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Introduction

In translational medicine, animal models mimicking human 
diseases have made great contributions to the progress in 
the elucidation of physiological and pathophysiological 
mechanisms and development of new diagnostic and 
therapeutic approaches to these diseases including ischemic 
heart disease (IHD).

IHD is a leading cause of death worldwide and 
its cardiovascular consequences depend on complex 
multi-factorial pathologies, in which both genetic and 
environmental factors are implicated, thus making them 
very difficult to understand and manage. Making animal 
models of human IHD may provide us with critical insights 

into pathophysiology and serve as essential tools for 
evaluation of new strategies to predict, treat and prevent 
these consequences.

Owing to its low cost, amazing fertility, and ease of 
handling and housing, the rabbit has been one of the most 
commonly used experimental animals. However, despite 
a number of theoretical advantages including clinically 
relevant cardiac dimension and beating rate, not until 
recently could the rabbit be routinely applied in cardiac 
imaging research due to the following technical challenges. 
First, myocardial infarction (MI) proved problematic to 
induce in rabbits because of their characteristic upper airway 
anatomy that hinders tracheal intubation and subsequent 
thoracic surgery for coronary artery (CA) intervention. 
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Secondly, unlike large animals such as pigs and dogs and 
small animals such as rats and mice, rabbits have not found 
a readily available standard method for making models of 
MI. Third, clinical imaging modalities such as magnetic 
resonance imaging (MRI) and single photon emission 
computer tomography (SPECT) had to be adapted for in 
vivo scanning beating heart in rabbits.

I n  v i v o  c a r d i a c  i m a g i n g  t e c h n i q u e s  i n c l u d e 
echocardiography, MRI, SPECT, computed tomography 
(CT), positron emission tomography (PET), optical 
imaging and their various hybrid forms. They help assess 
myocardial viability after the MI in both acute and chronic 
settings by covering several aspects including cardiac 
morphology, left ventricular (LV) function, coronary 
perfusion, and myocardial metabolism (1). Each technique 
has the ability to assess one or more of these aspects for 
offering valuable diagnostic, prognostic and therapeutic 
information to facilitate clinical decision making (2-4).

With the development of small animal imaging 
modalities such as high magnet-field MRI, micro-PET and 
micro-SPECT, non-invasive imaging in small living animal 
models has gained increasing importance in preclinical 
research (5,6). However, these newly miniaturized imagers 
are expensive, difficult to handle and lacking robust post-
processing software, and thus still remain challenging and 
non-standardized for wide applications.

There have been numerous studies in various animal 
models to mimic the reduction in coronary artery (CA) 
blood flow leading to abnormal myocardial functions and 
eventual occurrence of MI (7,8). Scientists are in search 
of magic bullets or drugs that can alleviate coronary 
symptoms, reduce infarct size and improve the recovery 
of contractile function. These endeavors have confronted 
significant challenges, since the proper imaging biomarkers 
crucial for early detection and progression prediction of 
these pathologies are yet poorly explored.

To tackle the above-specified obstacles and to exploit the 
advantages of using rabbits for cardiac imaging research, 
a series of efforts have been made under the framework 
of a doctoral research program as shown in the flowchart 
of Figure 1. In this mini-review, by cross-referencing 
the current literature, we summarize stepwise how we 
have developed a preclinical cardiac research platform 
based on an established reperfused MI model in rabbits 
by overcoming numerous technical constrains; how the  
in vivo manifestations of cardiac imaging based on the use 
of clinical imagers could be closely mirrored with those ex 
vivo macroscopic and microscopic findings; and how these 

imaging outcomes could be quantitatively analyzed, validated 
and demonstrated. We have also exemplified the applications 
of this cardiac imaging platform for providing possible 
solutions to certain lingering diagnostic and therapeutic 
problems in experimental cardiology. In particular, tissue 
components in acute cardiac ischemia have been stratified 
using newly invented multifunctional staining techniques, 
post-infarct lipomatous metaplasia (LM) as a common but 
hardly elucidated pathology has been identified in rabbit 
models, and a necrosis avid tracer and an anti-ischemic drug 
have been successfully assessed for their potential diagnostic 
and therapeutic utilities. Given this newly developed 
preclinical cardiac imaging research platform, today hopefully 
it becomes more workable to devise and test more robust 
strategies against human cardiovascular diseases.

Developing a rabbit model of reperfused MI

In vivo cardiovascular research in clinically relevant animal 
models bridges the in vitro studies of cell culture and 
biochemical assays with the authentic more resource- and 
time-consuming clinical practice. Considering the greater 
costs and stricter ethical regulations in human studies, a 
variety of large and small animal models of myocardial 
ischemia/reperfusion have been introduced particularly 
in combination with multiparametric imaging biomarkers 
to envisage the internal real-time events in experimental 
research (1,9).

Nowadays, pig and rodent models are dominating preclinical 
animal research on IHD. Small animal models provide 
considerable insights into human cardiac pathophysiology. 
Myocardial damage in rodent hearts can be induced by 
three procedures: surgical (10), pharmacological (11),  
or electrical (12) procedures. Whereas the pig is the more 
preferred large animal to model human heart diseases, 
because the coronary anatomy and collateral circulation are 
very similar between pigs and humans, and thus the ischemic 
lesions can be mutually predicted (7). Among several models 
of MI in pigs, the most widely used is the balloon occlusion 
of CA branch (13) as appose to relatively uncommon 
microembolization model in large animals (14). However, 
until recently the rabbit as a medium size animal has been 
seldom applied for MI imaging, but mainly used for coronary 
atherosclerosis research in high-cholesterol diet or low-
density lipoprotein receptor-deficient rabbits (15).

