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ABSTRACT 

 
Vasculogenic cell-based therapy combined with tissue engineering is a promising 

revascularization strategy for patients with hibernating myocardium, a common clinical 

condition. We used a clinically relevant swine model of hibernating myocardium to 

examine the benefits of biopolymer-supported delivery of circulating angiogenic cells 

(CACs) in this context.  

Twenty-five swine underwent placement of an ameroid constrictor on the left 

circumflex artery (LCx). After 2 weeks, positron emission tomography measures of 

myocardial blood flow (MBF) and myocardial flow reserve (MFR) were reduced in the 

affected region (both p<0.001). Hibernation (mismatch) was specific to the LCx territory. 

Swine were randomized to receive intramyocardial injections of PBS control (n=10), 

CACs (n=8), or CACs + a collagen-based matrix (n=7). At follow-up, stress MBF and 

MFR were increased only in the cells+matrix group (p<0.01), and mismatch was lower in 

the cells+matrix treated animals (p=0.02) compared to controls. Similar results were 

found using microsphere-measured MBF. Wall motion abnormalities and ejection 

fraction improved only in the cells+matrix group. 

This preclinical swine model demonstrated ischemia and hibernation, which was 

improved by the combined delivery of CACs and a collagen-based matrix. To our 

knowledge, this is the first demonstration of the mechanisms and effects of combining 

progenitor cells and biopolymers in the setting of myocardial hibernation, a common 

clinical condition in patients with advanced coronary artery disease.  
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1. INTRODUCTION  

 Coronary artery disease 1.1.

Coronary artery disease (CAD) is responsible for over 30 % of all deaths, both in the 

United States (AHA) and Canada (Statistic-Canada). The underlying process for CAD is the 

accumulation of atherosclerotic plaques within the intima of coronary arteries. Following an 

injury of the vessel endothelium, an inflammatory response is triggered, leading to migration 

and accumulation of low density lipoprotein (LDL) and monocytes in the intima. Activated 

monocytes further differentiate to macrophages and take up oxidised LDL, becoming foam 

cells. In response to pro-inflammatory cytokines, smooth muscle cells migrate, proliferate 

and form a fibrous cap over the foam cells ultimately leading to intima hyperplasia and 

atherosclerotic disease (Dzau et al., 2002; Karatzis, 2005). As these plaques expand in the 

coronary artery walls, they obstruct the lumen of the vessels thereby impairing blood flow. 

Reduced blood flow to the myocardium leads to myocardial ischemia and may degenerate to 

clinical conditions such as chronic angina, myocardial infarction, heart failure and, 

ultimately, death. Current therapies such as coronary artery bypass grafting (CABG) or 

percutaneous coronary intervention are well established (Mukherjee et al., 1999; Smith, 

2009) but not suitable to all patients; in a previous study, over 1/3 of patients referred for 

revascularization did not undergo intervention because of unsuitable vessel anatomy, co-

morbidities, or other reasons(Beanlands et al., 1998). In addition, some patients may not 

benefit from such therapies in the long run (Mukherjee et al., 1999; Ruel et al., 2002). 

Alternate treatment options are therefore being researched, among which stimulation of 

angiogenesis through the administration of growth factors, genes or progenitor cells (Ruel et 

al., 2004) could constitute a promising alternative or supplementation to actual therapies.  
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 Myocardial ischemia and hibernation  1.2.

Myocardial ischemia occurs when there is an imbalance between oxygen demands 

and supply. Two common conditions resulting from this imbalance are myocardial stunning 

and hibernation. Myocardial stunning is a state of fully reversible post-ischemic contractile 

dysfunction that persists even with normalisation of blood flow. Recovery of function can 

occur within hours or days. In dogs, contractile dysfunction recovered after 6 hours 

following a 5 min ischemia, whereas over 24h was needed to recover from a 15 min 

ischemic period (Heyndrickx et al., 1975). Myocardial hibernation is a state of chronic 

systolic and diastolic dysfunction, progressively reversible after reperfusion (Rahimtoola, 

1985). In contrast to myocardial stunning, recovery may take up to a full year in some 

patients, depending on the extent of ischemia and the underlying damages done to the 

myocardium (Depre & Vatner, 2007). The initial description of hibernating myocardium was 

based on clinical observations by Rahimtoola, who described myocardial hibernation as “a 

prolonged subacute or chronic stage of myocardial ischemia […] in which myocardial 

contractility and metabolism and ventricular function are reduced to match the reduced blood 

supply.” (Rahimtoola, 1985). This description of hibernation was later called the smart heart 

hypothesis (Mari & Strauss, 2002), because alterations in function and metabolism were 

seen as a protective mechanism to reduce oxygen demands and maintain myocardial 

integrity and viability, rather than a consequence of ischemia. In contrast, the more recent 

repetitive stunning hypothesis attributes hibernation to repetitive episodes of ischemia, 

initially stunning the myocardium but progressively leading to a chronic state of contractile 

dysfunction. In opposition to the smart heart hypothesis, the reduction in blood flow is 

viewed as a consequence of hibernation rather than a cause. Regardless of the mechanisms 

leading to hibernation, pathophysiological analyses of hibernating myocardium consistently 
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show structural and metabolic changes in hibernating segments, reflecting what appears to 

be a combination of adaptative (Vogt et al., 2003; Page et al., 2008; Hu et al., 2009) and 

degenerative changes (Schwarz et al., 1998; Vogt et al., 2003; Angelini et al., 2007). The 

concepts of functional and structural hibernation (Camici & Dutka, 2001) were put forward 

to explain the divergence in functional recovery following revascularisation. Early and 

complete recovery likely occurs in patients with functional hibernation, when impaired 

blood flow was not prolonged enough to create myocardial damage, whereas later and/or 

incomplete recovery may occur when structural changes to cardiomyocytes appear. In line 

with this description, myocardial stunning and hibernation appear to be a continuum (Canty 

& Fallavollita, 2000), and hibernating, stunned and infarcted segments cohabit within a 

chronically hibernating heart (Hughes et al., 2001).  

Detecting hibernating myocardium in patients with CAD is important as timed 

revascularisation can improve wall motion, left ventricular ejection fraction (LVEF) and 

cardiac metabolism, in addition to preventing adverse left ventricle (LV) remodelling (Lai et 

al., 2000; Allman et al., 2002). Early revascularisation is also associated with more frequent 

improvements in LVEF and lower mortality rates (Beanlands et al., 1998). On the other 

hand, failure to revascularise the territory at risk may lead to heart failure and sudden death 

(Beanlands et al., 1998). Detection of the extent, in addition to the presence of hibernation is 

also desirable as no improvement in function is observed in regions with significant fibrosis 

or scar tissue (Rahimtoola et al., 2006). The beneficial effects of revascularisation therefore 

depend on the severity of structural and metabolic changes in cardiomyocytes. Whether 

degeneration and apoptosis of cardiomyocytes is significant in hibernation remains 

debatable, but early revascularisation is highly warranted.  
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Various non-invasive techniques are available to detect regions that would benefit 

from revascularisation. They will be reviewed in section 4 with an emphasis on positron 

emission tomography, the gold standard for viability assessment. 

 Ameroid constrictor model of ischemia and hibernation 1.3.

 Swine as pre-clinical animals 1.3.1.

For many decades, dogs were the most commonly used specie in studies of 

myocardial ischemia. In 1987, Maxwell et al. (Maxwell et al., 1987) studied the variations in 

collateral flow between various mammalian species and found that dogs have substantial 

amounts of innate epicardial collaterals, as well as scattered collaterals in the deeper layers 

of the myocardium (Elsässer & Schaper, 1995). These innate vessels are capable of 

providing up to 40% of normal flow after acute coronary artery occlusion (Hearse, 2000). In 

the case of slow coronary occlusion, there is an intense and rapid proliferation of collateral 

vessels. For instance, when dogs are instrumented with an ameroid constrictor that causes 

gradual coronary occlusion, they rapidly develop collaterals which results in normal blood 

flow in the region at risk. Under drug-induced vasodilation, blood flow exceeds resting 

levels, indicating an important coronary flow reserve (Erbs et al., 2005). Because of the 

many anatomical and physiological similarities between swine and human heart, most recent 

studies have favoured porcine models. A pig’s heart has a limited innate collateral 

circulation, with only sparse endocardial connections (Unger, 2001). It responds to an 

ischemic stimulus by proliferation of blood vessels; however, these newly formed collaterals 

do not develop to the extent of restoring regular blood flow (White et al., 1992) and are 

unable to restore normal perfusion to the area at risk, either under drug induced vasodilation 
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or exercise stress. They also lack a significant amount of smooth muscle cells compared to 

other arterial vessels (O'Konski et al., 1987). In addition, unlike dogs that possess a two-

vessel system with a non-dominant right coronary artery supplying only the right ventricle in 

a majority of animals, pigs have three major coronary vessels supplying the heart in a similar 

fashion to humans (Unger, 2001). A number of other similarities are worth mentioning: the 

swine heart metabolism is similar to that of humans, relying preferably on fatty acids under 

normal conditions, and switching to glucose during myocardial ischemia (Hughes et al., 

2003); and the heart size-to-body weight ratio (0.005) is identical to that of humans for pigs 

weighing around 30kg.  

 Ameroid constrictor model 1.3.2.

First described by Litvak in the late 1950s (Litvak et al., 1957) and further 

characterized by Shaper in the 1960s (Schaper, 1971) the ameroid constrictor model is one 

of the most widely used ischemia models. Ameroid constrictors consist of an inner 

hygroscopic casein core encased in a steel ring. When implanted around an artery, the inner 

hygroscopic material absorbs water and swells. Because outward expansion is prevented by 

the ring, swelling is directed inward slowly obstructing the vessel inside the constrictor 

lumen.  

