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Small animal models of myocardial ischemia and infarction play an 
important role in cardiovascular research (1). Despite obvious dis-

similarities in size and heart rate, with subsequent differences in car-
diac hemodynamics and electrophysiology, the mouse heart is 
considered to resemble its human counterpart fairly well with regard to 
both anatomy and physiology. Due to the increased availability and 
relatively low cost of genetically modified mouse models, the mouse 
has emerged as the most widely used of the small animal models (2).

Infarct size (IS) and area at risk (AAR) are vital parameters in all 
research investigating IS limitation (3). The AAR represents the 
entire myocardial perfusion bed distal to an occluded coronary artery 
and is a major determinant of final IS and prognosis (4,5). During an 
acute coronary event, the myocardium in the AAR will progress into 
necrosis through the ‘wavefront’ phenomenon, beginning with the 
central subendocardial tissue and spreading epicardially and toward 
the periphery of the AAR (6). The IS:AAR ratio is a valuable par-
ameter for evaluating the efficacy of various interventions aimed at 
reducing the final IS and studying the consequences of genetic 
manipulation on the ischemic tolerance of the myocardium.

With the vast amount of interest in cardiac conditioning phenom-
ena and their cardioprotection during an ischemic insult (7), a reliable 
assessment of the IS and AAR is necessary for an animal model to be 
feasible (3).

The present article briefly reviews the different modalities used to 
assess these parameters in mouse models, and the benefits and draw-
backs of each modality are discussed.

InductIon of myocardIal IschemIa and 
InfarctIon In small anImal models

Surgical models for myocardial infarction and ischemia-reperfusion 
in mice are discussed elsewhere (8,9) and are only briefly mentioned 
here. In the classical model, the animal is intubated or tracheot-
omized and connected to a mechanical ventilator. The heart is 
accessed through the fourth intercostal space, and the left anterior 
descending coronary artery (LAD) is either permanently or transi-
ently occluded by placing a suture around the vessel as it emerges 
from below the left atrial appendage. Induction of infarction can be 
verified using echocardiography and by the visualization of a pale, 

hypokinetic ventricle distal to the occlusion (8,9). A new mouse 
model that does not require intubation has recently been described 
(10).

evaluatIon of the aar and Is In  
small anImals

In mice, the anatomy of the coronary arteries is variable and highly 
debated (11,12). The left coronary artery courses to the apex as 
either one or two major vessels with several smaller branches. It is 
usually referred to as the LAD because the circumflex branch is con-
sidered to be unimportant in the mouse (13). The variability of both 
its branching pattern and of the myocardial vascular territories sup-
plied by the LAD prevents reliable reproducibility in the size of the 
AAR and necessitates its subsequent assessment in experiments per-
formed by expert surgeons with consistent positioning of the ligature 
(14-16).

ex vIvo methods for Is and aar assessment
Ex vivo assessments of AAR and IS are inexpensive, reliable methods 
for quantification but necessitate euthanization of the animal and 
preclude long-term follow-up. Furthermore, these methods do not 
allow tissue samples to be used for other laboratory investigations. IS 
is usually measured using either conventional histological stains or  
2,3,5-triphenyltetrazolium (TTC) staining, whereas the AAR may be 
determined by injecting a dye into the circulation after ligation of the 
artery. Injection of KCl immediately before the animals are euthanized 
arrests the heart in diastole, aiding subsequent quantification.

conventional histology for Is assessment
After the animal has been euthanized, the heart is sectioned into slices 
1 mm thick, fixed in formalin for several days and embedded in paraf-
fin (17). The slices can then be further sectioned and stained using 
conventional agents such as the modified Masson’s trichrome stain 
(17,18). The IS can be calculated as a percentage of the entire left 
ventricle (see below). Care must be taken to allow time for the ven-
tricle to remodel sufficiently for the conventional stains to delineate 
the infarct area (ie, fibrotic changes). Reliable IS assessment is possible 
only >72 h after coronary occlusion (19).
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Mouse models of myocardial ischemia and infarction are important in 
cardiovascular research. Reliable and reproducible assessment of the area 
at risk (AAR) and infarct size (IS) in mice is vital for deciphering mecha-
nisms behind these common diseases, and for developing and evaluating  
treatment strategies. The present review will briefly describe and discuss 
the most common methods for determining the AAR and IS in mouse 
models of cardiovascular disease. Several methods exist for ex vivo assess-
ment of IS. Conventional histological stains target the fibrous scar and 
require several days to pass from the time of infarct induction until the 
animal is euthanized, whereas triphenyltetrazolium-based techniques stain 

the viable tissue surrounding the infarct and can be performed on tissue 
harvested within a few hours after infarction. The AAR is usually stained 
by injecting a dye into the circulation. This dye subsequently distributes to 
perfused tissue but leaves the AAR unstained. In vivo assessment enables 
serial measurements of the IS and/or AAR and is sometimes preferable to 
ex vivo techniques. Echocardiography is usually the method of choice but 
magnetic resonance imaging-based techniques are also used. The aim of 
the present review was to provide basic researchers with an introduction 
to the various techniques used to assess and quantify the IS and AAR 
in experimental mouse models of myocardial ischemia-reperfusion and 
infarction.
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Although conventional histology has been considered the gold 
standard for IS assessment, the need for extensive sectioning and tissue 
processing, as well as the time necessary to allow fibrotic changes to 
occur, has led to the development of alternative methods (20).

