat, Vt = 2457 μl and RR is
68. Regularly monitor the depth of the anesthesia by checking
the response to a tail pinch and make necessary adjustments of
isoflurane if required to maintain the level of anesthesia [25].

Once the chest is entered via an 8–12-mm anterolateral
thoracotomy incision in the 4th or 5th intercostal space, a
chest retractor is placed, the lung is reflected posteriorly, and
the pericardium is incised. The upper portion of the LAD is
identified. This preparation is identical for all of the models of
ischemic HF in this section. In this model, the LAD is
completely ligated with a 7–0 prolene suture, with close atten-
tion being paid to electrocardiographic (ECG) abnormalities
(Fig. 3a, b). Acute ST segment elevation, surrounding tissue
discoloration distal to the suture, and dysfunction of the ante-
rior wall confirm the complete surgical ligation of the LAD.

Because of the intramural location of the LAD and anatomical
variability, the surgeon sometimes needs to place additional
sutures close to the pulmonary artery to get ECG changes
specific for myocardial ischemia. Using ECG during the pro-
cedure provides a means to confirm successful MI creation
regardless of anatomy [26]. Once hemostasis is achieved, a
flexible chest tube catheter (16-G angio-catheter) is inserted
through the 7th intercostal space under visual control. The ribs
and intercostal muscles are closed with a 3–0 or 4–0 range
prolene suture followed by closure of the chest using a 5–0
vicryl running suture. After tying these sutures, a 2–3-mL
syringe is used to evacuate the air/fluid in the thoracic cavity
in order to regain the normal negative pressure and then the
chest tube is removed. The skin incision is closed using a
running 5–0 vicryl absorbable suture. Following closure,
isoflurane flow is halted and the animal is weaned from the
ventilator. The animal is kept warm and allowed to breathe
supplemental oxygen rate between 0.5–1 L/min via endotra-
cheal tube. Following mobile signs of recovery, the animal is
extubated. The animal should not be extubated before he is
awake and breathing on his own. Supplemental oxygen may
be given via nose cone or chamber if the animal still needs
oxygen. The usual duration of the surgical part of procedure is
about 15–30 min. The closure and recovery process must be
completed for all procedures. The duration of recovery is
unique to each animal.

Myocardial ischemia/reperfusion model

After an acute MI, the current most effective clinical strategy
for reducing the MI size and improving outcome is myocar-
dial reperfusion. Restoring coronary perfusion in a timely
fashion can minimize the initial ischemia injury produced by
occlusion of the LAD coronary artery. While this intervention
has improved the number of survived animals after acute MI,
restoration of blood flow into the ischemic area results in
ischemia/reperfusion (I/R) injury that leads to the death of
injured cardiomyocytes. This loss of myocardial mass contrib-
utes to decreased cardiac output and progression of HF. Thus,
the study of the I/R injury is an important line of inquiry in
cardiovascular research [27, 28].

Surgical technique

The LAD can be occluded two ways. The first technique
is LAD occlusion with a suture above tubing. Once the
location of LAD is confirmed, a 7–0 prolene ligature is
passed underneath the LAD artery, a loose knot is made to
leave a loop, and a 2–4-mm PE-10 tubing is placed inside
the loop parallel to the LAD artery. The loop is tied
around the artery and tubing (Fig. 4a). The chest retractor
is removed, the lungs are re-inflated, and the wound is
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temporarily closed with running 5–0 nylon sutures on the
muscles and skin. The rat remains on the ventilator for the
duration of the 30–60-min LAD artery occlusion,

depending on the protocol. After this time has passed,
the temporary sutures are removed, and the chest cavity
is opened again. The ligating suture above the tubing is

Fig. 4 Ischemia/reperfusion
models. a Temporary occlusion of
the left anterior descending artery
with suture above the tubing. b
Temporary occlusion of the left
anterior descending artery with
tourniquet. Ligature placed
around the left anterior
descending artery and secured by
placing a tourniquet and clip to
hold the suture in place. c Rat left
ventricle was stained with
triphenyltetrazolium chloride
after induction of ischemia/
reperfusion by temporary ligation
of the left anterior descending ar-
tery. The unstained area is ische-
mic myocardium

Fig. 3 Ligation the left anterior
descending artery. a Prolene
ligature is passed underneath the
left anterior descending artery. b
The left anterior descending
artery is ligated with a prolene
suture and myocardial infarction
is created. The discoloration of
the surrounding tissue and
electrocardiography confirms the
creation of an infarct. c Rat left
ventricle was stained with
Masson’s trichrome andWeigert’s
iron hematoxylin. Blue area
indicates left ventricular scar
4 weeks after myocardial
infarction
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cut and the PE-10 tubing is removed, allowing blood to
flow back through the LAD artery.

In the second technique, the LAD is occluded with a tour-
niquet. Once the chest is open and retracted, a 6–0 or 7–0
prolene suture is placed through the myocardium and around
the target site of the LAD artery. Both suture-free ends of the
ligature are passed through the small tourniquet (PE rubber
tube) (Fig. 4b). The snare loop is tied and the myocardium
visually inspected for a short period of time. The temporary
snared occlusion of the LAD artery should produce cyanosis
of the anterior and lateral walls of the left ventricle and chang-
es in ECG readings. The chest is temporarily closed for 30–
60 min, depending on the protocol. The tourniquet is re-
moved, allowing blood to flow through the LAD.
Reperfusion can be verified by the return of the red color to
the myocardial tissue and the demonstration of some recovery
of the anterior wall motion [29]. The animal’s chest is then
closed and the animal moves to recovery, same as in the myo-
cardial infarction model.