Ameroid constrictors have commonly been placed on the left circumflex (LCx) 

coronary artery, which is the smallest of the three coronary vessels in swine supplying 

approximately 20% of the LV (Hughes et al., 2004). In addition, the innate collateral 

circulation is more important in the LCx compared to the left anterior descending (LAD) 

region, minimizing the risk of myocardial infarction and maximizing survival rates. Insertion 
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of the constrictor around the LCx artery is typically done by a small thoracotomy through the 

fourth or fifth intercostal space. Less invasive techniques such as thoracoscopy have 

successfully been used to place the constrictor around the LCx. Significant reductions in 

LVEF and fractional shortening (FS), as well as a low mortality rates were achieved using 

this technique (Zhu et al., 2008; Chen et al., 2009a). 

Nevertheless, only few studies have specifically studied the development of 

myocardial hibernation in the ameroid constrictor model. In this regard, one aim of this 

study is to characterise the establishment of hibernation in this context, by using positron 

emission tomography.  

 Evaluation of myocardial function, perfusion and viability  1.4.

Following revascularisation, an improvement in LV function and coronary flow 

reserve is hoped for. Various non-invasive techniques to evaluate function, perfusion and 

viability are available for clinical use. The most commonly used techniques to detect 

viability are summarized in Table 1. In their simplest application, echocardiography and 

magnetic resonance imaging (MRI) assess global and regional LV function. When used in 

conjunction with dobutamine, stress echocardiography (Wu & Lima, 2003; McLean et al., 

2009) and MRI (Bree et al., 2006) can assess the contractile reserve of the heart, an indicator 

of viability. Positron emission tomography (PET) and single photon emission computed 

tomography (SPECT) are used to assess myocardial perfusion and viability at the cellular 

level (Maes et al., 1997; Demirkol, 2008). Contrast enhanced echocardiography and MRI 

can also be used to evaluate perfusion and respectively the patency of microvasculature, 

reflecting viability (Camici et al., 2008; McLean et al., 2009) and the extent of scar or 

fibrotic tissue (Ibrahim et al., 2005; Judd et al., 2005). Newer techniques such 
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electromechanical mapping (NOGA mapping system) (Fuchs et al., 2001; Gyongyosi et al., 

2001; Keck et al., 2002) and strain and strain rate imaging (echocardiography-based) 

(Hoffmann et al., 2005; Miyasaka et al., 2005) are used to asses myocardial viability. In the 

experimental setting, labelled microspheres are commonly used to evaluate perfusion at a 

given time point (Prinzen & Bassingthwaighte, 2000).  
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Imaging technique Detects 

Cell viability  
 

SPECT 
• 201Tl 
• 99mTc tracers 

 
Perfusion & cell membrane integrity 
Perfusion, cell membrane/mitochondrial integrity 

18F-FDG PET Glucose utilisation and transporter integrity  

Contrast enhanced echo Perfusion & microvasculature patency  

Contrast-enhanced MRI Perfusion & absence of cell membrane integrity 

Electromechanical mapping  Electrical and mechanical activity of cells 

Contractile Reserve   

Dobutamine stress echo Improved function after inotropic stimulation  

Dobutamine MRI Improved function after inotropic stimulation 

Strain rate echo Deformation of the myocardium  

LV morphology 
  

Echo  

MRI  
 

Table 1: Most common imaging techniques used to detect myocardial viability
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 General principles of PET  1.4.1.

Positron emission tomography is a nuclear imaging technique considered the gold 

standard for non-invasive measurement of myocardial perfusion and viability. It uses 

isotopes that decay by emitting a positron and a neutrino. The positron travels a short 

distance in the tissue interacting with electrons until it has lost enough energy to 

annihilate with one single electron. This results in the emission of two 511-kev gamma 

photons 180° apart that are detected in coincidences by a ring of detectors on the PET 

camera. An image reconstruction algorithm is then applied to the signals, and 

radioactivity distribution information is retrieved (Townsend, 2004; Bengel et al., 2009). 

Hence, the principle of PET is to follow radiolabelled probes (tracers) as they travel and 

are metabolised in the body. Information on perfusion, glucose and fatty acids 

metabolism can be obtained from PET imaging by using the appropriate tracer.  

 Perfusion imaging 1.4.2.

Myocardial perfusion imaging is an important clinical tool to detect impaired 

coronary blood flow caused by narrowing of coronary arteries. Information retrieved rom 

it provides precious information on regional myocardial blood flow (MBF), which in turn 

can orient therapy to delay or reverse the development of atherosclerosis, to medically or 

surgically treat symptoms of ischemia and to prevent future events and improve patient 

survival (Dilsizian et al., 2009).   

The ideal tracer to evaluate perfusion would distribute in the myocardium 

proportionally to myocardial perfusion, have a high first pass extraction ratio with only 

minimal washout from the cells and eliminate rapidly from the muscle to allow serial 
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imaging. Although no tracer combining all previous characteristics is available,13N-

ammonia (13N-NH3) is well suited to measure relative and absolute myocardial perfusion 

(Schelbert et al., 1981; Khorsand et al., 2005). From the blood where it is injected, 

ammonia first travels to the interstitial space. It then either passively diffuses across cell 

membranes or is actively transported into cardiomyocytes by the Na+/K+ pump. Once in 

the cells, ammonia can be retained as 13N-glutamine or can diffuse back into the blood 

(Schelbert et al., 1981). The cellular uptake of ammonia depends on myocardial blood 

flow, extraction ratio and retention rate. Ammonia’s first pass extraction ratio from the 

blood is over 90% (Klein et al., 2010a), but decreases as MBF augments: it is inversely 

and non-linearly related to MBF (Schelbert et al., 1981). Based on the uptake and 

retention characteristic of the tracer, a kinetic model is developed to describe the 

exchange of tracer between the blood and the cells, thereby approximating absolute 

myocardial perfusion in millilitres per minute per gram of tissue (ml/min/g) (DeGrado et 

al., 1996; Khorsand et al., 2005). The absolute quantification of myocardial blood flow 

achievable by PET is certainly advantageous for patients with multiple vessel disease 

where global perfusion defect can hinder the detection of locally impaired perfusion 

(Parkash et al., 2004).  

To assess the ischemic status of the myocardium a rest and a stress scan are 

performed together. Because of the short physical half-life of PET tracers (13N-NH3: 9.8 

min (Nitzsche et al., 1996)) and the requirement for perfect anatomical match between 

rest and stress images, pharmaceutical stress agents instead of exercise are used. 

Coronary dilators such as adenosine and dipyridamole increase MBF in normal arteries, 

but only do so moderately in stenosed arteries (Ali Raza et al., 2001). The ratio of stress 
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over rest MBF is myocardial flow reserve (MFR), an indicator of the vasodilation 

capacity of the arteries. Normal perfusion at stress typically rules out physiologically 

significant CAD and abnormal perfusion at stress suggests narrowing of the coronary 

arteries. If perfusion is restored at rest, reversible ischemia is present. On the other hand, 

if impaired perfusion persists at rest, there is irreversible damage to the myocardium 

(Dilsizian et al., 2009)  

 Metabolic imaging 1.4.3.

18F-fluorodeoxyglucose (18FDG)- PET (half life: 110 min (Fowler & Ido, 2002)) 

is considered the gold standard for myocardial viability imaging (Mari & Strauss, 2002). 

FDG is a glucose analogue that travels into the cells similarly to glucose. Upon its 

entrance into the myocytes, FDG is phosphorylated to FDG-6-phosphate and cannot 

undergo further metabolism. Because its rate of dephosphorylation is slow, FDG-6-

phosphate remains trapped in the cells and radioactive decay of 18F provides a strong 

signal for PET imaging. Absolute quantification of FDG uptake rate is possible, but not 

routinely done in the clinical setting because of high variability in regional glucose 

uptake between patients (Gerber et al., 2001). The quality of FDG images is largely 

dependant on FDG uptake by the cardiomyocytes, which in turn depends on the dietary 

and diabetic status and the severity of ischemia (Camici et al., 2008). Fasting state and 

glucose loading are used to drive FDG/glucose into the cells. However, in many patients 

the release of endogenous insulin does not induce maximal myocardial uptake of 

FDG/glucose (Iozzo et al., 2002). A euglycemic hyperinsulinemic (insulin clamp) has 

been developed and positively tested (Gerber et al., 2001). Glucose front load followed 
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by intravenous injection of insulin reduces plasma free fatty acids and causes a switch to 

glucose metabolism in insulin sensitive tissues. When FDG is injected, it is rapidly taken 

up by cardiomyocytes leading to better image quality. In addition to clinical use, this 

technique has been successfully used in pigs with hibernating myocardium (Fallavollita, 

2000).  

 Imaging the hibernating myocardium with PET 1.4.4.

Reduced myocardial perfusion at rest may reflect scarred or hibernating tissue. 

Myocardial perfusion imaging alone is therefore not sensitive enough to detect viable 

tissue from fibrous scar. When combined with metabolic imaging, PET can discriminate 

between normal, viable and scarred myocardium. In the healthy myocardium, normal 

perfusion and metabolism are present. In hibernating segments, cardiomyocytes switch 

from oxidative respiration to anaerobic glycolysis (Camici et al., 1989), increasing 

glucose uptake and leading to increased intracellular glycogen contents (Borgers et al., 

1993; Borgers & Ausma, 1995; Vogt et al., 2003). Because perfusion is reduced and 

viability maintained, hibernation appears as a perfusion-metabolism mismatch. In the 

same line, reduced perfusion matched to reduced metabolism indicates scar.  

 Microspheres 1.4.5.

Microspheres are considered the gold standard for MBF measurements in 

experimental studies. They are 15 !m particles that were initially radioactively labelled 

but that are now coloured or tagged with a stable isotopes (Reinhardt et al., 2001). Upon 

their injection into the left atrium, microspheres uniformly mix with the blood in the 
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ventricle and travel into the coronary arteries and capillaries within the blood volume. On 

their first passage after injection, they get trapped into arterioles and capillaries with a 

diameter inferior to 15 !m, thereby providing information on MBF at a given time 

Absolute MBF is calculated based on the number of microspheres in a tissue sample, 

relatively to their number in a reference blood sample drawn at a known rate. (Heymann 

et al., 1977). ILM of different isotopic mass are available, allowing serial measurements 

of perfusion. 

 Echocardiography and dobutamine stress echocardiography 1.4.6.