ttc staining of Is
TTC staining is the method of choice in our laboratory for postmortem 
determination of IS. The heart is sliced transversally at a thickness of 
1 mm and immersed in neutral TTC solution for 15 min to 20 min at 
37°C.

The viable myocardium is stained as the water-soluble compound 
TTC is converted by active mitochondrial dehydrogenases into an 
insoluble red precipitate. The extent of staining correlates with the 
number of viable mitochondria and differentiates viable and nonvi-
able tissue (21) (Figure 1). However, for optimal infarct delineation in 
acute ischemia-reperfusion experiments in which the LAD is transi-
ently occluded, it is necessary to wait until the enzymes have been 
washed out from the infarcted territory (at least 2 h of reperfusion); the 
IS may otherwise be underestimated (22).

In the chronic setting, no residual NADH will persist in the infarct 
area, and reliable assessment can be performed without the necessity of 
reperfusion.

For better visualization, the heart slices may be stored for a variable 
period (eg, 24 h) in 10% formaldehyde or in phosphate-buffered 
saline. Once stained, the heart slices may then be scanned or photo-
graphed and the IS calculated as described below (Figure 1B).

other ex vivo methods for delineating Is
Efforts have been made to introduce other techniques for IS assessment 
that would preclude the need for longer reperfusion times and tedious 
tissue processing, which has an inherent risk of introducing artefacts. For 
example, there has been renewed interest with regard to propidium iod-
ide, a compound that emits red fluorescence as it intercalates with DNA, 
to which it gains access during and following cell death when the integ-
rity of the cell membrane is disrupted. There is no need for longer reper-
fusion times using this method. Furthermore, the tissue does not require 
processing, but can be sliced and analyzed directly (23,24). However, 
despite recent demonstrations that this method yields results that 
strongly correlate with the results of TTC staining, this technique is not 
yet widely used.

ex vivo aar assessment using evans Blue dye
Following occlusion of a coronary artery, the perfused myocardium 
may be stained by injecting a dye into the circulation of the animal, 
either in vivo or postmortem, through retrograde perfusion after can-
nulation of the aorta. The AAR will be left unstained (25). The heart 
may then be sectioned and the AAR quantified as the unstained area 
of each slice (Figure 1B). Each slice can then be further stained to 
delineate the IS within the AAR.

Evans Blue is an azo dye that, when injected into the circulation, 
binds tightly to plasma albumin and distributes to perfused tissue, 
staining that tissue dark blue (26). It is water soluble and has a ten-
dency to smear out into unstained tissue, obscuring the border. This 
smearing can be prevented to a large extent by freezing the heart 
immediately after dye injection. Other, less water-soluble staining 
agents have been introduced to limit the extent of smearing (27).

ex vivo aar assessment using fluorescent microspheres
Fluorescent microspheres can be injected into the ventricular cavity 
following coronary occlusion. These microspheres will then distribute 
to perfused tissue and can be visualized using ultraviolet light. This 
approach allows for further evaluation of the tissue using other labora-
tory techniques (28).

calculation of the Is and aar
Regardless of which staining method is chosen, IS and AAR may be 
calculated using either area-based or length-based methods. In the 
area-based method, the area of the infarcted region and/or AAR is 
expressed as a percentage of the total area of that slice.

In the length-based method, the length of the infarcted segment 
and/or AAR, either at the epicardial or endocardial surface, is divided 
by the epicardial or endocardial circumference of each slice. Another 
approach is to use the midline length and circumference (29).

Regardless of whether an area- or length-based approach is chosen, 
the IS and AAR can be expressed as a percentage of the entire ven-
tricle, and each slice should be corrected for weight.

In the chronic infarction model, in which the animal is euthanized 
several days or weeks after induction of myocardial infarction, con-
siderable thinning of the infarcted segment may have occurred 
(30,31). In this model, the area-based method will underestimate the 
IS compared with the length-based method. However, both approaches 
have been found to be reliable provided they are not mixed (29).

In vIvo methods for aar and  
Is quantIfIcatIon

In vivo quantification of the AAR and IS does not require euthanasia of 
the animal and is preferred over the postmortem methods described 
above in longitudinal studies of myocardial ischemia and/or reperfusion.