Rabbit models are beneficial due to their low costs, high 
reproductivity, and ease of housing and handing during the 
experiment. Relative to rats and mice, their larger size greatly 
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Figure 1 Flowchart of experimental cardiac imaging research in rabbits with myocardial infarction. Abbreviations: MI, myocardial 
infarction; CA, coronary artery; cMRI, cardiac magnetic resonance imaging; T1WI, T1 weighted imaging; T2WI, T2 weighted imaging; 
PWI, perfusion weighted imaging; DISA-SPECT/CT, dual-isotope simultaneous acquisition single photon emission computed tomography/
computed tomography; MIBI, sestamibi; AutoRx, autoradiography; DR, digital radiography; EB, Evans blue; RIO, red iodized oil; TTC, 
triphenyltetrazolium chloride; HE, haematoxylin-eosin; MTC, Masson’s trichrome; TUNEL, terminal deoxynucleotidyl transferase dUTP 
nick end labeling; MPO, myeloperoxidase; TnI, Troponin I.

facilitates surgical and postsurgical procedures. Comparing 
to larger animals, rabbits present lower risk of ventricular 
fibrillation after CA occlusion and reperfusion, leading to 
less drop-outs from the experiment (16). Recently, we have 
set up a novel rabbit model for cardiac MRI (cMRI) research 
on reperfused MI (9). The aim was to study the possibility 
of multiparametric cMRI and postmortem imaging for the 
evaluation of acute MI in rabbits.

The MI was induced by open-chest CA operation and 
close-chest CA reperfusion. Briefly, the procedure started 
with sedation or anesthesia, endotracheal intubation and 
mechanical ventilation, followed by the left 4-5th intercostal 
thoracotomy. After opening paricardium, the heart was 
slightly turned anticlockwise to expose the left circumflex 
(LCx) CA. A 2-0 silk suture was placed underneath the LCx 
at the level of 3 mm lower than the edge of the left atrial 
appendage and the MI was induced by tying the suture with a 
single knot with the detachable suture end from the knot left 
outside the thorax through the closed wound. Ninety minutes 

after CA occlusion, a reperfused MI was induced by pulling 
the exteriorized suture end in the closed-chest condition, 
which re-opened the detachable knot. The following 
modifications have been made to ensure a successful 
operation and reduce animal mortality: (I) an easy method 
for blind transoral tracheal intubation was newly developed 
without needing a mechanical or optical laryngoscope; (II) the 
single-suture (non-snare loop) method allowed open-chest 
CA occlusion but close-chest CA reperfusion at ease; (III) the 
choice of LCx instead of left anterior descending (LAD) CA 
branch minimized occurrence of arrhythmia and guaranteed 
the quality of ECG gated cMRI; and (IV) in vivo cMRI 
was exactly co-localized with postmortem histochemically 
stained entire rabbit heart section on a standard glass slide  
(Figure 2). To further facilitate postmortem determination 
of the tissue components after myocardial ischemia, an 
approach with one stitch but two sutures was devised (17,18). 
Briefly, a sharp triangular needle of 1/2 circle with 2 spring 
eyes at the end (Sutura, Inc. Fountain Valley, CA, USA) was 

In vivo

Ex vivo
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used (17). Two silk sutures could be easily placed through 
the separate eyes: the thicker 2-0 suture was used for the 
CA ligation that could be removed for reperfusion and the 
thinner 5-0 one was spared for later ex vivo CA re-occlusion 
in order to perform postmortem multifunctional stainings (see 
details in “Stratifying acute MI components in rabbits using 
multifunctional images”).

In summary, after technical optimization in several steps 
(Figure 1), the present experimental setup has enabled us to 
perform imaging-based cardiologic research in rabbits with 
enhanced applicability, accuracy and cost-effectiveness (9). 
This rabbit model of MI constitutes a fundamental part in the 
present preclinical platform for translational cardiac imaging 
research.

Applying cardiac MRI in rabbits with acute MI

Cardiac MRI is unique in its capability to offer several 
different methods for making prognosis regarding 
myocardial viability and predicting future cardiovascular 
events. These cMRI methods include dobutamine stress 

cine- or tagging-MRI, perfusion MRI and delayed 
enhanced (DE) cMRI to assess contractile function or 
reserve, microvascular obstruction, and necrosis or scar 
characterization, respectively (19).

At present these advanced imaging methods have also 
been applied in studies on MI in small animals. For example, 
in a study on cardiac function in ischemic mice after in vivo 
administration of mesenchymal stem cells, using a 9.4 Tesla, 
Grauss et al. assessed the role of cMRI in characterizing 
this emerging technology when it starts to be incorporated 
in routine clinical practice (20). Despite the possible high-
quality images derived from such cMRI, the use of high 
magnet-field imagers for cardiac ischemia research in 
small experimental animals is still very complicated and 
can be successful only after long and intensive endeavors. 
Measurement of MI by cMRI with clinical scanners can be 
more accurate in large animals, but they are more restricted 
ethically, and their heavy weight and noncompliance make 
it difficult to handle during cMRI procedures.