Challenges in creating ischemic heart failure

There are several considerations that need to be addressed to
facilitate creating ischemic HF. There is no standard definition
of HF in rodents currently accepted by investigators [30, 31].
Thus, it is important to define what symptoms and which type/
severity of HF is being studied in order to establish a timeline
for the study. Acute MI in rodents causes ischemic HFrEF
[22]. The clinical signs such as lack of movement, decrease
of the body temperature and weight, tachypnea, and labored
respiration are very helpful to assess development of HF.
Other clinical features such as pleural effusion, ascites, and
pulmonary and hepatic congestion can be analyzed as well
[32]. Also, HF biomarkers, like natriuretic peptides, cardiac
tropins, and growth differentiation factors, offer biologically
relevant insight on HF progression [33]. An important aspect
for defining study timelines is measuring heart function. Most
researchers prefer to use cardiac imaging technology such as
echocardiography, magnetic resonance imaging (MRI), and
computer tomography to measure regional and global heart
function and assess HF development [34–36]. More sophisti-
cated methods include positron emission tomography and nu-
clear magnetic resonance spectroscopy [37].

There are several HF timelines described in literature.
Many authors believe that the HF changes with cardiac re-
modeling and infarct expansion are more pronounced at 21–
28 days after MI creation [38–40]. Some authors found that
after 7 days, rats with large MI have decreased contractility,
which does not change significantly at 30 days [41]. Other
authors demonstrated increased LV dimensions in systole
and diastole after 7 days, and even after 5 weeks, these param-
eters did not change significantly [42]. In other studies, LV

systolic and diastolic dysfunction was apparent 8 weeks after
MI creation [43–45]. On average, clinical signs of HF develop
after 3–6 weeks. In cases of larger infarct, the ventricle be-
comes distended and dilated faster [24, 46–50]. The discrep-
ancy in HF progression in infarcted rat hearts with a wide
range of LV dilatation and contractile dysfunction at different
time points probably connected to the variability in LV remod-
eling and MI expansion after LAD ligation.

The third consideration is the infarct size created. In fact,
the degree of LVremodeling and chamber dilatation is directly
proportional to the infarct size [51]. Moreover, the rat’s sur-
vival is directly related to the size of myocardial infarction. In
small MI (< 20%), the survival rate at 60 days was ~ 85%, and
in large MI (> 45%) was ~ 60% [41, 42, 52–54]. Therefore, it
is necessary to demonstrate equivalence of infarct size be-
tween animal groups when comparing subsequent remodeling
responses [2, 30]. The minimum infarct size to cause these
morphological, functional, and clinical abnormalities of se-
vere HF is 36–40% [55]. However, an infarct size of 23% of
LV is characterized by a 27% increase in volume of the re-
maining functioning myocardium [52]. Infarct size varies de-
pending on the anatomical variability of the pattern of coro-
nary arteries, place of LAD artery occlusion (proximal, mid-
dle, or terminal), extension of ischemia, and the collateral flow
to that area [24, 56]. For most studies, the LAD artery is
ligated at the proximal part 1–2 mm below the tip of the left
atrial appendage which induces infarction, forms a scar on
roughly 40–55% of the LV, and creates severe HF (Fig. 3c)
[24, 46, 47, 50, 57]. However, LAD artery occlusion in this
location suffers from the drawback of a high mortality rate
[24]. LAD ligation in the middle part 3–4 mm below the
junction of pulmonary conus and left arterial appendage in-
duces infarction, scars 30–35% of the LV with low mortality
(10–25%), and creates moderate HF [58, 59]. Development of
severe HF with this ligation takes longer. In small and mod-
erate MI size (15–35%), 80–90% of rats survive to 60 days. In
large MI (MI size > 45%), only 40–60% of rats survive to
60 days [41, 42, 52–54].

The effect of I/R on cardiac remodeling depends on dura-
tion of cardiac ischemia, reperfusion time, and size area of
myocardial risk. Reperfusion after 45 and 90 min resulted in
an infarct size of 36% and 38% respectively. Late reperfusion
after 180min resulted in an infarct size of 49% [57]. In another
study, 45 min of ischemia followed by reperfusion resulted in
an infarct size of only 22% but an area of risk of 48% [60].
Reperfusion after 120 min of coronary occlusion increased the
area of risk to more than 50% [61]. To assess the area of
ischemia during rat’s euthanasia, a loose suture knot should
be retied during heart perfusion with ink to delineate the area
of risk of I/R (Fig. 4c).