The IS can, of course, be quantified at the end of experiments, when 
animals are euthanized, using the in vitro techniques described above. 
However, the infarcted area undergoes significant remodelling and may 
differ substantially in size at different time points following infarction 
(30-32). Noninvasive methods enable serial assessment. Furthermore, 
the tissue, once harvested, may be used for other investigations.

figure 1) 2,3,5-Triphenyltetrazolium staining after an experimentally 
induced myocardial infarction. Noninfarcted, viable tissue is stained red, 
whereas the infarcted region is left unstained. The image was provided by 
Dr J Downey, University of South Alabama (Mobile, Alabama, USA)

figure 2) Area at risk (AAR) assessment using Evans Blue dye. For vis-
ualization of the AAR, Evans Blue dye is injected into the circulation and 
distributes to the perfused parts of the myocardium. Nonperfused areas, ie, 
the AAR, remain unstained



Redfors et al

Exp Clin Cardiol Vol 17 No 4 2012270

The AAR can also be determined using in vitro techniques at the 
end of the experiments, following religation of the coronary artery 
immediately before dye injection. Again, IS expansion, extension or 
retraction, and other forms of myocardial remodelling may introduce 
significant bias (30).

echocardiography
Echocardiography is a relatively inexpensive modality extensively 
used in phenotyping murine cardiac function (2,33). Provided the 
echocardiographic equipment is of sufficient quality, the small size of 
the mouse heart is compensated for by its proximity to the skin, and 
much higher ultrasonic frequencies can be used in the mouse com-
pared with humans, yielding an image of good quality.

Segmental wall motion abnormalities (WMA) have been used to 
assess both the AAR and IS. Following transient ischemia, the myo-
cardium shows reversible dysfunction, known as stunning (34). The 
stunned myocardium will be akinetic and regional WMA extending 
across the entire AAR can be observed on the two-dimensional echo-
cardiogram. Evaluation of WMA in short-axis views, at the level of 
the mitral annulus, at the level of the papillary muscles and at the 
apical region of the ventricle, is used to calculate the AAR as the 
percentage of akinetic segments (25). Similarly, the infarcted myocar-
dium is afunctional and akinetic.

In models of nonreperfused myocardial infarction, as well as in 
reperfused and reoccluded models (after several hours of reperfusion), 
the extent of hypokinesia correlates well with the AAR measured using 
microspheres (25,35). The extent of hypokinesia correlates less well 
with IS in reperfused hearts, especially at shorter ischemic times. This 
probably relates to the nontransmurality of such infarcts, in which 
there would persist viable and actively contracting tissue within the 
scar, rendering a given segment hypokinetic but not simply akinetic or 
normokinetic and precluding evaluation by the naked eye (25).

Transesophageal echocardiography may provide better image qual-
ity and has been shown to be superior to its transthoracic counterpart 
in assessing the AAR and IS using WMA (36).

Myocardial contrast echocardiography can be used to assess the 
AAR. First, contrast may be injected simply to better delineate the 
endocardial border, as described above. Second, microbubbles, when 
injected into the circulation, cause a signal intensity increase in the 
myocardial wall segments that remain perfused. The perfusion defect 
can then be quantified, accurately and less subjectively, to delineate 
the AAR (37).

A novel technique known as ‘speckle tracking’ has recently been 
developed, in which interference from backscattered ultrasound waves 
from neighbouring structures creates a speckled pattern in the myocar-
dium that remains relatively constant during the cardiac cycle. Each 
small myocardial area, therefore, has its own speckle pattern and can be 
followed during the cardiac cycle (38). Thus, speckle tracking enables 
the measurement of strain and strain rate without angle dependence and 
without the need to correct for passive movement secondary to contrac-
tion of neighbouring myocardial segments or translation of the entire 
heart on the thoracic wall. Such considerations were necessary with 
earlier techniques (ie, tissue Doppler imaging) (39).

Peak systolic strain rate after myocardial infarction correlates with 
the transmurality of the infarction, and speckle tracking is a potential 
tool for assessing the IS in ischemia-reperfusion models, ie, when there 
is incomplete transmurality (39-42). Furtermore, automatized algo-
rithms may make speckle tracking less subjective and less operator-
dependent than visual WMA assessment (42).

magnetic resonance imaging
Numerous magnetic resonance imaging (MRI)-based techniques have 
been developed for in vivo mouse studies (43). For an in-depth review 
of magnetic resonance concepts and applications, the reader is referred 
elsewhere (44).

With MRI being more expensive and less readily available than 
echocardiography, the latter is likely to be more important in assessing 

the IS and AAR in mice (45). High-field MRI scanners specialized for 
small animals are very expensive, but there have been attempts to 
validate lower-field scanners in assessments of mouse heart structure 
and function (46). MRI may be less operator-dependent and not as 
reliant on acoustic windows as echocardiography.