Basic echocardiography is used to evaluate LV morphology, which is important 

when evaluating the potential of recovery post revascularisation. For instance, patients 

with severely dilated LVs (Bax et al., 2004), high left ventricular end-systolic volume 

(Bax et al., 2004; Schinkel et al., 2004) or decreased wall thickness are less likely to 

show improved function after revascularisation. Other parameters such as LVEF, FS and 

regional wall motion can be derived from echocardiography and used to assess basic 

heart function. 

Dobutamine stress echocardiography is a well-recognized method to assess 

myocardial viability. It is based on the heart’s response to positive inotropic agents that 

can transiently reverse dysfunctional contractility, such as dobutamine. A typical biphasic 

response is observed when viable myocardium is present: under low dose dobutamine 

infusion, segments with an abnormal wall motion react and contract better, leading to an 

improved contractile reserve. With a higher dobutamine dose a worsening in wall motion 
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is observed (Wu & Lima, 2003; McLean et al., 2009). This biphasic response is specific 

to viable tissue, such that scar tissue does not respond to inotropic stimulation.  

When used to predict regional recovery of function following revascularization, 

PET is the most sensitive method while DSE is the most specific one. When used to 

predict global recovery of function, PET had a higher sensitivity than DSE while no 

difference was observed in terms of specificity (Schinkel et al., 2007) 

 Stem cell vasculogenic therapies  1.5.

 Endogenous angiogenesis, vasculogenesis and arteriogenesis 1.5.1.

Angiogenesis, vasculogenesis and arteriogenesis are the three processes 

responsible for the growth of new blood vessels. Angiogenesis denotes the sprouting of 

newly formed capillaries from the sides and ends of pre-existing vessels via proliferation 

and migration of mature pre-existing endothelial cells (ECs). Vasculogenesis consists in 

the formation of new vasculature from an avascular structure via in situ migration, 

proliferation, differentiation and/or incorporation of bone marrow (BM) derived 

progenitor cells into the foci of neovascularization. Initially thought to be restricted to 

embryonic development, vasculogenesis is now accepted to participate in post-natal 

neovascularization. Arteriogenesis refers to the remodelling of pre-existing vessels 

resulting in new arteries (increased in size and calibre (Freedman & Isner, 2002)) 

possessing a fully developed tunica media (Post et al., 2001). It may result from the 

maturation of pre-existing collaterals in response to a supply-demand imbalance (Ruel et 

al., 2004) or de novo formation of mature vessels.  
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Under ischemic conditions, the natural tissue response is to stimulate an 

inflammatory process and increase the expression of pro-angiogenic factors in an effort to 

reduce ischemia. In the heart, this response pathway involves the hypoxia-inducible 

transcription factor HIF-1!. In normoxia, HIF-1! is expressed at high levels and 

continually degraded; in hypoxia, its degradation is inhibited leading to its accumulation 

and ultimately transcriptional activation of target genes such as vascular endothelial 

growth factor (VEGF) (Semenza, 2007; Krenning et al., 2009; Kim et al., 2011), stromal 

derived factor-1 (SDF-1) (Semenza, 2007; Krenning et al., 2009), and angiopoietins 

(Semenza, 2007). The SDF-1!/ CXCR4 axis is one of the most potent triggers for 

mobilisation of progenitor cells from the BM. In vitro studies revealed a dose-dependant 

effect of SDF-1 on bone marrow cells (Yamaguchi et al., 2003), and in vivo studies 

confirmed the importance of SDF-1 for recruitment, engraftment (Askari et al., 2003; 

Yamaguchi et al., 2003) and retention of BM cells in the ischemic myocardium.  

Progenitor cells recruited from the BM secrete cytokines and growth factors 

(Kamihata et al., 2001; Ii et al., 2005; Miyamoto et al., 2007), creating a pro-angiogenic 

environment and setting the stage for further sprouting of new blood vessels through 

angiogenesis. The initial steps of this process consist of the vasodilation of existing 

vessels and an increase in capillary permeability. This results from rearrangements in cell 

membrane structures and redistribution of intercellular proteins such as platelet 

endothelial cell adhesion molecule (PECAM-1) and vascular endothelial (VE)-Cadherin. 

Mainly mediated by nitric oxide (NO) and VEGF, it is followed by extravasation of 

plasma proteins, a process induced by VEGF but tightly regulated by angiopoietin 1 

(Ang1; a natural anti-permeability factor and ligand for the endothelial receptor Tie2 
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(Thurston et al., 1999)). Detachment of smooth muscle cells and degradation of the 

extracellular matrix is mediated by Ang2, (an inhibitor of Tie2 signalling and antagonist 

of Ang1 (Suri et al., 1996; Maisonpierre et al., 1997)) and metalloproteinases. 

Interestingly, CD14+ monocytic cells also appear to drill tunnels in the extracellular 

matrix, potentially serving as a template for capillary formation. These tunnels contain 

erythrocytes and are lined with CD14+ cells that are later replaced by Tie-2+ BM derived 

progenitors or mature ECs (Moldovan et al., 2000; Anghelina et al., 2006). As physical 

barriers are removed and inter-endothelial cell contacts relieved, ECs proliferate and 

migrate to distant sites (Gale & Yancopoulos, 1999), stimulated by the liberation of 

endogenous growth factors trapped in the matrix and released following its degradation 

(Conway et al., 2001). ECs then assemble into tubules, acquire a lumen and re-express 

adhesion molecules such as VE-cadherin. Once the vessel has assembled, ECs become 

remarkably resistant to apoptosis and are quiescent with a very low turnover rate. These 

newly formed capillaries can either remain dormant or continue to develop into a mature 

functional vessel.  

 General principles of progenitor cell therapy 1.5.2.

Progenitor cell therapy is a recent area of research that emerged from the 

discovery of the proliferative and differentiation capacity of stem cells. In the context of 

myocardial regeneration, the revelation that the heart was not a post-mitotic organ opened 

a new and promising area of research. The heart, in fact, possesses intrinsic repair 

mechanisms that involve proliferation of cardiomyocytes (although limited) (Beltrami et 

al., 2001), homing of BM derived progenitor cells (following an ischemic injury) and 
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action of resident cardiac stem cells. Following an injury, this natural response is not 

sufficient to fully recover the myocardium and must be supplemented with an outside 

intervention to increase chances of recovery (Kodama et al., 1996). Hence, the concept of 

cell therapy is to repopulate the myocardium with myogenic cells to restore the 

contractile function of the heart and/ or angiogenic cells to restore the vasculature. 

Transplanted cells can survive in the ischemic tissue, regenerate the vasculature, improve 

cardiac function and prevent LV remodelling. It was initially believed that cells improved 

function by transdifferentiation into cardiomyocytes or restored perfusion by 

incorporation into the vasculature. However, findings from additional studies showed that 

1) only a small amount of cells really transdifferentiated to cardiomyocytes (Jackson et 

al., 2001), if any (Balsam et al., 2004; Murry et al., 2004); 2) functional improvement 

following transplantation was visible after only 72h which cannot be attributed to 

regeneration induced by injected cells (Gnecchi et al., 2006); and 3) only a small portion 

(1-10% (Hou et al., 2005; Bartunek et al., 2009)) of cells survived past 12h, whereas 

benefits of stem cell therapy were sustained longer (Gnecchi et al., 2006). The current 

belief is that a paracrine mechanism mediates transplanted cells’ effects, as it was shown 

that they can recruit host angiogenic cells (Kocher et al., 2001), modify the local 

environment to induce the release of additional cytokines (VEGF, Ang-1, SDF-1) by the 

host tissue (Cho et al., 2007), prevent apoptosis of host cardiomyocytes (Uemura et al., 

2006) and prevent matrix degradation and adverse remodelling (Fedak et al., 2005; 

Formigli et al., 2007). 
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 Endothelial progenitor cells as vasculogenic mediators 1.5.3.

The endothelial progenitor cell (EPC) is a bone marrow derived cell first 

identified in 1997 by Asahara et al. (Asahara et al., 1997). They observed that the CD34 

enriched fraction of BM mononuclear cells (MNC) had the ability to differentiate to ECs 

in vitro. Rapidly, these cells were extensively studied, which led to confusion on the 

definition and characteristics of EPCs. When used in the broad term, EPC refers to a 

population of circulating cells that promote revascularisation in ischemic, hypoxic or 

injured tissue, and that closely relates to various diseases. A number of protocols have 

been used and claimed to isolate the so-called EPC population. They consist of either the 

direct isolation of CD133, CD34 and VEGFR-2 triple positive cells (Peichev et al., 

2000), or the ex vivo culture of the mononuclear fraction of peripheral blood (PB) and 

subsequent EPC isolation. However, the true EPCs are circulating cells that have the 

ability to clonally give rise to a progeny capable of forming endothelial tubes in vitro and 

spontaneously contribute to the formation of functional endothelium in vivo (Lin et al., 

2000; Yoder et al., 2007; Melero-Martin et al., 2008). These true EPCs form colonies 

after 7-21 days in culture, and are therefore referred to as endothelial colony forming 

cells (ECFCs). Only one single protocol yields ECFCs (Hirschi et al., 2008).   

When MNCs are plated on fibronectin for a short period (4-9 days), the adherent 

population was shown to actively contribute to neovascularisation and to be related to 

certain disease states. Because these cells are not true EPCs, they are often referred to as 

circulating angiogenic cells (CAC) (Rehman et al., 2003). CACs constitute a highly 

heterogeneous cell population, encompassing cells that express endothelial markers 

(VEGF receptor 2; (VEFG-R2), CD34, von Willebrand factor (vWF); endothelial nitric 
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oxide synthase (eNOS), VE-Cadherin, etc.), but that also co-express markers suggestive 

of a hematopoietic origin (CD45, CD14, CD115) (Prater et al., 2007). Nevertheless, these 

CACs play an important role in pathogenesis and prognosis of cardiovascular diseases. 

Increased numbers are associated with improved vascular function and recovery 

following a cardiac event (Lev et al., 2005; Steiner et al., 2005), whereas reduced 

numbers and migratory potential are observed in patients with CAD (Vasa et al., 2001). 