With the rabbit as medium-size animal model, its heart 
is about 10 and 100 times larger than that in rats and mice 

Figure 2 Cardiac MRI and histological findings in a rabbit with an acute transmural reperfused myocardial infarction at the left circumflex 
coronary artery supplied territory involving both anterior and posterior papillary muscle. (A) On T1WI, the MI (arrow) appears isointense; (B) 
on T2WI, the lesion (arrow) appears hyperintense but somewhat larger than the real MI due to edema; (C,D) cine cMRI images at diastolic 
and systolic phase display no changes of the thickness at the LV wall with MI (arrow); (E) PWI image shows perfusion defect, suggesting 
the AAR (arrow) that appears larger than the real MI; (F) DE-cMRI depict the MI as a hyperenhanced zone (arrow); (G) fresh heart section 
shows hemorrhage at the MI (arrow); (H) TTC-stained heart section confirms this transmural hemorrhagic MI (arrow). MRI, magnetic 
resonance imaging; T1WI, T1 weighted imaging; MI, myocardial infarction; T2WI, T2 weighted imaging; cMRI, cardiac MRI; LV, left 
ventricular; PWI, perfusion weighted imaging; AAR, area at risk; TTC, triphenyltetrazolium chloride.
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respectively and 15-fold smaller than that from a human 
adult, but similar in size to that from a human infant. Such a 
cardiac dimension allows cMRI applications in both clinical 
MRI systems and moderately high magnet field (2.0-4.7 T)  
animal MRI systems. Rabbits have been reported for 
arrhythmogenic (21), coronary atherosclerotic (22) and 
other vascular imaging (23) researches. However, there have 
been few studies on imaging and evaluating IHD in rabbits 
using clinic MRI scanners.

In Table 1, the details about cMRI facilities and 
imaging acquisition parameters on rabbits with IHD 
are summarized. The majority of reported cMRI studies 
have been performed on 1.5 and 3.0 T MR scanners from 
Siemens and Philips (9,24-27). The spatial resolution 
of the cMRI ranged from 0.7 to 1.2 mm, which appears 
adequate for rabbit heart but insufficient for rats and mice. 
Barkhausen et al. and Mansencal et al. showed the highest 
spatial resolution of 0.7 mm on 1.5 T scanner, which 
seems even higher than that from a 3.0 T scanner (24,25). 
Recently Hu et al. published their results on quantitative 
cMRI assessment of ventricular remodeling in rabbit 
models with MI, though the real cardiac MR images failed 
to be convincingly demonstrated (28,29). In theory, the 
3.0 T superconducting system with a higher magnetic field 
and the upgraded hardware and software should enable 
obtaining cMRI with higher signal-to-noise ratio (SNR), 
temporal and spatial resolutions, and speed of imaging 
acquisition as compared to the 1.5 T systems (30).

Earlier we have reported a rabbit myocardial ischemia-
reperfusion model studied using a clinical 1.5 Tesla  
scanner (9), which was positively introduced by an 
accompanying editorial (16). The typical heart rate of rabbits 
ranging from 90 to 170 bmp under anesthesia is close to that 
of the patient in rest and stress cMRI. With proper choice 
of imaging parameters, most cMRI techniques for humans 
can be adopted in rabbits without modification. Using 
ECG triggering and ventilator-assisted respiration holding, 
the MI size could be quantified by DE-cMRI and these 
data were found with excellent correlations to the classical 
histochemical data of infarcted area and volumes (Figure 2). 
We also quantified the global and regional LV functions to 
confirm, in addition to the characteristic ECG outcomes, 
the successful MI models in rabbits. Using the integrated 
Argus software (Siemens), the LV wall thickening could be 
quantified as color mapped Bull Eyes. The hypokinesis of 
lateral wall motion can be demonstrated in the MI model as 
compared to the normal rabbit (Figure 3).

To simplify the cMRI operation, we tried to scan 

rabbit models of MI without breath holding at a 3.0 T 
scanner under gas anesthesia and respiration gating (31). 
Although the absence of breath holding and the presence of 
respiration gating greatly increased TR, the endotracheal 
intubation procedure could thus be avoided. This 
modification more closely simulated clinical conditions, 
ensured animal safety during the respiration gating cMRI 
acquisition, and enabled prolonged perfusion weighted 
cMRI, which otherwise would be impossible by one breath 
holding (18). The imaging resolution at 3.0 T without 
breath holding appeared almost the same as that at 1.5 T 
with breath holding (Figure 2), yielding results similar to 
that with clinic patients (32,33).

Finding LM in rabbits with chronic MI 

So far most of the animal experiments on IHD have focused 
on acute or subacute MI over hours and days, but the 
follow-up by cMRI over months have not been found in the 
literature. To investigate the fate of the animals with MI, we 
observed a few rabbits with MI during acute (days), subacute 
(weeks) and chronic (months) phases by serial cMRI 
monitoring and encountered a surprising phenomenon as 
narrated below.

Heart lipomatosis denotes a variable degree of fat 
deposition in-between or in some instances in place 
of the cardiac myocytes (34), which is an uncommon 
clinical condition in humans and animals. Whereas LM, 
a pathological alteration secondary to hypoxia, ischemia 
and infarction with undetermined mechanisms, has 
been increasingly reported by clinical studies (35), rarely 
mentioned in veterinary literature (36), and so far not yet 
established both in vivo and ex vivo by animal experiments.

Up to now, fatty infiltration of the heart has been 
reported in a single case of dog with atrial adipofibrosis (37)  
and one case of cat with generalized fatty infiltration of 
both atria and ventricles (36). In our research on rabbit 
models studied by cMRI, we incidentally identified the 
LM in three rabbits with various extents of healed MI 
during a 9-month longitudinal follow-up. We revealed 
the transformation from acute MI to the scar and the 
transmural deposition of fatty tissue by using cMRI at a  
3.0 T clinic magnet, compared in vivo cMRI outcomes with 
postmortem findings, and confirmed the presence of LM 
as a particular pathology by histochemistry (31). To the 
best of our knowledge from current literature, this is the 
first report that fat infiltration involving the left ventricle 
has been described in experimental animals with chronic 
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MI (31). In Figure 4, we first show cMRI manifestations 
of typical LM from a clinical patient, which simulate the 
rabbit findings (31) but lack authentic histological proof of 
its own due to apparent clinical constrains. To compensate 

this deficiency we further display the histomorphological 
sections stained with hematoxylin-eosin (HE) and Masson’s 
trichrome (MTC) dyes from a rabbit case of LM. By 
visual inspection, the MI was almost completely replaced 

Figure 3 The percent thickening bull-eyes expression for the left ventricles of one rabbit (weight, 3.3 kg; heart rate, 97 bpm) with acute MI 
on the left and one normal rabbit (weight, 3.3 kg; heart rate, 125 bpm) and the right. MI, myocardial infarction.