One of the frequent complications after creation of ische-
mic HF in rats is cardiac arrhythmia, accompanied by signif-
icant mortality [62]. Post-MI arrhythmia usually occurs in the
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early period afterMI. Ninety-six percent of animals developed
at least one episode of ventricular tachycardia (VT) or ventric-
ular fibrillation (VF) during the first 48 h after occlusion LAD
with different MI sizes ranging from 23 to 67% [57].
Antiarrhythmic drugs and regimes may be given at different
time points before and during the procedure [63–66]. To pre-
vent arrhythmias, pretreatment 10–15 min before coronary
occlusion with intravenous administration of class I antiar-
rhythmic agents like lidocaine (2 mg/kg), procainamide
(20 mg/kg), or quinidine (10 mg/kg) produced significant re-
ductions in the number of rats demonstrating VF [67–69].
Good antiarrhythmic efficacy was reported after intravenous
injection of amiodarone (class III agents) (100 mg/kg) 5 min
post-MI creation and after chronic oral amiodarone adminis-
tration (30 mg/kg) for 2 weeks. Compared with controls, both
treatment regimens decreased the number of VT/VF episodes
by ∼ 85% [70, 71]. In a rat study treated with calcium antag-
onists (class IV agents), diltiazem (2.0 mg/kg), verapamil
(5 mg/kg), or nifedipine (50 μg/kg) was given as an intrave-
nous bolus 10 min prior to coronary occlusion. All three cal-
cium antagonists significantly reduced the incidence of VF
and this anti-fibrillatory effect resulted in a significantly lower
mortality in all drug-treated groups. With diltiazem, verapa-
mil, and nifedipine, mortality fell from 87 to 35%, 0%, and
8% respectively [72–74].

Finally, there are important technical challenges that need
to be addressed. In some cases, LV recoloration, indicating
reperfusion, does not return after releasing the LAD snare.
In this case, it should be considered that the artery was dam-
aged with a needle or clot and these animals have to be ex-
cluded from the study. To prevent myocardial damage or tran-
section of the artery by the ligature, the suture should be
placed slightly deeper in the myocardium. It is better to use
sutures with Teflon pledgets as buttresses under the knot to
prevent LAD rupture.

For all models of ischemic HF, it is essential to monitor
body temperature especially for the I/R model because it is a
longer procedure. A drop in temperature can alter the rat’s
heart function and body metabolic reaction with energy ho-
meostasis, and can affect the size of myocardial ischemia [32].
In order to increase survival and efficacy in this model, inves-
tigators must temporarily close the chest prior to the reperfu-
sion [75, 76].

One of the major issues of creating ischemic HF in rats
today is mortality. Mortality after MI creation in the rats
should be divided into early and late HF-related death and
non-HF death. The usual causes of early non-HF mortality
are poor surgical technique, non-observance of acceptable
guidelines of rodent’s intubation, ventilator weaning and
post-operative care, non-use of physiological systems for
monitoring SpO2, exhaled CO2, ECG, and rectal temperature.
It is interesting to note that after MI creation, the overall mor-
tality rate and post-MI recovery time between younger and

older rats are different [41]. The use of younger animals (4–
6 weeks old, 200–350 g) may reduce non-HF mortality.

Left ventricle pressure overload models

Aortic banding

Aortic banding is a classic model of HF and is used to induce
left ventricular overload. Aortic banding techniques are ap-
plied to achieve aortic stenosis via the ascending aortic con-
striction (AAC), transverse aortic constriction (TAC), or ab-
dominal aortic constriction. The difference between these
models is the location of the surgically applied constrictor.
In the AAC model, the constriction is made in the ascending
aorta before brachiocephalic trunk, decreasing blood flow to
both left and right carotid arteries. This leads to the fast devel-
opment of high pressure in the LV and corresponding rapid
changes in LV anatomy and function [77–79]. In the TAC
model, stenosis is typically created in the aortic arch between
the brachiocephalic trunk and the left carotid artery. With this
technique, only the left carotid artery has diminished blood
flow and the right carotid artery remains open to blood flow.
The pressure in the LV cavity and LV hypertrophy in TAC
model rises more gradually than in AAC model [80]. In ab-
dominal aortic constriction, stenosis is located below renal
arteries; therefore, the brain’s and other major organs’ flow
reserve is not changed. Some researchers use aortic banding
above the renal arteries as it creates a model where elevation
of the blood pressure is generated by mechanical obstruction
and activation of the renin-angiotensin-aldosterone system
due to reduced renal blood flow [23].

Surgical technique

While there are a variety of surgical approaches that are
established to create aortic stenosis, most studies use the right
thoracotomy. The animals are intubated and placed in a right
or left decubitus position, and the chest is prepped in sterile
fashion as described in the section BMyocardial infarction,
surgical technique.^ The thoracotomy is performed, with an
8–12-mm incision in the second intercostal space. The lung is
moved out of the way using a small piece of gauze or cotton-
tipped applicator to avoid injury. The thymus is retracted to
view the underlying structures.

The aorta can be ligated one of three ways: using ligature
with needle retraction, hemoclips, or a tourniquet.

Banding of ascending aorta

The usual diameter of the aorta in 250–450-g rats is 2–3 mm.
After blunt dissection of the aorta, a 4–0 silk is advanced
underneath the aorta, ligating in the location according to the
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AAC or TAC model, and a loose knot is tied. A needle is
advanced alongside the vessel, through the loose knot.
Aortic constriction is achieved by ligating the silk ligature
around the vessel and the needle, creating occlusion [81, 82]
(Fig. 5a). The needle is then immediately removed, leaving a
lumen with a severely stenotic aortic orifice. After completing
banding, a trans-thoracic Doppler echocardiography is per-
formed to determine the intensity of the pressure overload
produced by the constriction. The thoracotomy is then closed
and air is evacuated from the chest. Recovery from anesthesia
commences with the animal being weaned from the ventilator.