There is, in addition an inverse correlation between the number of CACs and combined 

CAD risk factors (Hill et al., 2003). In fact, patients with higher levels of CACs have a 

decreased risk of cardiovascular death, revascularisation or hospitalisation (Werner et al., 

2005).  

Similarly to their endogenous behaviour, transplanted CACs can migrate into the 

ischemic myocardium and contribute to revascularisation mainly through their paracrine 

effects. When injected into the coronary circulation, only 3-5% (Hou et al., 2005; 

Penicka et al., 2005) of cells home to the area of ischemia, whereas early retention rates 

are higher with direct intramyocardial or transendocardial injection (up to 11% (Hou et 

al., 2005)). CACs have been used in a number of pre-clinical animal studies including 

rodent models of hind limb (Kalka et al., 2000) and myocardial ischemia/ infarction 

(Kawamoto et al., 2001; Suuronen et al., 2007; Schuh et al., 2008). In both cases, 

neovascularization was observed, and improved left ventricular function with reduced 

infarcted size was achieved in models of infarcted myocardium.  

Two groups have investigated the therapeutic effect of CACs (referred to as EPCs 

in the articles) in swine ameroid constrictor model. In light of the lack of consistency in 

EPC characterization and definition, the two studies used distinct culture protocols. 



 20 

Kawamoto et al. (Kawamoto et al., 2003) first isolated the CD31+ fraction of MNCs 

using the MACS beads selection method, and further cultured them on non-coated dishes 

to remove adhesive macrophages. The non-adhesive CD31+ cells (NA/CD31+) were 

considered as the EPC enriched fraction. The CD31- cells (NA/CD31-) were treated 

similarly and served as a negative control. In vivo, NA/CD31+ but not NA/CD31- were 

successful in reducing the ischemic area and increasing angiography Rentrop scores, 

LVEF and capillary density. Chen et al. (Chen et al., 2009b) isolated EPCs using the 

protocol of selective adhesion on fibronectin. MNCs were plated on fibronectin-coated 

dishes, non-adherent cells were removed after 4 days and cells were further expanded in 

vitro. EPCs were then genetically modified to express fibroblast growth factor 1 (FGF-1; 

Td/FGF-1-EPCs). In vitro, Td/FGF-1-EPCs showed increased viability, migration and 

tube formation, and secreted FGF-1 for at least 21 days after transduction. In vivo, their 

transplantation reduced rest myocardial perfusion defect evaluated by SPECT and yielded 

increased vessel density. Non-modified EPCs did not yield any improvement. 

 Limitations to progenitor cell therapy 1.5.4.

Although being very promising, progenitor cell therapy faces many limitations 

and questions that need to be addressed to obtain optimal benefits. In the past ten years, 

many cell types have been evaluated in animal or clinical studies. Total BM-MNC were 

the first to be used in a clinical setting: despite promising pre-clinical evaluation, only 

modest benefits were obtained clinically (Abdel-Latif et al., 2007; Wen et al., 2011). 

Selected populations like CD34+ hematopoietic stem cells or mesenchymal stem cells 

were also tested in the clinical setting, yielding similar results to total BM-MNC. More 
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recently, induced pluripotent stem cells (iPS) and resident cardiac stem cells (CSC) were 

shown to be suitable for angiogenic therapies in animal models (Beltrami et al., 2003; 

Wang et al., 2006; Bearzi et al., 2007; Gonzales & Pedrazzini, 2009). Early stage clinical 

trials addressing safety and feasibility (clinicaltrials.gov: NCT00474461) and Phase I 

randomized dose escalation trials (clinicaltrials.gov: NCT0089336) are underway for 

CSC. Nevertheless the ideal cell type, if it exists, remains to be identified. Similarly, the 

ideal cell concentration and number is unknown, as well as the ideal time for 

transplantation (Kuraitis et al., 2010). Stem cell therapy also faces the presence of 

dysfunctional progenitors and pathologies such as endothelial dysfunction that can alter 

the status of autologous progenitor cells. To counter this limitation, current research aims 

at genetically modifying cells (Penn & Mangi, 2008) to express angiogenic factors such 

as FGF-1 (Chen et al., 2009b) or angiopoietin-1 (Chen et al., 2009a). As previously 

discussed, low viability and engraftment after transplantation urges the discovery of new 

strategies to prevent relocation and apoptosis of injected cells.  In this regard, the use of 

tissue engineering by combining implantable biomaterials with easily available 

circulating angiogenic progenitor cells is promising. 

 Enhancing progenitor cell delivery with hydrogels 1.6.

 General principle 1.6.1.

As previously described, progenitor cell therapy is hindered by low survival and 

engraftment of transplanted cells. One additional limitation is the migration of delivered 

cells to non-target sites (Suuronen et al., 2008), potentially favouring the growth of 

unwanted tissues in unwanted locations. Tissue engineering through the use of 3 
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dimensional (3D) biomaterials has the potential to enhance cell therapy particularly by 

increasing survival, retention, and function of transplanted cells. The general concept of 

tissue engineering in stem cell therapy is to combine cells and 3D constructs to enhance 

and direct cell culture, or to use as a vehicle for transplantation, ultimately aiming at 

improving regeneration of damaged tissues. Ideally, the 3D material should mimic the 

extra-cellular environment it is intended to replace (de Mel et al., 2008). It should also 

attempt to match the host tissue mechanical properties and provide structural and 

mechanical support during regeneration. In addition, it should enhance cell adhesion and 

survival as well as support the growth of new tissue. Engineered matrices are also 

required to be biocompatible (no rejection or induction of an adverse inflammatory 

response) and biodegradable (Jawad et al., 2008). Compared to synthetic materials, 

natural biomaterials have the advantage of being made of endogenous components, 

minimising negative host responses (Langer & Tirrell, 2004). In this regard, the use of 

biomaterials engineered with extracellular matrix or extracellular matrix components are 

of great interest.  

 Collagen-based matrices 1.6.2.

The extracellular matrix (ECM) of the heart is primarily composed of members of 

the collagen family, in particular collagen I, III and IV. Both collagen I and III assemble 

into fibrils and maintain the structural integrity of the ECM. Collagen I accounts for 80-

90% of the total collagen in the heart and is an attractive molecule for tissue engineering 

involving regeneration. The arrangement of its fibres allows for the development of 

various pore sizes that are conducive to inward cell mobilisation. In addition, collagen is 
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adhesive to many cell types and provides a structure to the ECM and the engineered 

matrices as well as a scaffold for cells, preventing excessive stretching or slippage of 

cardiomyocytes (Hein & Schaper, 2001).  In vitro, collagen can support the adhesion and 

the proliferation of endothelial and smooth muscle cells (Boccafoschi et al., 2005). 

When used in regenerative studies, collagen-based matrices were shown to 

improve LV function (Kutschka et al., 2006) and capillary density (Huang et al., 2005), 

enhance the survival of transplanted cardiomyocytes as evidenced by bioluminescence 

(Kutschka et al., 2006), and reduce the relocation of transplanted cells (Dai et al., 2009).  

Our group has used a collagen I hydrogel supplemented with chondroitin sulfate. 

Hydrogels are defined as hydrated 3D networks. They can respond to various stimuli and 

gel upon their interaction/exposure in vivo. These include pH changes, ionic cross 

linking, crystallisation or temperature change (Wu et al., 2009). Thermosensitive 

hydrogels such as the ones used by our group are liquid upon injection and solidify when 

exposed to physiological temperature. This allows initial dispersion of the matrix within 

the target tissue followed by entrapment of the delivered cells, preventing cell loss to 

non-target sites. Our matrix was successfully used to deliver CACs and improve their 

incorporation into vascular structures (Suuronen et al., 2006a), as well as enhance their 

retention within the target tissue (Zhang et al., 2008). Recently, in vitro work showed that 

culture of PB-MNC on our matrix yielded a highly potent angiogenic population 

(Kuraitis et al., 2011). Finally, the development of a collagen-based matrix containing 

sialyl LewisX, a ligand for L-selectin enhanced the mobilization of endogenous CACs, 

and the recruitment of both endogenous and transplanted cells, increasing arteriole 

density and perfusion (Suuronen et al., 2009) in a rat model of hindlimb ischemia.
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 Objectives and Hypothesis 1.7.

 Objectives 1.7.1.

The objective of this research was to better characterise the angiogenic and repair 

potential of autologous CACs and the additional benefits conferred by their delivery 

within our collagen-based matrix in a relevant pre-clinical swine model of myocardial 

hibernation. In particular our objectives were to: 

1- Develop a swine model of myocardial hibernation by placement of an ameroid 

constrictor around the LCx, and validate this model by evaluating:  

a. Myocardial ischemia with PET and microspheres 

b. Glucose metabolism (hibernation) with PET 

c. LV function with echocardiography. 

2- Compare the angiogenic potential of CACs delivered in a collagen-based matrix vs. 

CACs alone vs. control, by evaluating: 

a. Myocardial blood flow at rest and stress with microspheres and PET 

b. Glucose metabolism and hibernation status (mismatch scores; PET) 

c. LV function with echocardiography  

d. Arteriole density with immunochemistry (follow-up only) 

3- Compare absolute perfusion measured by PET and microspheres 

 

 

 

 



 25 

 Hypotheses  1.7.2.

Our hypotheses were that: 

 

1- Placement of the ameroid constrictor would create a stable model of myocardial 

ischemia and myocardial hibernation 

2- Delivery of CACs would: 

a. Improve myocardial blood flow 

b. Restore glucose metabolism (reduce mismatch) 

c. Improve LV function 

d. Increase arteriole density  

3- Delivery of CACs+matrix would yield greater improvements than CACs alone  

4- MBF measured by PET would be related to MBF measured by microspheres  
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2. MATERIALS AND METHODS 

2.1. General experimental sequence  

All experimental procedures were performed with the approval of the University 

of Ottawa Animal Care Committee in accordance with the National Institute of Health’s 

Guide for Care and Use of Laboratory Animals.  