Figure 4 cMRI findings from a human patient with lipomatous metaplasia (LM) and histomorphological findings from a rabbit with LM 
evolved from chronic MI. (A1) fast spin echo T1WI without fat suppression reveals the hyperintense LM involving the atrial septum as well 
as the RV free/lateral wall (arrows); (A2) fast spin echo T1WI with fat suppression turns the LM spots into hypointense lesions (arrows); 
(B1 and B2) TTC stained heart sections before and 24 h after 10% formalin fixation exhibit a “white MI” from a rabbit (weight, 4.5 kg; 
heart rate, 167 bpm) with cardiac ischemia for 9 months (formalin fixation helped color differentiation); (C1 and C2) HE and MTC stained 
whole heart sections expose the nature of this “white MI” as LM alteration; (D1 and D2) microscopies (×200) of HE and MTC stained 
sections prove the presence of collagen scar with abundant adipose cells, confirming the diagnosis of LM in rabbits. cMRI, cardiac magnetic 
resonance imaging; MI, myocardial infarction; T1WI, T1 weighted imaging; TTC, triphenyltetrazolium chloride; HE, hematoxylin-eosin; 
MTC, Masson’s trichrome.

Rabbit heart with acute MI Normal rabbit heart

A1

A2

B1

B2 C2

C1 D1

D2

cMRI of LM patient TTC macroscopy Histological staining Microscopy



365Quantitative Imaging in Medicine and Surgery, Vol 4, No 5 October 2014

© AME Publishing Company. All rights reserved. Quant Imaging Med Surg 2014;4(5):358-375www.amepc.org/qims

Table 2 Morphometric quantification of cMRI and histology in rabbits with myocardial infarction

Case
Hyperenhanced zone/LV (%) on DE-cMRI  LM after 9M MI on histology

24 hours 2 months 9 months LM/LV % (TTC)  LM/Scar % (HE) CF/Scar % (MTC)

No.1 42.07 38.25 – 36.94 86.78 13.22

No.2 25.26 17.85 – 16.24 57.88 42.12

No.3 20.55 13.12 – 11.32 55.14 44.86

–, No enhanced region; LM, Lipomatous metaplasia; LV, left ventricle; 9M, 9 month; MI, myocardial infarctiom; DE-cMRI, contrast 

delayed enhancement cardiac magnetic resonance imaging; TTC, triphenyltetrazolium chloride staining; HE, hematoxylin-eosin 

staining; MTC, masson’s trichrome staining; CF, collagen fibers.

by LM with a clearly discernable interface against normal 
myocardium, leading to a phenomenon of “white MI” on 
heart specimens (Figure 4). The involved LV wall was not 
as atrophied as expected but contralateral normal wall was 
thickened likely by compensation. The photomicrographs 
demonstrated high densities of the adipose cells surrounded 
by few collagen fibers in the LM lesion (Figure 4). 
Microscopically, to quantify the percentage of fat cells in 
the total scar area, heart sections were scanned with an 
Axiovert 200 M microscope and captured with a Zeiss 
Axiocam digital camera using AxioVision 4.7 software. 
In 10 randomly selected high-power fields over the MI 
lesion, fat infiltration rate was expressed as the percentage 
of fat cells divided by total number of cells. As exemplified 
here, another advantage of using rabbits for this study is 
the fact that an entire transverse section of the heart can 
be mounted perfectly on ordinary slide for quantitative 
microscopic analysis.

Consequently, among three rabbits with chronic MI, 
morphometric parameters derived from longitudinal cMRI 
and postmortem analyses are compared in Table 2. The MI 
could be visualized as a hyperenhanced region on DE-cMRI 
from acute to chronic phase until 2 months but not any 
longer till 9 months due to vanishing blood vessels in the scar 
tissue of the late chronic MI. At autopsy, the MI scar over the 
whole LV varied depending on the initial MI size, whereas at 
least 50% of the total MI scar was occupied by LM tissue as 
verified by different histological stainings (Figure 4).

Regarding the possible mechanisms for the fatty 
infiltration in the infarcted myocardium, Pantanowitz et al.  
attributed this pathological alteration to the chronic 
hypoxia (38). Under hypoxic conditions, fatty acid oxidation 
decreases, and when intracellular lipids are no longer 
metabolised by mitochondria, they are extruded and 
phagocytosed by scar tissues (38). Fatty tissue infiltration 
in all susceptible species can cause electrical instability, 

resulting in life-threatening supraventricular and ventricular 
arrhythmias, and in some instances valvular dysfunction (38).  
Additionally, the fatty tissue can induce myocardial toxicity 
due to the release of certain free fatty acids that can induce 
arrhythmias and a process known as cardiomyopathy of 
obesity (39). However, the therapeutic management of 
adiposity development within scar tissue has been hardly 
addressed most likely due to a lack of proper animal models. 
Therefore, the introduced rabbit models of chronic MI can 
also be used in research for this purpose. Our study also 
offers a unique opportunity to observe the natural process 
of this phenomenon in rabbit models that can widen our 
understanding of related pathophysiology, diagnostics and 
therapeutics, particularly regenerative medicine after MI. 

Imaging MI in rabbits using a necrosis-avid 
tracer agent 

To definitely visualize and quantify MI, a necrosis-specific 
imaging marker is needed. The current alternative is to 
detect the MI by using nonspecific extracellular gadolinium 
contrast agents such as Gd-DTPA and Gd-DOTA, with 
which the extent and duration of hyperenhanced MI are 
however multifactorial with potential uncertainties (40,41).