The aorta can be banded using clips via surgical applicator
[79, 83–86]. In this approach, a tantalum clip is placed around
the aorta rather than a suture. The clip is precisely half-closed
around the aorta by means of a clip applicator with an adjust-
able clamp (WECK, Horizon, Metal Ligation System,
Morrisville, NC, USA). The blood flow through the aorta is
restricted to the diameter of the inner segment of the half-
closed clip. This approach achieves the same result as the
previous aortic banding methods but the device is more con-
sistent and the degree of stenosis is more controlled. It is
necessary to consider the diameter of the ascending aorta,
which is dependent on rat weight [78].

The tourniquet technique can also be used. To band the
aorta, a suture is passed underneath the aorta and the two ends
of the suture are threaded through a 0.5-mm piece of polyeth-
ylene (PE-10) tubing (Fig. 5b). When the tourniquet is partial-
ly closed, the stenosis is created. This procedure is better to
perform under the control of Doppler echocardiography to
confirm the degree of stenosis.

Banding of abdominal aorta

The surgical technique is somewhat different when
performing the abdominal aortic banding technique. Once
the animal is prepared for surgery, he is placed on his back.
The chest is prepped and a midline abdominal incision is
made. A retractor is inserted and all of the large and small
bowels are pulled out of the abdominal cavity and kept
wrapped in gauze soaked with sterile saline to the left of the

opening. The rat’s retro-peritoneum is blunt dissected to get a
clear view of the aorta. The abdominal aorta is isolated adja-
cent to renal arteries, and constricted by a 4–0 silk suture
ligature tied firmly against a 21- or 22-gauge needle. The
needle is removed immediately and the aorta remains con-
stricted to 0.5–0.7 mm in diameter [87, 88]. The bowel is
returned to the original position and the abdomen is closed
with a 5–0 vicryl suture. The tourniquet and clip method can
also be used.

Right ventricle pressure overload models

Pulmonary artery banding

Overall, the techniques used to create right ventricle pressure
overload with pulmonary artery (PA) banding are the same as
aortic banding. The initial steps to prepare and open the ani-
mal are similar to those in the previous section. The thoracot-
omy is performed in the 2nd–3rd intercostal space and the PA
is visualized.

The site of band placement is the middle portion of the PA
trunk. The PA should be handled carefully because it is thin-
walled and susceptible to injury. To minimize injury, the liga-
ture must be first passed through the transverse sinus to encir-
cle the aorta and PA. Then, the aortic end of the ligature is
passed between the aorta and PA so that only the PA is
enclosed in the ligature. To band the PA, investigators may
use a tourniquet, in which the band is snared with a short
segment of polyethylene tubing and secured with small
hemoclips. Many researchers utilize PA ligation with needle
retraction. A silk suture is tied tightly around an 18–21-G
needle alongside the main PA. After subsequent rapid removal
of the needle, a fixed, constricted lumen remains equal to the
diameter of the needle [89–93]. The combination of fixed
banding around the pulmonary artery and natural growth re-
sults in a progressive increase in right ventricle (RV) pressure
and pressure gradient and RV hypertrophy, usually after 6–
8 weeks [94, 95]. The clip technique involves placing a clip
around the PA and closing it partially, so that only ~ 50% of

Fig. 5 Aortic banding techniques.
a Aortic banding using ligature
and needle retraction. Ligature is
tied around the aortic arch and
needle. Afterwards, needle is
removed to allow reduced flow. b
Aortic banding using a tourniquet
technique. Ligature placed around
the aorta and secured by placing a
tourniquet and clip to hold the
suture in place
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the lumen is opened. In order to place the clip, the surgeon has
to place a ligature first around the PA so as to fully access the
vessel [89, 92]. This technique is gaining popularity because it
is simple and yields more consistent results.

Challenges in creating pressure overload
models

There are several challenges that need to be addressed to fa-
cilitate a successful aortic banding. The timeline for creating
HF by pressure overload is longer compared to ischemic HF
models. In response to the development of chronic pressure
overload, ventricular wall thickness increases to maintain nor-
mal wall stress. This compensatory mechanism is accompa-
nied by concentric myocardial hypertrophy [96]. Over time,
the compliance of the ventricle is reduced, which impairs flow
filling and leads to diastolic dysfunction. Eventually, the di-
ameter of the ventricle increases, concentric hypertrophy
shifts to eccentric with both systolic and diastolic dysfunction,
and signs of HF appear [30, 97]. After ascending aortic con-
striction, left ventricular hypertrophy develops at 6–8 weeks
and clinical signs of HF appear within 20–30 weeks [78, 83,
86, 98]. It was demonstrated that the transition from concen-
tric hypertrophy to eccentric hypertrophy with HF after aortic
constriction occurs after 20 weeks [99].

The next important consideration is the degree to which the
aorta must be constricted to produce myocardial hypertrophy.
Many researchers use a vascular clip with a small internal
diameter 0.6–1.0 mm to constrict the aortic diameter by ~
50% [83, 98]. Others use vascular clips with large diameter
of ~ 1.5 mm to create aortic banding [100, 101]. Stenosis of
the ascending aorta to 50% of its original diameter leads to the
appearance of a pressure gradient of at least 50–60 mm of Hg
at the aortic constriction site [102]. Some researchers believe
that for faster development of a concentric hypertrophy (with-
in 6 weeks), the aortic pressure gradient has to be about
90 mmHg [82, 103].

Abdominal aortic banding is more advantageous than the
AAC and TAC models. There is no need to intubate the ani-
mal during the procedure and post-operative recovery is much
easier. Furthermore, this procedure does not disrupt blood
flow to the brain, unlike the AAC and TAC models.
However, in this model, hypertrophy and HF develop much
slower [88, 104].