Thirty-three 8- to 10-kg female Yorkshire swine underwent ameroid constrictor 

implantation around the LCx artery. Two weeks later, all pigs underwent: 1) blood 

harvest for CAC isolation; 2) transthoracic echocardiography, 3) rest dynamic 13N-NH3 

PET scan, 4) dipyridamole induced stress dynamic 13N-NH3 PET scan, 5) and rest 

dynamic 18FDG PET scan. The following week, animals were randomized to 

intramyocardial injections of phosphate buffered saline (PBS) alone (control; n= 10), 

CACs (n=8), or the combination of CACs + collagen-based matrix (n= 7). In the two 

groups that received cells, a mean of 32.7±3.9!106 cells was used. At the same time, 

microsphere analysis of MBF was performed at rest and under dipyridamole induced 

stress. All animals underwent a follow-up imaging and echocardiography session at week 

six. The following week (week seven), a final rest and stress microsphere MBF 

measurement was done and animals were sacrificed. The heart was harvested for 

histophathological analyses and microsphere counts (Figure 1). This study was designed 

in a randomized blinded fashion. Animals were randomly selected to receive one of the 

two treatments or the control injection, independently of any physiological parameter. In 

addition, analyses were performed by blinded observers, and study groups were only 

revealed upon completion of all analyses. 
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Figure 1: General experimental design 

Thoracotomy (Sx1) 

Ameroid constrictor  

Microsphere shadow labeling 

Imaging (baseline) 

Rest & stress 
13

N-NH3 PET 

 Rest 
18

FDG PET 

Echocardiography 

Withdrawal of 60 ml of blood 

Thoracotomy (Sx2) 

Rest & stress microspheres 

Treatment injection:  

PBS, CACs, CACs + matrix  

Imaging (follow-up) 

Rest & stress 
13

N-NH3 PET 

 Rest 
18

FDG PET 

 Echocardiography 

Sacrifice (Sx3) 

Rest & stress microspheres 

Tissue harvest 

 day 0 

day 15 

  day 21 

 day 42 

 day 48 



 28 

 Surgical procedure 2.2.

Pigs were anesthetised with a mixture of midazolam (0.5 mg/kg) and ketamine 

(11 mg/kg) and maintained with 0.75-3% isoflurane. This protocol was followed for the 3 

surgeries and 2 imaging sessions. Buprenorphine (0.03 mg/kg) was administered before 

and after surgery or as needed. Animals were intubated and mechanically ventilated at 

12-20 breaths per minute. At surgery one, a 4-5 cm left thoracotomy was performed. The 

pericardium was opened and the coronary groove exposed by retraction of the atrial 

appendage. The proximal LCx was carefully isolated and two vessel loops were placed 

around the artery (Figure 2A). Microsphere shadow labelling was performed during a 2-

minute occlusion of the LCx artery to identify the area supplied by the left circumflex 

artery. Following the 2 minutes, nitroglycerine was sprayed on the artery for vasodilation, 

and the ECG was allowed to normalise before proceeding. An ameroid constrictor (1.5-

2.0 mm; Research Instruments SW, Escondido, USA) was then inserted around the vessel 

upstream of the first marginal branch, and it was visually confirmed that the device did 

not acutely constrict the artery (Figure 2B). The ribs were brought together, the muscle 

layer was closed and the incision was closed with absorbable sutures in a subcuticular 

fashion. Three weeks after the first surgery, the animals underwent a second left 

thoracotomy via the original incision. The lateral wall of the heart was exposed to allow 

direct intramyocardial treatment delivery. A small incision was also made in the groin 

area, and a femoral artery catheter was inserted. Simultaneously to each microsphere 

injection in the atrium, an arterial blood sample was collected from the catheter for 

microsphere analyses. The femoral catheter was removed and the artery ligated. The 

incision was closed as described previously. Seven weeks after the first surgery, animals 
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were anesthetized and a median sternotomy was performed. Adhesions were dissected for 

direct access to the left atrium. Similarly to surgery 2, an arterial catheter was inserted 

into the femoral artery for microsphere reference blood sample harvest. Microspheres 

were injected in the left atrium under rest and dipyridamole induced stress while the 

reference blood sample was collected. Pigs were euthanized by exsanguination and the 

heart was harvested, washed under running water and sliced for microsphere and 

immunohistochemical analyses. Three sham animals underwent the same procedure with 

the exception of the insertion of the constrictor around the LCx. All subsequent steps 

were identical.  



 30 

 

 

Figure 2: The ameroid constrictor. During a left mini thoracotomy, the left circumflex coronary artery 
was isolated between two vessel loops (A) and an ameroid constrictor was inserted around the artery (B). 
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2.3. Circulating angiogenic cell isolation and culture 

Under sterile conditions, approximately 60 ml of arterial blood was harvested 

from a femoral artery branch and collected in ethylene diamine tetraacetic acid (EDTA)-

containing Vacutainers (Greiner Bio-One, North Carolina, USA). MNC were layered on 

Histopaque 1077 (Sigma-Aldrich, Oakville, Canada) and centrifuged for 30 minutes at 

800 ! g (2000 rpm). The plasma layer was removed, and the buffy coat collected. It was 

subsequently washed with washing buffer (1.5 ml foetal bovine serum (FBS); 2.5 ml of 

EDTA and 150 ml of PBS (Sigma Aldrich, Oakville, Canada) and centrifuged at 450 ! g 

(1400 rpm) for 10 minutes. The supernatant was removed and this washing step repeated 

twice. Following the last centrifugation, cells were resuspended in Endothelial Basal 

Media (EBM-2; Clonetics, Guelph, Canada) supplemented with EGM-2-MV-

SingleQuots (Clonetics, Guelph, Canada) and counted with an automated Vicell" Cell 

Viability Analyzer/Cell Counter (Beckman Coulter; Miami, USA) using the trypan blue 

exclusion method. Culture dishes were covered with approximately 2 ml of 0.1% human 

fibronectin for coating (Sigma Aldrich, Oakville, Canada). After 30 minutes, the 

fibronectin was removed and plates were washed 2 times with PBS. Approximately 20 

million MNC were plated on each fibronectin-coated dish. EGM (10 ml) was added to 

the dish, and cells were cultured for 6 days at 37°C with 5 % CO2 in a humidified 

atmosphere. After 4 days, non-adherent cells were removed by washing with PBS and   

10 ml of new media was applied. On the day of injection, culture media was removed and 

cells were incubated with 1 ml of 1% trypsin for 8 minutes at 37°C. The same amount of 

EGM was added to the plate to stop the effects of trypsin and cells were lifted from the 

culture plate by repetitive washes with PBS. They were brought to a pellet by 
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centrifugation at 450 ! g for 10 minutes. The supernatant was removed and CACs were 

resuspended in PBS. For the direct CAC injection, the pellet was resuspended in 3 ml of 

PBS. When mixed to the collagen matrix, cells were not resuspended and were directly 

added to 3 ml of matrix.  

2.4. Collagen Matrix Preparation  

Collagen-based matrices were prepared on ice by blending neutralised type I rat 

tail collagen (0.4% [w/v]; BD Bioscience, Oakville, Canada) with 20 % (w/v) 

chondroitin-6-sulfate. Glutaraldehyde (1.5%) served as a cross-linker and residual 

aldehyde groups were inactivated by the addition of glycine. The pH was adjusted to 7.2-

7.5 and cells were added to the preparation. Everything was kept on ice until injection; 

this preparation is liquid at 4°C but solidifies at 37°C.  

 Dipyridamole-induced stress protocol  2.5.

MBF measurements by microspheres and PET were performed under rest and 

stress conditions. Myocardial stress was induced by continuous injection of dipyridamole 

(0.56 mg/kg) over a 4-minute period. Exactly 4 minutes post total injection, 13N-NH3 was 

injected and the stress scan was started. In surgery, blood pressure was allowed to 

stabilise before injection of microspheres. Phenylephrine (10 µg/min – 60 µg/min; dose 

to effect) was administered as needed to prevent blood pressure drop (Fallavollita et al., 

2001). 
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2.6. Positron emission tomography  

All animals underwent PET to determine MBF flow and metabolism. This was 

performed 2 weeks following constrictor implantation (baseline) and 3 weeks after 

treatment administration (follow-up).  

 Imaging sequence 2.6.1.

Following an overnight fast, pigs were anesthetised, intubated, mechanically 

ventilated, and placed in a right lateral position on the bed in one of the following PET 

scanners: ECAT ART (Siemens), Discovery RX or 690 (General Electric) (Figure 3 B & 

C). A 12-lead ECG was used to monitor the heart (Figure 3A). Following a low-dose 

137Cs transmission (Townsend et al., 1999) or X-ray CT (Kemp et al., 2006) scan for 

attenuation correction (AC), each animal underwent rest and dipyridamole stress (0.56 

mg/kg) imaging with 13N-ammonia (20 min) (Burwash et al., 2008) and rest imaging 

with 18F-FDG (60 min) (Vitale et al., 2001) to obtain regional estimates of MBF 

(ml/min/g) and glucose uptake (MBq/cc) respectively. Each acquisition was dynamic and 

was separated by a 40 min period to allow decay of 13N-ammonia activity. For each scan, 

radiotracers were injected via an ear catheter using a syringe pump (infusion time 30 s; 

volume 10 ml), and all activity residuals were flushed from the intravenous line at the end 

of infusion using an additional 10 ml saline. The total activity injected was approximately 

200-550 MBq for ammonia scans and 150-300 MBq for FDG scans (dose by weight; 

approximately 15 kg at scan 1, and 40 kg at scan 2). To increase myocardial glucose 

uptake and image quality on the FDG scans, a euglycemic hyperinsulinemic clamp was 

used(Fallavollita, 2000). Following a 10 minutes 20% Dextrose front load (Baxter, 

Mississauga, Canada), insulin (Novolin®ge Toronto, Novo Nordisk, Mississauga, 
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Canada; dose = weight (kg)!0.25 IU in 50 ml of saline) was administered for 4 minutes 

at a rate of 48 ml/min. At the end of the 3rd minute, FDG was injected and the scan 

started. Insulin injection rate was lowered to 24 ml/min for 3 minutes and stabilised at   

12 ml/min for the rest of the scan. Insulin was stopped 10 minutes prior to scan 

completion. Glycaemia was closely monitored for the full length of the scan; adjustments 

were done by altering the rate of glucose administration (Figure 4). 
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Figure 3: PET scans. Animals were positioned in a right lateral position and a 12 lead ECG was used to 
monitor the heart (A). All animals were under anaesthetics and mechanically ventilated (B). Ten millilitres 
of tracer was injected for each scan using a Harvard pump. Tracer injection was followed by a 10 ml saline 
flush to prevent accumulation of radioactivity in the line. 
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Figure 1: 13N-NH3 and 18F-FDG image acquisition protocol.  
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 Image processing 2.6.2.