IS studies in mice have been performed using MRI protocols. 
Delayed-contrast enhanced MRI using gadolinium-based chelates, 
such as gadolinium-diethylenetriamine (Gd-DTPA), has emerged as 
the gold standard for detecting and quantifying infarction in humans 
and may also be used for the differentiation of viable from nonviable 
myocardium in mice (47,48). These agents shorten the T1 relaxation 
time of the neighbouring atoms (ie, the compartment in which the 
contrast agent is contained). Thus, on T1-weighted images, nonviable 
myocardium will be hyperintense when Gd-DPTA is used as a contrast 
agent because it is confined to the extracellular space and does not 
enter viable myocytes (44). There are other contrast agents in use and 
more are in the process of development.

In humans, the AAR can be reliably quantified using diffusion-
weighted MRI. To our knowledge, it has not been used for AAR assess-
ment in mice. This technique uses the principle of decreased diffusion 
in cytotoxic edema (due to cell swelling with concomitant decreased 
volume of the extracellular space). Several dephasing gradients are 
applied along one or both axes of a slice. When water molecules diffuse 
along these axes, they will acquire or lose phase (in a random manner) 
and their T2 relaxation time will decrease. Thus, areas of impaired 
diffusion (ie, ischemia) have higher signal intensity (44). This method 
is routinely used in imaging cerebral ischemia and infarcts in both 
humans and animals and has recently been used to detect ischemic 
changes in the human myocardium (49).

other methods
Newly developed small animal multimodality molecular imaging tech-
niques have been developed to study the cellular and molecular mech-
anism underlying myocardial infarction and remodelling (50).

Micro single-photon emission computed tomography (SPECT) 
and micro-SPECT/computed tomography (CT) systems have been 
developed for use in small animals (51).

99mTc-labelled radionucleotides are able to detect viable tissue in 
small animal models of ischemia-reperfusion. Furthermore, newly 
developed tracers specific for necrotic tissue may be used to delineate 
the IS. 99mTc-glucarate has a high affinity for histones, to which it gains 
access following loss of integrity of the plasma and nuclear membranes. 
Due to its rapid blood clearance, 99mTc-glucarate may be used to assess 
IS within minutes of coronary occlusion. In addition, apoptotic tracers, 
such as annexin A5, have been developed. A combination of SPECT 
with CT can improve these methods by defining the anatomy (52).

Positron emission tomography (PET) is still considered the gold 
standard for clinical assessment of myocardial viability and can also be 
used to assess both the IS and AAR in several animal models (53,54). 
18Fluorodeoxyglucose is actively taken up by viable cells and allows for 
IS delineation. 13N-Ammonia is passively distributed by perfusion and 
can be used for AAR assessment. PET can be coupled to either MRI or 
CT for better visualization of the anatomy (50). PET scanners require 
an on-site cyclotron as well as well-trained operators and are expensive 
(55).

IS has recently been quantified in the mouse using micro-CT 
equipment (56), and efforts are continuing to introduce this technol-
ogy in small animal laboratories (57).

Different optical imaging methods (58) are important in small 
animal models of cardiovascular disease but, as yet, these techniques 
have no place in the assessment of the AAR or IS.

dIscussIon and future perspectIves
Inexpensive, reliable and rapid assessment of the IS and AAR is desir-
able when studying acute myocardial infarction and interventions 
aimed at reducing its detrimental consequences on cardiac function 
and mortality.



Assessing myocardial infarct size and area at risk in mice

Exp Clin Cardiol Vol 17 No 4 2012 271

Histology is inexpensive, rapid and reliable, but the need for eutha-
nasia precludes serial measurements, a necessity in subacute and 
chronic models. In vivo techniques allow the IS:AAR ratio to be stud-
ied over time. In addition, the IS:AAR ratio is often not the only 
parameter of interest and it is desirable to use the tissue for other 
investigations. One drawback of some of the histological techniques is 
that they do not allow the tissue to be analyzed further.

Echocardiography, when performed by an experienced echocardi-
ographer, is reliable, readily accessible, inexpensive and fast, making it 
ideal for serial measurements. Novel techniques, such as speckle track-
ing, appear likely to decrease the subjectivity in assessing the IS and 

AAR. We deem it likely that echocardiography will serve as the 
method of choice, in most circumstances, for in vivo assessment of the 
AAR and IS.

However, several additional parameters may be of interest 
depending on the hypothesis and study design. Modalities, such as 
MRI and molecular imaging methods as well as echocardiography, 
each have different strengths when it comes to evaluating cardiac 
structure and function, and progress is continuously being made in 
each field. The ability of a modality to provide specific additional 
information of interest may make that modality the method of choice 
for a given study.
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