High-resolution echocardiography has become the non-
invasive method of choice for determining myocardial hyper-
trophy, assessing systolic and diastolic function, and classify-
ing HF stages in pressure overload models. In order to fully
assess HF, several principles of echocardiography are used
[79, 80, 101, 105–108]. Parasternal long and short axes—at
the level of papillary muscle—are obtained to calculate the LV
end-diastolic and end-systolic volumes as well as the ejection

fraction of the LVusing the area length method: V = 5/6 × A ×
L, where V is the volume in milliliter; A is the cross-sectional
area of the LV cavity in square centimeters, obtained from the
short-axis image in diastole and in systole; and L is the dia-
stolic length of the LV cavity in centimeters, measured from
the long-axis image as the distance from the endocardial LV
apex to themitral-aortic junction. 2-D-guidedM-mode images
are obtained from the short-axis view of the LVat the level of
the papillary muscle to measure the thickness of the septum
and the posterior wall at the end-diastole as well as the LVend-
diastolic and LV end-systolic internal dimensions and to cal-
culate LV fractional shortening. Pulsed Doppler signals of the
left ventricular inflow should be assessed in the apical four-
chamber view. To measure cardiac output, the Doppler can be
placed in the apical long-axis view. Diastolic function is usu-
ally evaluated using pulsed Doppler to assess mitral valve
velocity during the fraction of the cardiac cycle. To image
the constricted aorta, a Doppler probe is placed on the left
and right carotid arteries to determine the intensity of
Doppler velocity signals. Moderate degrees of constriction
create a right carotid/left carotid ratio of 5–8 and a severe form
leads to a ratio of 8–10.

There is a great interest in MRI as a non-invasive cardiac
imaging modality that can provide precise ventricular mor-
phology with high spatial and temporal resolution and good
soft-tissue contrast without radiation in the rat models of HF.
The MRI assessment of myocardial extracellular space using
kinetics of contrast agent (gadolinium) has been introduced as
a marker of myocardial necrosis in ischemic heart disease.
Being non-invasive and exact, MRI can offer new insights
of rat cardiac morphology and function and can shed new light
on the pathophysiology of cardiac remodeling and ongoing
changes of the post-MI scar [109, 110].

An invasive catheterization pressure measurement with
pressure-volume methodology probably is the best and a very
accurate tool for confirming hemodynamic changes in rats
with aortic banding. The advantage of this method is that it
enables to characterize the LV performance independently
from loading conditions and heart rate. Thanks to advances
in microsensor technology, this approach has been successful-
ly translated to rat models [25].

However, this method is invasive and used before euthana-
sia or sometimes during surgery immediately after creating
aortic constriction [79, 100, 111]. In the TAC model, two
catheters connected to a high fidelity pressure transducer
(Millar Instruments, Houston, TX, USA) should be placed in
the right carotid (proximal pressure) and femoral artery (distal
pressure) and the gradient between them will demonstrate the
level of aortic stenosis (Fig. 6a). In the AAC technique, a left
ventricular puncture is required through the heart apex for the
measurement of the proximal pressure and the second catheter
(distal pressure) should be in the femoral or carotid artery (Fig.
6b). Undoubtedly, the pressure gradient is very important to
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measure degree of aortic stenosis. However, it should be noted
that in the TAC model, the gradient increases gradually for a
few weeks before it stabilizes and then declines as cardiac
failure develops. In summary, the advantage of the TAC mod-
el and abdominal banding is a very low overall mortality rate
since the onset of disease is progressive. However, high sur-
vival rates render this model poor since subsets of animals do
not develop signs of severe cardiac hypertrophy and HF. In the
AAC model, severe hypertrophy develops faster but the sur-
vival rates are lower.

In 15–20% of cases, aortic banding is complicated by band
internalization (erosion) through the aortic wall. This results in
an increased cross-sectional area and reduced LV pressure
afterload with no development HF [112]. The reason band
internalization occurs is probably connected to the surgical
technique suture material used. Using polypropylene sutures
can induce an inflammatory and immunologic response with
band internalization [113]. Thus, it is probably better to use
silk sutures instead of polypropylene.

Under normal physiological conditions, the pulmonary cir-
culation is a low-pressure system, with low vascular resis-
tance. When RV afterload increases progressively, significant
RV adaptation occurs to sustain a near-normal cardiac output
for prolonged periods of time [94]. Three weeks after PA
banding with a clip with an outer diameter of 1.7 mm (mod-
erate stenosis), there was an increase in RV index by 72%, RV
systolic pressure by 84%, and RVend-diastolic pressure from
3.6 to 5.4 mmHg [89]. Whereas the initial PA banding in rats
weighing ~ 200 g was mild, the combination of a fixed PA
constriction and animal growth resulted in a progressive in-
crease in RV systolic pressure and a pressure gradient of ~
50 mmHg after 6 weeks. An increase in mortality and HF did

not develop until 22 weeks after the procedure [94]. Mild to
moderate PA banding resulted in an increased RV pressure by
∼ 60% and a twofold increase in RV mass after 6 weeks, with
only compensatory RV hypertrophy [90]. More severe con-
striction tripled the RV index, resulting in severe diastolic
dysfunction with increased end-diastolic pressure (EDP) from
2.4 to 10.3 mmHg after 4 weeks and finally RV dysfunction
with HF [93]. Remarkably, when comparing PA ligation with
needle removal and ligation with clips, surgical mortality was
significantly lower in the needle removal group (3.6% versus
25%) while echocardiography revealed more severe signs of
RV decompensation like pleural and pericardial effusion in the
clip technique group [92].