Images were processed using FlowQuant (Klein et al., 2010b) (Ottawa, Canada), 

our in-house developed program. For MBF quantification, time activity curves were 

derived from sampling regions of interest in the myocardium and LV cavity, base and 

atrium blood pools. The rates of 13N-NH3 uptake at rest and stress were quantified using a 

one-compartment model (DeGrado et al., 1996). Absolute MBF (ml/min/g) was 

quantified and reported according to a standard 17 segment-model (Figure 5) (Cerqueira 

et al., 2002).  

Mismatch analyses were performed by comparing relative NH3 and FDG uptake 

at rest, as previously described (Beanlands et al., 2002). Briefly, the LV was divided in 

460 sectors and each sector was expressed as a % of the maximum tracer uptake, defining 

perfusion and FDG scores. Mismatch (hibernating myocardium) is defined in a segment 

with reduced perfusion with FDG score > perfusion. A match defect representing scar 

tissue is defined in regions where FDG score ! perfusion (Schelbert et al., 2003). 

Mismatch and match scores were also reported following a 17 segment model. 
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Figure 5: Polar map representation of the left myocardium. The polar map is divided in 17 segments 
and each segment is attributed to one coronary artery. LCx: Left circumflex; LAD: Left anterior 
descending; RCA: Right coronary artery. 
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 Segment selection for MBF and viability analyses  2.6.3.

To evaluate the development of ischemia and hibernation 2 weeks after ameroid 

placement, the LCx territory (segments 5, 6, 11, 12 and 16) was systematically compared 

to the remote LAD region (segments 1, 2, 7, 8, 13, 14 and 17) in each animal. To study 

the effect of each treatment, 2 adjacent segments were selected and their average value 

was used. For rest MBF, stress MBF and MFR, the 2 adjacent segments with the lowest 

MBF at stress within the 5 LCx segments were selected. For the remote region, two 

adjacent segments with the highest stress MBF were selected among 6 LAD contralateral 

segments (no apex; 17). For metabolic analyses, the 2 adjacent segments within the LCx 

territory with the highest mismatch score at baseline were selected. Control segments 

were selected in the LAD territory (no apex; 17) based on the lowest mismatch score. The 

same segments were used for match analyses.  

 Echocardiography  2.7.

Rest transthoracic echocardiography images were acquired 2 weeks after ameroid 

constrictor implantation for baseline measurements of LV function, and 3 weeks after 

treatment administration for follow-up measurements. Standard parasternal long and 

short axis views, as wells as apical two and four chambers views were recorded with a 

Phillips Sonos 5500 ultrasound machine and analysed with Xcelera (Philips Healthcare, 

Andover, USA). From the M-mode measurements, LVEF was determined using the 

Teichholz method. Regional wall motion was evaluated by visual analysis of systolic 

thickening and reported following the 16-segment model recommended by the American 

Society of Echocardiography (Schiller et al., 1989). A normal or hyperkinetic segment 

was assigned a score of 1, hypokinetic: 2, akinetic: 3, dyskinetic: 4. Wall motion score 
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index (WMSI) was calculated by dividing the total wall motion score in each animal by 

the number of segments visualised (16).  

 Protocol for heart slicing  2.8.

Two 1.5 cm slices were cut at the midventricular level of the LV (Figure 6A). 

Each one was additionally sliced in 6 transmural sections starting from the anterior 

junction of the right and left ventricle (LAD territory). Samples were identified clockwise 

from 1 to 6 starting from the LAD. Only one septal segment was used; the rest of the 

septum and the right ventricle were discarded (Figure 6B). Approximately 1g of tissue 

from each section were used for microsphere analyses. Samples from the LCx4 territory 

were collected, fixed in 4% paraformaldehyde for 24h and used for 

immunohistochemistry. The ameroid constrictor was harvested and immediately fixed in 

4% paraformaldehyde.  
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Figure 6: Heart preparation for microsphere and histology analyses. Following euthanasia, the heart 
was harvested for microsphere and histopathological analyses. Slices 1 and 2 were isolated (A) and cut as 
described in (B). For microsphere analyses, sections of approximately 1g were collected from all 6 
territories and dried in a 60°C oven for 24h. For histopathological analyses, sections from the LCx4 
territory were collected and fixed in 4% paraformaldehyde for 24h. 
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2.9. Myocardial blood flow determination with microspheres 

MBF was assessed at surgeries 2 and 3 by using isotope-labelled microspheres 

(ILM; BioPAL, Worcester, USA). A total of 12.5 million ILM of different isotopic mass 

were used for each measurement. For accurate MBF measurements, a minimum of 400 to 

600 microspheres is required per tissue segment. The number of microsphere (Y) was 

calculated using the following formula: Y = (1.2 ! 106) + (1.9 ! 105 ! mass of subject’s 

(kg)) (Buckberg et al., 1971; von Ritter et al., 1988). However, because blood flow was 

reduced through the LCx, a higher number of microspheres was injected to ensure a total 

of 400-600 microsphere per tissue sample. 

 At the time of ameroid placement, 12.5 million ytterbium-labelled microspheres (15 "m) 

were injected in the left atrium over 30 seconds during temporary occlusion of the LCx to 

determine the myocardial area supplied by this artery (shadow labelling) (Figure 7A). For 

MBF determination, 12.5 million microspheres (15 "m) were injected in the left atrium 

over 30 seconds while a reference blood sample was drawn from the femoral artery at a 

rate of 8 ml/min. Lutetium and europium-labelled microspheres were used during the 

second procedure to determine MBF at rest and stress respectively, 3 weeks after ameroid 

placement. Lanthanum and samarium-labelled microspheres were injected during the 

final surgery to respectively evaluate follow-up MBF at rest and stress (Figure 7B). 

Following euthanasia, the heart was harvested and 12 circumferential transmural left 

ventricle samples (approximately 1g) were collected, weighed and dried for 24h in a 

60°C (see Figure 6). Each tissue and blood sample was exposed to neutron beams and 

microsphere densities were measured in a gamma counter. Assuming that microspheres 

were uniformly mixed in the atrium and that complete entrapment of microspheres in the 
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heart’s capillary bed occurred during the first circulation, MBF was calculated using the 

following equation (Ruel et al., 2003b): 

 

 

MBF(ml / min/ g) = withdrawal rate(ml / min)
weight tissue sample (g)

!
isotope counts(tissue sample)

isotope counts(reference blood sample)
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Figure 1: Microsphere protocol during surgery 1 (A), surgery 2 (B) and surgery 3 (C). The time line applies to surgeries 2 and 3.
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 Immunohistochemistry  1.1.

Following euthanasia, sections from the LCx (LCx4) and the LAD territory were 

collected, fixed with 4% paraformaldehyde for 24h, dehydrated and paraffin embedded. 

The tissue was sliced in 6 µm thick sections. Immunohistochemistry against !-smooth 

muscle actin (SMA) was performed to identify arterioles. The primary !-SMA antibody 

(Abcam, Cambridge, USA) was and used in conjunction with texas red (Vector, 

Burlington, Canada). Six pictures per slides were taken and vessels were counted by 2-

blinded examiners.  

1.2. Investigation of constrictor occlusion 

1.2.1. Computed coronary angiography 

The feasibility of computed tomography angiography (CTA) was investigated in 2 

animals. Pigs were prepared as per the normal protocol for PET scans and the animals 

were brought up to the PET/CT room properly anesthetised and under mechanical 

ventilation. The animals were placed on the PET/CT bed and appropriately positioned. 

Two scout CTs were first performed to locate the heart. To determine the optimal time to 

initiate the image acquisition, a timing bolus of contrast agent (Omnipaque 350, General 

Electric Healthcare, Mississauga, Canada) was injected at 4 ml/s (total of 40 ml) followed 

by a 20 ml saline flush at 4 ml/s. For CTA acquisition, 40 ml of contrast agent followed 

by 10 ml of saline were injected through an ear catheter at a rate of 4 ml/min, and a 

continual spiral scan was performed. Breath holds were simulated by turning the 

ventilator off for a period of 10 seconds. This was done for both scout CTs, the timing 

bolus scan and the actual image acquisition. 
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1.2.2. Ex-vivo CT scan  

Ex-vivo analyses were performed on 5 ameroid constrictors. The outer metal ring 

was removed and the constrictors were placed on the NanoSPECT/CT (Bioscan, 

Washington, USA) camera bed in a “lying” position. Coronal, sagittal and transverse 

views were acquired. Images were reconstructed with InVivoScope 1.43 (Bioscan, 

Washington, USA) and visually observed to qualitatively determine if the vessel was 

completely occluded or not. A notch was made in the casein to differentiate each 

extremity of the constrictor.  

1.2.3. Dissecting microscope 

Ameroid constrictors deprived of the outer metal ring were observed under a 

dissecting microscope. Picture of each extremity of the vessel were taken and the vessel 

was qualitatively evaluated as “open” or “closed”.  