Our research group has a track record in developing 
novel MRI contrast agents, in particular porphyrin and 
nonporphyrin necrosis avid contrast agents (NACAs) 
(40,41). Porphyrins and derivatives have initially been 
investigated as tumor-localizing agents for cancer optical 
detection and photodynamic therapy (42,43). By analogy, 
paramagnetic metalloporphyrins and their analogues have 
been developed as “tumor-seeking” MRI contrast agents 
(44,45). However, since the mid 1990s, the previously 
reported “tumor specificity” of porphyrin analogues has 
been redefined to be “necrosis avidity” through a series of 
delicate experimental studies (46,47). These studies not 
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only converted the real targets of porphyrin-like agents 
from viable tumor cells to nonviable tissues, but also 
elicited novel applications for accurate MRI visualization 
of spontaneous and therapeutic necroses such as acute MI  
(48-50). Meanwhile, nonporphyrin NACAs that are devoid 
of discoloration and phototoxicity, the side effects seen with 
porphyrin species, have been developed and further refined 
(40,41,51).

Gadophrin-3 as one of the porphyrin-derived NACAs 
was applied by Barkhausen et al. in rabbit models of acute 
occlusive MI (24). By using this NACA, the authors 
demonstrated a persistent specific hyperenhancement of 
the MI in rabbits, which is in line with earlier findings 
in small and large animals (52-54). However, their major 
conclusions appeared invalid due to some simple yet 
fetal defects in their study design. First, the small dose of  
Gd-DTPA at 0.1 mmol/kg was injected 24 h after a 
normal dose of Gadophrin-3 that had already assured a 
striking and persistent hyperenhancement of the MI, which 
made it impossible for them to separately quantify the 
enhancement caused by Gadophrin-3 or Gd-DTPA. Instead, 
they concluded that Gd-DTPA did not overestimate the 
acute MI size (24). Secondly, it is proven that Gd-DTPA-
enhanced area in acute MI can be changeable with time (54)  
and a delay of 5 to 10 min after Gd-DTPA injection as 
applied (24) was inadequate for CE-cMRI. In addition, the 
authors did not perform early phase cMRI after Godophrin-3 
injection, but concluded that chronic MIs do not enhance 
with Godophrin-3 (24). Therefore, there still exist rooms for 
further investigation of NACAs using rabbit models of MI.

After exhausting the last stored non-porphyrin NACAs 
in our recent rat study (55), due to human reasons beyond 
the authors’ control, such agents have become momentarily 
unavailable for the current cMRI studies in rabbits. We 
therefore alternatively studied a novel radioactive infarct-
avid tracer agent using a clinical SPECT/CT scanner in the 
same rabbit models of reperfused MI (27,56).

Non-invasive localization of acute MI and assessment of 
MI size with an infarct avid agent are deemed essential for 
estimating the severity, formulating therapeutic strategy, 
and predicting prognosis in clinical management of IHD. 
Up to now, infarct avid scintigraphy has not been widely 
accepted because no such tracers fulfill all required criteria: 
rapid localization at the infarct, high avidity and specificity, 
and reasonable duration of scan positivity. In addition, the 
proper animal models for cardiac scintigraphy are needed 
for preliminary evaluation and characterization of the 
necrosis-avid tracers.

Hypericin (Hyp) is a polyphenolic polycyclic quinone 
originally found in St. John’s wort (Hypericum perforatum). 
It is a powerful naturally occurring photosensitizer used in 
photodynamic therapy in addition to its anti-depressant and 
antiviral utilities (57). Hyp has recently been recognized 
as one of the nonporphyrin necrosis avid agents with 
exceptional necrosis affinity (40,58). In our pursuit for infarct 
avid tracer agents with optimal properties, we found in 
preliminary experiments that 123I-Hyp as a radioiodinated 
Hyp derivative localized in necrotic tissue in rat models of 
reperfused hepatic infarction (59). The rabbit model of MI 
was applied in an early study on 123I-Hyp as reported in 2006, 
which showed the necrosis avidity on MI both in vivo and ex 
vivo (58). However, the occlusive MI model there was less 
clinically relevant, and the number of animals was limited and 
clinic SPECT modality was not modified (58). Later on, we 
made some modifications on rabbit models (9), and applied 
a single pinhole collimator on a dual-head gamma camera 
to improve the imaging resolution of SPECT images (60). 
In that study, the potential of 123I-Hyp SPECT in diagnosis 
of acute MI using rabbit models of myocardial ischemia and 
occlusive and reperfused MI (60). We compared infarct size 
estimated with three techniques: in vivo 123I-Hyp µSPECT, 
[13N]ammonia and µPET (60). The major limitation of that 
study was that the in vivo scintigraphic images failed to be 
matched slice-by-slice with ex vivo autoradiographic images 
and histopathology (60).

In clinical practice, with little redistribution after initial 
myocardial uptake, 99mTc-sestamibi (99mTc-MIBI) has gained 
widespread use as a perfusion tracer in the evaluation of 
myocardial viability on SPECT. However, as a new hot-spot 
tracer, 123I-Hyp has never been compared with 99mTc-MIBI 
for their SPECT capacities. To further validate the necrosis 
avid tracer 123I-Hyp mediated hot-spot imaging on acute 
MI, more recently, we explored dual-isotope simultaneous 
acquisition (DISA)-SPECT/CT by using 123I-Hyp 
and standard 99mTc-MIBI, in comparison with cMRI, 
autoradiography (AutoRx) and histomorphometry (27). In 
this study we successfully performed DISA-SPECT/CT 
using two complementary tracers, 123I-Hyp and 99mTc-MIBI 
to specifically visualize necrotic and normal myocardium 
respectively, to diagnose the MI. As demonstrated on  
Figure 5, the excellent correspondence between areas of 
perfusion defect and high 123I-Hyp uptake was depicted 
from apex to basal, anterior to posterior, and septal to 
lateral walls. The unique feature of DISA-SPECT/CT 
permitted to obtain the two independent tracer evaluations 
during the same session, thus avoiding the variability in 
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cardiac anatomy localization due to the possible changes 
in wall motion (27). Compared to 99mTc-MIBI, the infarct-
avid 123I-Hyp has a longer plasma half-life over 2.5 h, which 
makes it possible to administer the tracer at ease after the 
acute cardiac event (60).