Heart failure due to volume overload models

The cardiovascular remodeling secondary to chronic volume
overload is characterized by progressive ventricular dilatation,
hypertrophy, and ultimately HF [114]. Ventricular dilatation
without appropriate hypertrophy in volume overload models
can induce myocardial dysfunction and is therefore responsi-
ble for the faster development of HF [115]. Several experi-
mental models of volume overload are available for the crea-
tion of HF in the rats [30]. The most popular models of vol-
ume overload in rats are the generation of abdominal aorta-
vena (AV) cava fistula (aorto-caval shunt) and aortic valve
regurgitation [116–125]. Hemodynamic data in these models
suggest a sustained elevation of LV diastolic volume. The
maintenance of high-output status at early stages after creation
of AV shunt relies on the Frank–Starling mechanism. This
change reflects the sudden increase of wall stress due to the

Fig. 6 An invasive
catheterization technique to
measure pressure gradient in rats
with aortic banding. a
Catheterization technique in
transverse aortic constriction
model. Two catheters connected
to a pressure transducer should be
placed in the right carotid and
femoral artery. Pressure gradient
between them demonstrates the
level of aortic stenosis. b
Catheterization technique in
ascending aortic constriction
model. Two catheters connected
to a pressure transducer should be
placed in the left ventricle and in
the femoral or carotid artery.
Pressure gradient between them
demonstrates the level of aortic
stenosis
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volume overload, whereas the changes in LV end-diastolic
pressure indicate that the developing of the cardiac hypertro-
phy and dilation of the cardiac chamber tend to normalize the
wall stress. There is a strong correlation between increased
end-diastolic loading of the LV and myocardial remodeling,
which eventually results in marked ventricular dilatation and
decreased ventricular stiffness and contractility. Further dete-
rioration of the diastolic function is consistent with develop-
ment of HF.

Aorta-venous shunt

Surgical technique

A midline abdominal incision is made from the xyphoid to
the pubis. A retractor is inserted and all of the large and
small bowels are pulled out of the abdominal cavity and

kept wrapped in gauze soaked with sterile saline to the left
of the opening. The rat’s retro-peritoneum is dissected to
get full view of the aorta and the inferior vena cava (IVC).
The infra-renal portions of the aorta and IVC are exposed at
the site where the two vessels share a common fascia (Fig.
7a). At this site, a 7–0 prolene purse suture is applied on the
top of the anterior wall of the aorta. The supra-renal portion
of the abdominal aorta is then occluded with a microsurgery
clip to control for bleeding. The side-to-side shunt is then
created with the use of an 18-gauge angio-catheter inserted
through the purse suture on anterior wall of aorta, punctur-
ing the posterior aortic wall, and advancing the needle into
the IVC. The needle is pulled back a little bit and only the
catheter is advanced into IVC (Fig. 7b). Then, the angio-
catheter is withdrawn, the purse suture is tightened, and the
clip occluding the aorta is released. After de-clamping the
aorta, arterial blood mixes with venous blood in the IVC,
which causes distension and pulsation of the IVC. Routine

Fig. 7 a Surgical exposure of the
rat’s abdominal aorta and inferior
vena cava. b Aorta-caval shunt
creation featuring the advance-
ment of angio-catheter. c MRI of
the left and right ventricles in the
short-axis plane following aorta-
caval shunt creation. Ventricle di-
latation in dimensions is shown in
the end-diastolic phase
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palpation in the anastomotic region helps to feel the pulsa-
tion as a sign of AV shunt patency. The bowel is returned to
the natural position and the abdomen is closed with a 5–0
vicryl suture.

Aortic regurgitation

Severe aortic regurgitation (AR) imposes another volume
overload model of HF. The volume overload is a consequence
of the regurgitating ventricular volume itself and is therefore
directly related to the severity of the aortic insufficiency.
Whereas mild AR produces only minimal volume overload,
severe AR can produce massive LV volume overload and
progressive chamber dilatation. AR can be categorized as
compensated or decompensated. In compensated AR, the
LV initially adapts to the volume overload by eccentric hyper-
trophy, which preserves LV diastolic compliance, such that
LV filling pressures remain normal or mildly increased despite
a large regurgitate volume. In decompensated AR, LV systolic
dysfunction is accompanied by decreased LV diastolic com-
pliance as a result of hypertrophy and fibrosis, leading to high
filling pressures and heart failure symptoms.

[114].

Surgical technique

Experimental AR in rats can be induced by perforation of the
aortic leaflets with a wire by mechanical interruption. The
animal is placed in the supine position under anesthesia with
mask isoflurane 3–4% and 100% oxygen. A right or left lat-
eral neck incision is used to expose the common carotid artery.
Ligature is placed under the carotid artery for control and the
distal part of carotid artery is ligated with a 4–0 prolene suture.
An arteriotomy between the proximal and distal parts is then
performed to allow the insertion of a 0.9-mm guide wire or
long angio-catheter 22–24 G or epidural catheter 20 G. The
echocardiographic probe is positioned on the thorax to obtain
a view of the left ventricle, the aortic valve, and the ascending
aorta equivalent to a parasternal long-axis view in standard
echocardiography study. Under echocardiographic guidance,
the angio-catheter or guide wire is advanced towards the aortic
valve in a retrograde manner until resistance from one cusp of
the aortic valve is felt. The wire is then advanced a few mil-
limeters to perforate a cusp of the aortic valve. The resulting
tear in the leaflets induces an acute AR. Aortic insufficiency is
considered moderate to severe in the instant following
echocardiographic criteria at the time of surgery; color
Doppler ratio of the regurgitation jet width to LVOT diameter
was 50–70%, and pulsed-wave Doppler confirming reversed
diastolic flow in the abdominal aorta. Leaflet perforation
can be repeated when the severity of the regurgitation jet in
the abdominal aorta is considered insufficient by
echocardiographic criteria. When the generation of AR is

completed, the proximal carotid artery is ligated with 4–0
prolene sutures and the neck wound is closed with a 5–0
absorbable suture.