1.2.4. Haematoxylin and Eosin histology (H&E) 

Following CT scan and visualisation under the dissecting microscope, the casein 

core of the ameroid constrictor was removed and the vessels were dehydrated, paraffin 

embedded and sliced for histology. Serial slicing was performed to examine the status of 

the vessel along its entire length. The three techniques used to investigate the occlusion 

of the constrictor were compared. 
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1.3. Statistical Analyses   

Results are presented as mean ± standard error. Statistical analyses were 

performed with Sigma Stat (Ashburn, VA). Paired Student t-tests were used to compare 

values between the affected and remote regions of the heart, and between baseline and 

follow-up. Comparisons between groups were done using a one-way analysis of variance 

(ANOVA) and two-sample Student t-test assuming equal variances. Significance was 

reported for p<0.05.    
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3. RESULTS 

A total of 25 animals survived and were used for analyses. In addition to those, 3 

pigs died during the first surgery, 1 died at induction of the first anesthesia, 2 died at PET 

during the first stress scan, and 1 died during the second stress scan and 1 died while 

during a CTA. All remaining pigs completed the study protocol. Unless otherwise 

specified, reported findings are for the LCx territory.  

 Myocardial ischemia and hibernation in the ameroid constrictor model  3.1.

Two and three weeks after ameroid placement, PET and microsphere analyses 

both showed a marked reduction in MBF at rest, MBF at stress, and MFR in the LCx 

territory, compared the left anterior descending (LAD) control region (Figure 1 and Table 

2). Mean mismatch and match scores were higher in the LCx than in the LAD region 

(9.07±1.81 vs. 3.24±1.14; p<0.001 and 7.24±1.27 vs. 3.81±1.05; p=0.002, respectively).  

Twelve pigs had more mismatch than match (Mismatch: 11.89±2.60 vs. Match: 

4.98±0.74; p=0.014), 6 out of the 18 had more match than mismatch (Mismatch: 

4.78±0.96 vs. Match: 11.44±3.01; p=0.041). The three sham animals had no perfusion 

defect at baseline under rest conditions (LCx: 0.92 ±0.09 vs. LAD: 0.92±0.09 ml/min/g 

p=0.95) but showed higher stress MBF in the LAD compared to the LCx (LCx: 

1.65±0.09 vs. LAD: 1.83±0.09 ml/min/g; p=0.02). However, MFR was not significantly 

different between the two territories (LCx: 1.84±0.25 vs. LCx: 1.97±0.19; p=0.31). 

Mismatch and match scores were low and did not differ between the two areas of the 

heart (Mismatch: LCx: 0.14±0.07 vs. LAD: 0.14±0.08; Match: LCx: 0.14±0.08 vs. LAD: 

0.13±0.12). 
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PET (n= 25)  Microspheres (n=20) 

 
LCx LAD p-value  LCx LAD p-value 

Rest 0.85 ± 0.04 0.95 ± 0.05 p<0.001  0.60 ± 0.07 0.72 ± 0.08 p=0.01 

Stress 1.15 ± 0.10 1.51 ± 0.13 p<0.001  0.74 ± 0.09 1.46 ± 0.16 p<0.001 

MFR 1.40 ± 0.11 1.62 ± 0.14 p<0.001  1.68 ± 0.27 2.42 ± 0.38 p=0.02 

 

Table 2: Absolute myocardial blood flow (ml/min/g) 2 weeks (PET) and 3 weeks (microspheres) after 
ameroid placement on the proximal LCx. 
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Figure 8: Myocardial ischemia and hibernation. Pooled averaged polar maps of all animals two weeks 
after ameroid placement on the LCx. Reduced resting MBF (A), reduced dipyridamole-induced stress MBF 
(B) and reduced MFR (C) were observed in the LCx territory compared to the LAD. Raw FDG uptake (D). 
Segments with maintained FDG uptake and reduced perfusion correspond to mismatch- hibernation (E), 
while segments with a matched reduction in perfusion and viability represent scar (F). 
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All animals instrumented with a constrictor except for 1 had at least 1 abnormal 

segment on echocardiography. The mean WMSI was 1.25 ± 0.04 and all abnormalities 

were located in the 6 segments representing the lateral, inferior and posterior walls. The 

mean LVEF was 56.39±1.43. The mean LVEF of the 3 sham animals was 62±1.53. 

 Effect of CAC transplantation on MBF measured by PET 3.2.

At baseline, there was no difference between groups in rest MBF (p=0.92), stress 

MBF (p=0.60) and MFR (p=0.33). Three weeks after treatment, rest MBF remained 

unchanged in all groups (Figure 9A), while stress MBF increased in the cells+matrix 

group only (0.74±0.12 to 1.09±0.11 ml/min/g; p=0.007) (Figure 9B). Similarly, MFR did 

not change in the control and cells groups (p=0.87 and p=0.86 respectively), while it 

significantly improved when cells were delivered within the matrix (from 0.91±0.1 to 

1.39±0.13; p=0.01) (Figure 9C).  

Changes in stress MBF varied between groups (p=0.04). The highest increase was 

in the cells+matrix group (+75.61±39.18%), which was significantly higher than PBS and 

cells (+4.61±7.65%; p=0.01). Likewise, the increase in MFR was greatest in the 

cells+matrix group (+68.53±30.46%), compared to PBS and cells (+7.55±10.54%; 

p=0.02). 
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Figure 9: Effects of CAC delivery on regional MBF measured by PET. Rest MBF (A), stress MBF (B) 
and MFR (C) in the affected region at baseline and follow up. Stress MBF and MFR were only improved 
when cells were delivered within the collagen matrix; *p<0.05.  
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 Effect of CAC transplantation on MBF measured by microspheres 3.3.

When comparing groups, only 17 pigs had baseline and follow-up measurements 

and were included in the analysis. Technical errors such as microsphere injection outside 

of the atrium or wrong rate of blood withdrawal are responsible for the incomplete 

dataset.  

There was no difference in rest MBF (p=0.42), stress MBF (p=0.84) and MFR 

(p=0.78) between groups at baseline. Under resting conditions, MBF remained 

unchanged in all treatment groups between baseline and follow-up (Figure 10A). Stress 

MBF increased from 0.84 to 2.18 ml/min/g (p=0.008) in the cells+matrix group, but did 

not change in a statistically significant manner in PBS (p=0.09) and cells (p=0.06) 

groups. At follow-up, stress MBF was significantly higher in the cells+matrix group 

compared to controls (2.18±0.35 vs. 1.09±0.1 ml/min/g; p=0.01) and cells (2.18±0.35 vs. 

1.15±0.23 ml/min/g; p=0.03). There was no difference between controls and cells 

(p=0.84) (Figure 10B). MFR did not significantly improve in any of the groups; 

however, there is a trend towards the highest increase in the cells+matrix group (Figure 

10C). 
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Figure 10: Effects of CAC delivery on regional MBF measured by microspheres. Rest MBF (A), stress 
MBF (B) and MFR (C) in the affected region at baseline and follow up. Stress MBF was improved only in 
the cells+matrix group and was higher at follow-up compared to the cells and to the PBS groups. There was 
no difference in follow-up MBF between the cells and the PBS group; **p!0.01 vs. baseline  
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 Effect of CAC transplantation on myocardial viability measured by PET 3.4.

Mismatch (p=0.88) and match scores (p=0.26) did not differ between groups at 

baseline. Three weeks after treatment, mismatch scores were significantly lower in every 

treatment group compared to baseline (Figure 11A). Match scores were significantly 

decreased only in the cells+matrix group (p=0.007) (Figure 11B). In the control group, 2 

pigs had a global reduction in mismatch paralleled by a global increase in match, 

suggesting progression from viable to scar tissue. At follow-up, mean mismatch scores 

were lower in the cells+matrix and cells groups compared to controls (respectively 

0.19±0.09 vs. 9.38±2.73, p=0.02; 1.06±0.7 vs. 9.38±2.73, p=0.04). 
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Figure 11: Effects of CAC delivery on myocardial viability. Mismatch was significantly reduced in all 
treatment groups; the most significant decrease occurred in the cells+matrix group. There was no difference 
between groups at baseline (p=0.88). At follow-up, mismatch was reduced in the cells and in the 
cells+matrix groups compared to baseline (A). Match was significantly reduced only in the cells+matrix 
group (B); *p!0.05 vs. baseline; **p!0.01 vs. baseline.  
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 Effect of CAC transplantation on LV function measured by echo 3.5.

From baseline LVEF, the cells+matrix group trended to show an increase in 

LVEF (+12.0±6.7%, p=0.06), which was not observed in PBS and cells alone groups 

(!0.10±2.81%) (Figure 12). Regional wall motion of the dysfunctional segments 

improved when cells were delivered within the matrix (p<0.05), but not in the cells alone 

(p=0.10) or PBS groups (p=0.2). 
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Figure 12: Effects of CAC delivery on LVEF. A trend towards an improvement in the cells+matrix group 
is observable.
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 Effect of CAC transplantation on arteriole density 3.6.

Cells+matrix treated hearts demonstrated greater arteriole number (10.86±1.27 

arterioles/field of view) in the LCx territory compared to cells-treated animals 

(6.28±0.92; p=0.01) and controls (4.25±0.64; p<0.001). Mean arteriole number did not 

differ between cells and PBS treated animals (p=0.08) (Figure 13). There was a strong 

positive correlation between follow-up microsphere MBF at stress and the number of 

arterioles in the LCx (r=0.7; p=0.008) and LAD (r=0.66; p=0.01) territories. 
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Figure 13: Effect of CAC transplantation on arteriole number at follow-up. Representative images of 
arteriole numbers in control (A), cells (B) and cells+matrix groups (C). Arteriole number was > 50% higher 
in the cells+matrix group compared to controls (D). 
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 Constrictor imaging 3.7.

CT images of the ameroid constrictor were clear and distinction between the 

casein core, the vessel wall and the vessel lumen was possible (Figure 14). Following 

qualitative analyses of the images, only 3/5 vessels appeared closed at one location along 

the length of the constrictor. The distinction between the casein core, the vessel wall and 

the vessel lumen was also clear in the pictures taken with the dissecting microscope 

(Figure 15 A & B). On H&E sections, the vessel walls, thrombi and collagen 

accumulation were clearly visible. A thrombus was observed in every vessel. Physical 

narrowing of the lumen was only visible in 3/5 animals (Figure 15 C & D), and these 

animals corresponded to the ones where the vessel appeared closed on CT images. 