We performed the quantification of regional tracers and 
contrast agent distribution using 17-segment polar maps 
of the myocardium after co-registration of cMRI, cardiac 
123I-Hyp SPECT/CT and 99mTc-MIBI SPECT/CT images 
(Figure 6). For MI size quantification based on imaging 
contrast, a standard threshold adaptable to all individual cases 
appeared difficult to define due to multiple factors such as 
lesion size and location, the dosage of, or timing after, tracer/
contrast administrations, and with or without reperfusion. 
However, we were able to adopt co-registered 17-segment 

polar maps for semi-quantification and comparison of the 
MI volumes derived from different imaging modalities 
(Figure 6). This computer-assisted method standardized the 
analyses by projecting the 3D information from a complex 
volume onto a plane. The global and regional LV volumes 
were automatically calculated and the lesional areas on the 
17 segments were manually defined using a five-point scale 
by three experienced co-workers in consensus. The final 
MI volumes thus generated could be matched accurately 
in-between in vivo images and verified by postmortem 
standard references, suggesting that this semi-quantitative 
method could serve as a viable alternative to the thresholding 
methods for the MI evaluation (27). 

The rabbit model with an entire transverse section of 
the heart can be perfectly mounted on an ordinary slide for 

Figure 5 Multi-slice three-orientation views of dual-isotope simultaneous acquisition single photon emission computed tomography (DISA-
SPECT) images from a rabbit with acute MI located mainly in the apex. The perfusion tracer 99mTc-MIBI marked normal LV wall as hyper-
radioactive zones (upper rows) leaving the MI as defects. On the contrary, the necrosis-avid tracer 123I-Hyp turned the MI as hot spots with 
minimum activity found in normal myocardium (lower rows). Therefore, the two tracers are complementary in terms of myocardial viability 
determination. MI, myocardial infarction.
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microscopy. This feature has made it more convenient to 
quantify radioactivity by autoradiography for necrotic and 
normal tissues and to view the highly fluorescent 123I-Hyp 
in acute MI in contrast to the low fluorescence in viable 
myocardium over the entire LV (56).

Despite a great diversity in chemical structures and 
physicochemical properties among the various necrosis-
avid tracer agents for nuclear medicine and NACAs for 
MRI, common physicochemical interactions could be 
shared by at least some of these agents. The meticulous and 
accurate methodologies applied on the rabbit models allow 
us to carefully analyze the relationship between structure 
and uptake/retention of the known necrosis-avid agents in 

necrotic tissue. This may provide deeper insights into the 
mechanisms of this unique phenomenon and yield useful 
information regarding the structural requirements for 
further optimization of this type of agents. 

Stratifying acute MI components in rabbits using 
multifunctional images

The myocardial area at risk (AAR) is defined as the 
myocardial tissue within the perfusion bed that is distal 
to the culprit lesion of the infarct-related CA. Since the 
AAR includes both damaged nonviable MI-core and viable 
or salvageable zone (SZ), the proportion of SZ within 

Figure 6 Comparative longitudinal (first column), transverse (second column) axes and polar map (third column) projection and quantification 
of DE-cMRI and DISA-SPECT with two tracers from the same rabbit of Figure 5. Gd-DOTA (first row) and 123I-Hyp (second row) 
accumulated in the apex-lateral MI, whereas 99mTc-MIBI (third row) distributed in the rest normal LV wall. Assisted by the dedicated software, 
17-segment on polar maps are demonstrated for co-registered MI volume and regional contrast/tracer uptake evaluation. The percentage 
MI volumes can thus be generated for different imaging modalities. Yellow and green lines used for imaging localization and co-registration. 

DISA-SPECT, dual-isotope simultaneous acquisition-single photon emission computer tomography; MI, myocardial infarction; LV, left 
ventricular.
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the AAR depends on multiple factors including time to 
reperfusion, ischemic pre-conditioning, collateral flow, 
distal embolization, reperfusion injury, and microvascular 
dysfunction. Because the extent of SZ determines final 
infarct size, quantifications of MI components provide an 
accurate index in clinical practice and preclinical research 
for diagnostic, therapeutic and prognostic assessment of the 
IHD.

Myocardial AAR research on ischemic injury has been 
demonstrated in a wide variety of animal models of acute 
myocardial ischemia-reperfusion, including large species such 
as swine and smaller rodents such as rats (61,62), but before 
our endeavors it had not been reported in rabbit hearts by 
means of combined in vivo and ex vivo imaging studies.

Quantification of the AAR proved challenging both in 
vivo and ex vivo. Radiolabeled or fluorescent microspheres 
are the reference standard for measuring the AAR in animal 
studies without information of whole heart topography (62).  
Usually, Evans blue (EB) dye was retrograde injected 
during re-occlusion of the CA branch to visualize the AAR 
postmortem in most studies (63,64). However, radiolabeled 
microspheres impose potential hazard for radiation 
exposure, while colored microspheres require tissue lysis 
for counting, with both lacking morphometric information. 
Besides, water-soluble EB dye has recently been found with 
necrosis affinity (65), thus unsuitable for infarct-normal 
myocardial delineation.