Another surgical approach is through a left thoracotomy in
the fifth intercostal space after endotracheal intubation with
isoflurane 2–3%. The LV apex is exposed and a 7–0 prolene
suture with tourniquet is placed there. The angio-catheter 20 G
is inserted through the suture and a guide wire is inserted into
the LV via angio-catheter. The wire is moved up to the aortic
valve where leaflet perforation occurs guided by intra-cardiac
echocardiography. The 7–0 prolene suture is tied to close the
hole in the LV and the chest is closed with a 5–0 absorbable
suture.

Creation of AR causes immediate changes in LV end-
diastolic pressure from 4.8 to 12 mmHg [126, 127]. The
resulting tear in the aortic leaflets induces an acute AR. A
30% decrease in aortic diastolic pressure is considered a sign
of severe AR [116, 120, 122, 128].

Challenges in creating volume overload
models

The relationship between heart weight and body weight is one
of the most used analytical endpoints in the study of HF in the
rats. A higher ratio is a sign of HF progression [129]. The
creation of the AV shunt increased total heart weight-to-body
ratio of 45% and RV weight-to-body ratio of 65% after 5 days,
compared to control animals [124]. This ratio is time-related
and continues to increase with time. It was shown changes in
this ratio from 78% at 4 weeks to 87% at 10 weeks after AV
shunt creation [121]. By 8–10 weeks, sustained RV overload
leads to progressive ventricular dilatation with heart decompen-
sation [115, 117]. This endpoint can be useful when dealing
with compensatory hypertrophy, where the body weight theo-
retically remains stable but the heart weight increases.
However, the body weight of the rat is not stable. As the rat
develops HF, the body weight changes due to growth; the en-
largement of other organs, such as the liver and spleen; and
pleural and abdominal exudate. Thus, this endpoint may not
be an accurate way to assess HF development.

The size of the AV shunt plays a role in the timeline of HF
development. It was demonstrated that after 8 weeks, bigger
shunt size is linked to a significant increase in RV, lung, and
liver weight. Cardiac dilatation assessed by LV end-diastolic
diameter was 1.4 times greater in the large AV shunt group
than in the small AV shunt group. Moreover, postmortem
examination visualized clear signs of HF including dilated
heart, congested liver and lung, and presence of ascites and
pleural effusion more consistently in the large-size-shunt
group [125, 130–133]. Interestingly, the size of the AV shunt
can change in the post-surgical period. It was demonstrated
that AV shunt with a diameter 0.17 mm at 1-day time point
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increased to 0.35 mm at 2 weeks and after that was stable.
Similarly, the flow velocity calculated by Doppler significant-
ly increased from a baseline velocity of 18 cm/s to 34 cm/s
after 2 weeks [134]. After 2 weeks, the diameter and velocity
stabilized. Therefore, the patency and the size of the shunt
should be measured at different time points.

To confirm the shunt patency, it is useful to use visual dis-
tension and pulsation of the IVC during the procedure and
routine palpation of the abdomen to feel the thrill [121].
Oxygen saturation measurement is a very accurate tool that
can verify arterial-venous blood mixing in the post-surgical
period. In blood samples of rats with an AV shunt, oxygen
saturation in the IVC above the shunt was markedly higher
[121]. Doppler ultrasound should be performed to confirm the
presence of the AV shunt and measure the flow through the
shunt. For these purposes, authors use high-resolution imaging
system with a probe frequency of 20–60 MHz [132]. For con-
firmation of an AV shunt, the waveform in the inferior vena
cava was recorded using pulse-wave mode. The presence of
arterial or turbulent waveforms in the IVC was regarded as a
patent AV shunt. Flow velocity can be measured by ultrasound
and sheer stress can be calculated using the Hagen-Poiseuille
equation [135]. The patency and flow rate of the AV shunt can
be also evaluated using ultrasound biomicroscopy with a
Transonic flow meter [136] and radioactive microspheres
[137]. Finally, MRI is also very useful and can show progres-
sive dilative hypertrophy of the right ventricle (Fig. 7c).