In humans, the most widely used technique is SPECT, 
but many drawbacks such as poor special and temporal 
resolutions prevent its widespread use. Cardiac MRI 
however could be an attractive technique to noninvasively 
quantify the AAR by several methods, which though still 
remain controversies (66,67).

Given the above-specified problems, we attempted 
in our rabbit models to accurately evaluate three major 
myocardial ischemic components, namely the AAR, MI-
core and SZ, known to be the key elements in clinical and 
experimental cardiology. The methods we have developed 
were technically different from those previously described 
by others and are summarized here. First, during the 
open-chest operation, two sutures, instead of one, were 
placed underneath the CA branch sharing the same stitch, 
one for the CA occlusion and reperfusion in vivo and the 
other for postmortem CA re-occlusion before coronary 
angiography. Secondly, perfusion weighted imaging (PWI) 
was acquired pre and post CA reperfusion separately before 
and after pulling the exteriorized end of ligation suture. 
Third, EB solution as a necrosis marker was intravenously 

injected hours after CA reperfusion to visualize the  
MI-core postmortem. Fourth, a bifunctional dye for ex vivo 
determination of the AAR was invented and successfully 
applied in rabbit studies (17,18).

The technical hints of this multifunctional staining 
method are given below. After cMRI, heparin was 
intravenously administered to prevent blood coagulation. 
The heart was excised under deep anesthesia, a plastic 
catheter was inserted into the aorta, and the coronary bed 
was rinsed with normal saline. Following CA re-ligation 
with the prior spared 5-0 suture, the newly invented 
red iodized oil (RIO) was infused, in conjunction with 
the in vivo injected EB dye, for multiple stainings of 
the AAR, SZ and MI-core and postmortem myocardial 
digital radiography (DR) (17,18). Figure 7 demonstrates 
a rabbit with massive reperfused MI. A complete series 
of six transverse sections of the infarcted heart could be 
visualized by in vivo DE-cMRI and ex vivo DR and multi- 
functional staining techniques combining the two dyes of 
EB and RIO. The MI-core was already stained dark blue 
by the intravital necrosis avid dye EB. The AAR was clearly 
shown as a nonopacified region on DR and oil-red-O 
unstained region by RIO. The SZ appeared whitish in-
between the blue-stained MI-core and red-stained normal 
heart. Since this case had a huge haemorrhagic MI after 
90-min CA occlusion and 24 h CA reperfusion, the SZ was 
relatively small and the cardiac apex became almost entirely 
necrotic. This way, the real AAR, MI-core and SZ could be 
simultaneously visualized, located and delineated for further 
quantitative analyses (17,18). Such an ex vivo method can 
already be applied in translational theragnostic cardiology 
for pathophysiological studies or drug development, but 
the real in vivo applications among clinical patients of 
IHD still rely on the availability of NACAs for absolute 
determination of MI-core (40,41).

To further validate the high necrotic avidity of EB dye 
for labeling necrotic myocardium in addition to necrosis in 
tumors (55) and other organs (65), we correlated in vivo and 
ex vivo cMRI, fluorescent and histological findings in rabbits 
with acute reperfused MI as shown in Figure 8. The MI 
on the left anteriolateral LV wall could be hyperenhanced 
on DE-cMRI (Figure 8A) and ex vivo T1 MRI (Figure 8B), 
however the MI lesion appeared hypointense on ex vivo 
T2 MRI due to hemorrhage in this reperfused MI (Figure 
8C). The intravenously injected EB dye could specifically 
stain only the irreversible necrotic myocardium as a dark 
blue region, but the viable myocardium even surrounded 
by necrosis remained not blue-stained (Figure 8D). EB 
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dye showed also strong red-fluorescence in its stained MI 
under fluorescent microscopy (Figure 8E) and the presence 
of MI could be confirmed by histology by HE staining  
(Figure 8F). Interestingly, although both Hyp and EB are 
necrosis-avid compounds (41), Hyp emits red-fluorescence 
from necroses both macro- and microscopically, but EB 
could show only microscopic red-fluorescence. The reason 
for such a difference has to be elucidated. This result further 
confirmed high necrosis-avidity of EB dye, suggesting a 
novel application in experimental cardiology.

For in vivo evaluations of the AAR and myocardial 
salvageable index using cMRI, we successfully performed 
first-pass PWI on rabbit models of MI (18). To our 
knowledge, it is the first report of PWI in rabbits. 
Comparing with conventional T2WI, we found that 
quantification of the AAR by PWI acquired at the condition 
of CA occlusion appeared closest to the standard reference 
with multifunctional staining techniques. This finding is in 

favor of the opinion that T2WI overestimates the AAR in 
acute MI (67). Therefore, the present experimental platform 
based on rabbit models and multimodal imaging techniques 
proves useful for in vivo and ex vivo stratification of ischemic 
components particularly the AAR research.

Assessing new therapeutics for the treatment of 
acute MI in rabbits

Among the cardiovascular pathologies, IHD is the leading 
cause of congestive heart failure as well as permanent 
premature disabilities. Reperfusion of a previously ischemic 
heart is a standard clinical therapeutic procedure. Even if 
beneficial, reperfusion triggers inflammatory responses that 
contribute to the acute extension of ischemic injury and 
later participate in the reparative processes of the damaged 
myocardium. Occlusion of a major CA in animal model, 
followed or not followed by reperfusion, has proven to be a 

A2 A3 A4 A5 A6A1

B1 B2 B3 B4

C4 C5

B5 B6

C6C3C2C1

Figure 7 DE-cMRI, digital radiography (DR) and multifunctional staining images from a rabbit with massive acute reperfused MI. (A1-6)
Serial DE-cMRI images from the apex to base reveal a hyperenhanced MI, wherein the heterogeneity was due to hemorrhage; (B1-6) serial 
DR images from the apex to base demonstrate a perfusion defect of this massive MI, corresponding to the in vivo cMRI findings (A1-6);  
(C1-6) serial multifunctional staining images stratify the tissue components of the MI: the RIO dye stained red region represents the normal 
well perfused myocardium and the rest correspond to the area at risk (AAR); the EB stained dark blue zone indicates the irreversible necrotic 
MI-core in this massive reperfused and hemorrhagic MI; and the scattered unstained whitish areas at the infarct periphery refer to the 
ischemic but salvageable zone (SZ). Thus, the AAR included both the MI-core and SZ. The SZ could be larger if the coronary artery was 
occluded shorter than 90 minutes in this case. MI, myocardial infarction; cMRI, cardiac magnetic resonance imaging; DE, delayed enhanced; 
RIO, red iodized oil; EB, Evans blue.
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Figure 8 In vivo and ex vivo cMRI and intravital EB staining outcomes from a rabbit with acute MI. (A) In vivo DE-cMRI displays a 
hyperenhanced transmural MI (arrow) involving the anterior papillary muscle; (B) ex vivo DE-cMRI shows the same MI (arrow) with higher 
spatial and contrast resolutions; (C) ex vivo T2W-cMRI reveals this MI as a hypointense lesion (arrow) because of the hemorrhage after 
reperfusion; (D) fresh cardiac section presents the MI as an EB stained dark blue region (arrow); (E) fluorescence microscopy (×10) turns the 
MI into a bright red lesion, proving the fluorescent property of the necrotic EB dye. Comparing the details from D and E, the EB-unstained 
spots are also not fluorescent, suggesting the specificity of this intravital dye; (F) H-E stained microscopy (×10) confirms the presence of this 
transmural MI (arrow). cMRI, cardiac magnetic resonance imaging; EB, Evans blue; DE, delayed enhanced; MI, myocardial infarction; HE, 
hematoxylin-eosin.

good approach to assess the relevance of pathophysiological 
processes and drug effects in the setting of myocardial ischemia 
(64,68). Models involving reperfusion appear to be particularly 
suitable to study the inflammatory response and therefore 
much more clinically relevant than that with permanent 
ischemia. Animal models of myocardial ischemia/reperfusion 
allow the possibility of testing a vast array of molecular 
mediators that orchestrate the sequelae of inflammation, and 
such models also allow testing of the protective effects of anti-
inflammatory drugs in experimental MI.

Rodents are the most popular laboratory animals in 
cardiovascular therapeutic research, since the knockout and 
transgenic models have been instrumental in understanding 
the molecular and cellular mechanisms in the IHD and in 
comparing the effects of existing and new anti-inflammation 
or anti ischemia-reperfusion injury drugs (5,9,69), just 
as they have been comprehensively applied in the basic 
molecular, cellular and cardiovascular biology (20,70). 
However, significant differences do exist with regard to 

several cardiac characteristics when rodents are compared 
with humans. Besides, the small cardiac dimension and 
high heart beating rate limit the use of cardiac imaging 
modalities for in vivo therapeutic evaluations. For these 
reasons, large animal models including dogs, sheep and 
pigs have been established and applied in cardiac research. 
Although they can mimic human patients to a broad extent 
and can create experimental data pertinent to the scenarios 
for the diagnosis and differential diagnosis as well as 
therapeutic regimes in clinical cardiology, the high expenses, 
demanding housing conditions and tough handling would 
constrain their wide applications (9).

To validate whether the rabbit models of MI and the 
imaging-based technique platform that we have developed 
are suitable for the research on medicinal intervention 
of acute MI, we conducted preliminary experiments on 
cannabidiol (CBD) for its potential in the treatment of 
MI (71). CBD, a major nonpsychoactive and noncognitive 
constituent of the plant Cannabis sativa, has been 
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found with multiple pharmacological actions including 
anxiolytic, antipsychotic, antioxidant, anti-inflammatory, 
immunomodulatory and antiemetic properties (72). A 
growing line of evidence indicates that CBD has also 
been associated with beneficial effects in the modulation 
of physiopathological activities in the cardiovascular  
system (73). However, up to now, the majority of studies on 
CBD have been focused on small rodent models (68,74), 
and CBD has not been investigated in medium or large size 
animal models.

Combining in vivo cMRI and multiple postmortem 
techniques by using our imaging-based theragnostic 
platform and rabbit models of acute MI, we have been 
able to report that two times of CBD administration  
(100 µg/kg) at 10 min before LCx occlusion and 10 min 
prior to LCx reperfusion exerted cardioprotective effects 
in rabbit models of acute ischemia-reperfusion injury (71).  
In particular, CBD significantly decreased the release of 
troponin I, which is cardiac damage specific biomarkers 
in the blood, reduced infarct size (AMI-core/AAR) 
and improved myocardial salvageable index (MSI). In 
addition, CBD increased relative blood flow in the 
AAR and thus reserved more regional cardiac functions 
as demonstrated by in vivo cMRI and confirmed by ex 
vivo multifunctional staining. Such protection from 
reperfusion injury was most likely associated with reduced 
infiltrating neutrophils and myeloperoxidase activity as 
shown histochemically (71).

Thus, we successfully evaluated the therapeutic potency 
of CBD as a natural compound in rabbit models of 
myocardial ischemia/reperfusion injury based on our prior-
established methodology and technical platform.

Conclusions

Ongoing cardiologic research on pathologies of IHD and 
other related cardiac disorders in translational medicine has 
benefited from the developments of improved rabbit models 
of MI, advanced imaging techniques and novel methods for 
multifunctional staining of post-ischemic tissue components 
as overviewed above. This methodology may contribute 
substantially to developing new diagnostics and therapeutics 
in translational cardiology.
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