The calculation of AV shunt potency is an important mea-
surement in order to ensure that volume is enough to create HF
but not so large that the animal will die. In the intact circulation
without an extra- or intra-cardiac shunt, the total amount of
blood ejected from the pulmonary artery is equal to that ejected
from the ascending aorta [114]. The pulmonary blood flow (Qp)
is, therefore, equal to the systemic blood flow (Qs) and the ratio
of these two circuits (Qp/Qs) is equal to one. In AV shunt, the
blood from one arterial circuit passes to the venous circuit.
Therefore, the ratio of Qp/Qs becomes greater than one. The
calculation of the magnitude of the shunt requires the measure-
ment of oxygen saturations in the systemic and pulmonary cir-
culations and can be determined by formula Qp/
Qs = (SAO2−MVO2/(PVO2−PAO2), where SAO2 is the arterial
oxygen saturation, MVO2 is the mixed venous oxygen satura-
tion, PVO2 is the pulmonary venous oxygen saturation, and
PAO2 is the pulmonary arterial oxygen saturation [138]. It was
demonstrated that 10 weeks after AV shunt creation, Qp/Qs was
2.12 compared to 1.0 in the control group (p < 0.05) [139]. If the
ratio is approximately 2, HF will develop in 8–12 weeks. If the
ratio is more than 3, HF will progress very quickly.

The side-to-side infra-renal aorta-caval shunt created with
use of an 18-gauge angio-catheter is the most popular AV
shunt technique used by many researchers. Techniques with
arteriotomia and venotomia and vascular side-to-side aorto-
caval anastomosis are far less popular due to the surgical

complications and difficulties of achieving a good shunt size
[137]. The femoral artery to femoral vein shunt is another AV
shunt that is used to create volume overload [118]. The main
limitations of this technique are that the femoral vessels are
smaller and the surgeon needs to ligate of the distal part of the
common femoral artery, so the animal will also have an ische-
mia of the leg. Interestingly, comparing femoral and aorta-
caval shunt, it was found that after 10 weeks, ratio of heart
weight/body weight of rats increased only on 15% with fem-
oral fistulas and 41% with aorta-caval fistulas compared to
baseline [118]. Some investigators create volume overload
by using another technique which involves placing a venous
graft between the abdominal aorta and inferior vena cava,
performing an anastomosis of renal vessels to the abdominal
aorta, or performing an anastomosis between the iliac-lumbar
vein and aorta [131, 136]. Some researchers seal the aortic
puncture site with biological glue (cyanoacrylate) instead of
tying a purse suture. The limitations of this technique include
failure of sealing with bleeding from the puncture site, spread-
ing of the glue to the neighboring tissues resulting in tissue
hardening, poor visualization of the shunt, and extravasation
of glue into the vessel with shunt occlusion [125, 140]. Other
technical complications of this model include occlusion of the
flow in the distal part of descending aorta, vena cava throm-
bosis, bleeding, and shunt stenosis [121, 124, 133, 134].

There are several challenges regarding the creation of aortic
regurgitation. One of the major problems is the rather high
mortality rate due to cardiac failure associated with the acute
AR. Creation of multiple aortic valve leaflet perforations lead
to severe valve destruction, intractable HF, and death. Thus,
wire perforations should be performed under echocardiogra-
phy control and multiple perforations should be avoided
[120]. Another challenge is the size of the wire for perfora-
tions. Some researchers prefer bigger wires (0 .9mm), which
can cause multiple leaflets injury with severe AR, while others
prefer smaller wires (0.3 mm), which produces very mild AR
[120, 122, 127, 141–144]. Thus, to perform a moderate model
of AR, a wire thickness of ~ 0.6 mmmay bemore appropriate.
The selective perforation of one aortic cusp caused the eleva-
tion of the ratio of heart weight to the whole body rat weight
after 14 days from 2.80 to 3.37 g/kg (20%), while the perfo-
ration of two aortic cusps increased this ratio on 47% and after
30 days—on 68% [127].

Advances in Doppler echocardiographic techniques in ro-
dents have made echocardiography a reliable tool for the di-
agnosing and quantification of AR [120, 122, 145]. This tech-
nique includes pulsed Doppler mapping of the depth of the
regurgitated jet into LV, the slope and velocity of continuous
Doppler profiles of the regurgitated jet, and color Doppler to
measure cross-sectional area of the regurgitated jet relative to
the cross-sectional area of the LVoutflow tract (Fig. 8). From
the parasternal long-axis view, the width of the LV outflow
tract and the width of the color AR jet can be measured. The
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short-axis view allows one to image the aortic valve leaflets.
From the apical 4-chamber view, the AR color jet and a
continuous-wave Doppler recording of the AR can be obtain-
ed. The abdominal aorta can be visualized with pulsed
Doppler from the subcostal window. Abdominal aortic veloc-
ity time integrals during systole (forward flow) and diastole
(reverse flow) can be obtained as well from the subcostal
window [146, 147]. Aortic insufficiency is graded from 1 +
to 4 + on the basis of the width of the aortic insufficiency jet.
Jet width is usually normalized to LVoutflow tract width. Jet
width/LV outflow tract width ratio values of 0–0.26 are con-
sidered AR 1 +, 0.27–0.50 as AR 2 +, 0.51–0.70 as AR 3 +,
and > 0.71 as AR 4 +. AR 3 + or 4 + is associated with
holodiastolic flow reversal in the abdominal descending aorta
[147]. Using Doppler echocardiography significantly de-
creases the mortality rate of rats with acute AR to 17% [116].

Conclusions

During the last several decades, the use of rat models to un-
derstand pathophysiological mechanisms of heart failure,
identify new molecular targets, and evaluate specific therapy
has proven to be invaluable. Numerous rat models for heart
failure have been developed and extensively analyzed, yet
have not carefully summarized practical surgical details and
challenges that directly impact reproducibility. Understanding
anatomy and physiology of the rat’s heart and arteries, proper
surgical techniques, procedural monitoring, and good post-

operative care will decrease variability of results, prevent the
unnecessary loss of animals, and improve overall outcomes.
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