Whether it was by physical narrowing of the lumen or formation of a thrombus, all 

vessels appeared closed after 7 weeks.  
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Figure 14: Ex-vivo CT evaluation of the ameroid constrictor. Images (A) and (B) are sagittal views of 
the ameroid constrictor. (B) and (D) are cross section images taken at the level of the line in the 
corresponding sagittal views. The vessel appears open in (B) whereas obstruction of the vessel is apparent 
in (D) 
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Figure 15: Ex-vivo evaluation of the ameroid constrictor. Images (A) and (B) were taken using a 
dissecting microscope. A longitudinal view of the vessel is shown in (A) and image (B) clearly shows the 
presence of a thrombus in the lumen. Pictures (C) and (D) are H&E stains of the LCx, 7 weeks after 
implantation around the artery. Mechanical compression of the vessel wall is clearly observed. A thrombus 
obstructing the vessel is visible in (C).  

C) D) 

A) B) 
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4. DISCUSSION  

In this study, we first induced and characterised a model of chronic myocardial 

ischemia and hibernation and subsequently used it to evaluate the benefit of CAC 

delivery on myocardial ischemia and hibernation.  

4.1. Ameroid constrictor model of chronic myocardial hibernation 

The first part of this study was to characterise the ameroid constrictor model of 

myocardial ischemia/hibernation with PET. To evaluate the effect of the ameroid 

constrictor on the LCx, this region was systematically compared to the non-affected 

(remote) LAD region. After 2 and 3 weeks of ameroid placement, there was a marked 

reduction in rest MBF in the affected region, which was more pronounced under stress 

condition, leading to an impaired MFR. The ameroid constrictor model has been 

extensively used to study the development of collaterals following a vessel occlusion. 

Reduced MBF at rest was also previously observed in the LCx endocardium after 3 

weeks (Roth et al., 1987; White et al., 1992) whereas other studies reported no difference 

between the 2 regions at 20 (Shen et al., 1996) and 26 days (Radke et al., 2006) 

respectively. These studies however reconcile as stress MBF and MFR are consistently 

diminished in the stenosed area compared to the control region (O'Konski et al., 1987; 

Roth et al., 1987; Roth et al., 1990; Radke et al., 2006). These findings were 

corroborated with our observations. In addition to myocardial ischemia, this model 

successfully demonstrated myocardial hibernation in a majority of animals and mismatch 

was predominantly present in the LCx territory, as expected. Hibernation was previously 

detected by dobutamine stress echocardiography (Almeda et al., 2004; Schneider et al., 

2007; Schneider et al., 2008) or NOGA LV electromechanical mapping (Kamihata et al., 
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2002) in this model, but we are the first ones to use PET in this setting. In contrast to 

dobutamine stress echocardiography that detects the contractile reserve of the heart (Wu 

& Lima, 2003; McLean et al., 2009), PET detects viability at the cellular level and shows 

higher sensitivity for detection of viable segments (Schinkel et al., 2007). Using this 

technique we also detected myocardial scar, which corresponds to regions with reduced 

perfusion and a matched reduction in viability. Previous studies have also reported 

scaring, ranging from ! 0 to 37% of the area at risk but these observations were limited to 

histological assessments (O'Konski et al., 1987; Roth et al., 1987; White et al., 1992; 

Almeda et al., 2004). Our PET scan data showed that the segments with reduced viability 

were adjacent to segments with maintained viability, which is consistent with the belief 

that hibernating myocardium is composed of normal, stunned, hibernating and scarred 

tissue (Hughes et al., 2001). One third of our animals had more match than mismatch; 

one possible explanation is that the closure of the constrictor is in fact not a gradual 

process. Although not specific to coronary artery constrictors, some researchers have 

noted that occlusion of the vessel can precede physical closure of the constrictor’s lumen. 

When implanted in the peritoneal cavity of rats, the inner diameter of constrictors was 

reduced by only 32% after 6 weeks (Adin et al., 2004). This suggested that physiological 

processes, such as thrombosis, rather than swelling of the hygroscopic material, are likely 

responsible for vessel occlusion. In addition to causing external compression of the 

vessel, ameroid constrictors also cause mechanical trauma that may lead to endothelial 

damage, platelet aggregation and thrombus formation, which in turn may result in 

inflammation and local fibrosis (Unger, 2001; Besancon et al., 2004), obstructing blood 

flow before physical closure of the vessel. In our case, some vessels had a reduced 
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diameter, whereas others did not. A thrombus with or without local fibrosis was however 

observed in every vessel analysed. When comparing histological and CT images, we 

noted that the vessels appearing closed on CT images corresponded to vessels with a 

smaller lumen on histology. On the other hand, vessels appearing open on CT images 

corresponded to vessels with un-compressed vessel walls but with luminal thrombus. 

This suggests that ex-vivo CT is not an ideal technique to determine the status of the 

vessel closure. An alternate solution could be an ex-vivo CT scan using contrast agents 

such as the ones used in CTAs. If the vessel were patent, dye would be observed distally, 

whereas no contrast would appear on CT images if the vessel were obstructed. We 

considered this technique but were unable to dissect a segment of artery proximal to the 

device, preventing successful injection of contrast agent.  

Echocardiography results showed the presence of wall motion abnormalities two 

weeks following constrictor implementation. These abnormalities were located in the 

inferior, posterior and lateral walls, with the most affected segments being in the 

posterior wall. No absolute correlation between the segments with impaired MBF and 

function was established in this study. The lack of standardisation between imaging 

modalities complicates the task of accurate inter-modality comparisons. Although PET 

and echocardiography are both used to image the LV, these modalities have evolved 

separately with respect to the orientation of the heart, the number and nomenclature of 

segments, and the attribution of segments to coronary arteries (Cerqueira et al., 2002). 

Previous work using either electromechanical mapping (Fuchs & Kornowski, 2005; 

Tuzun et al., 2009) or 2D strain and contrast echocardiography (Caillaud et al., 2010) 

reported correspondence between areas of reduced perfusion and reduced mechanical as 
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well as electrical function (Fuchs & Kornowski, 2005). Because no baseline 

echocardiography was done due to the already extensive protocol, it is difficult to 

evaluate whether there was a reduction in LVEF or FS. However, compared to sham 

animals that did not undergo ameroid constrictor placement, the mean LVEF and FS was 

reduced in instrumented animals, suggesting an impaired function after 2 weeks. In the 

literature, pre-constrictor LVEFs range from 65 to 69% and post-constrictor (4 weeks) 

LVEFs range from 33 to 46% (Ninomiya et al., 2003; Chen et al., 2009a), which is in 

agreement with our values.  

One limitation of this model is the irregular closure rate of the ameroid 

constrictor. Some studies report complete vessel occlusion after a period of 2 (Schneider 

et al., 2007; Schneider et al., 2008; Krause et al., 2009; Schneider et al., 2009) or 4 

(Fuchs & Kornowski, 2005; Robich et al., 2010) weeks, whereas others report 10/14 and 

3/22 constrictors occluded after 2-3 (Johnson et al., 2008) and 4 weeks (Chen et al., 

2009b) respectively. This variability may come from inaccurate evaluation of the 

constrictor’s size leading to an imperfect fit of the device around the vessel, or inter-

animal variation in the growth of the artery and local inflammatory response (Caillaud et 

al., 2010). Tuzun et al. (Tuzun et al., 2009) reported that after 30 days, the initial internal 

diameter of the ameroid constrictor (2.25-2.75 mm) did not affect the size of the ischemic 

area (NOGA) or coronary flow (TIMI grades). The degree of ischemia however depends 

on the general coronary anatomy and the initial amount of collaterals, the location of the 

constrictor on the artery (proximal or distal) and relative to side branches, the animal’s 

level of activity (Unger, 2001) and the animal’s inflammatory response to the ameroid 

constrictor (Sereda & Adin, 2005). Because adding coronary angiography to our protocol 
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was technically impossible, we investigated different in-vivo and ex-vivo techniques to 

determine the status of the ameroid constrictor. By opposition to conventional coronary 

angiography, CT angiography is a non-invasive procedure that necessitates only a 

peripheral intravenous access. In humans, optimal image quality is obtained when heart 

rate is reduced below 63 bpm (Husmann et al., 2011), but 65 bpm appears to be sufficient 

in pigs (Kumar et al., 2007; Shetty et al., 2008). In our animals, heart rates were 120 bpm 

and 110 bpm at the time of the scan, and administration of Metoprolol did not reduce 

heart rate. Nevertheless, the procedure was well tolerated by the first practice animal; 

images were of good quality and the artefact created by the outer metal ring of the 

ameroid constrictor did not prevent accurate evaluation of the coronary occlusion status. 

Unfortunately, the second pig did not tolerate this procedure and died during the CTA. To 

prevent any further deaths, it was decided not to pursue with CT angiography. As 

discussed above, the status of the constrictor was evaluated in 5 animals ex vivo and 

showed occlusion of the vessel in all cases. Although these results were encouraging and 

suggested a similar pattern in all animals, this investigation was performed at the end of 

the study rather than at the time of treatment injection, and only a subset of animals were 

tested. In this regard, the randomised blinded design of this study added considerable 

strength to the investigation. Randomisation was used to attribute by chance rather than 

by choice a treatment/control group to each animal. This process minimised the risks of 

biased treatment attribution and increased the chances of separating the population in 

comparable groups. For instance, while the status of the ameroid constrictor was 

unknown at the time of treatment administration, randomisation likely distributed all 

animals, regardless of the constrictor status, in similar ratios between groups, minimising 
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potential bias and variability between groups. Another strong point of this study is its 

blinded aspect. Every set of results for each animal was analysed in a blinded fashion and 

groups were revealed only upon completion of all analyses. This prevented bias while 

analysing the data and increased the power of this study significantly. 

 Delivery of CACs and matrix benefits 4.2.

This study is the first to demonstrate, in a preclinical model of hibernating 

myocardium, that the vasculogenic potential of transplanted CACs is greatly enhanced 

when cells are delivered in a biomaterial. In our opinion, this is important since 

myocardial hibernation is present in up to 50% of CAD patients (Schinkel et al., 2007) 

and over 1/3 of these may not get appropriate treatment (Beanlands et al., 1998). 

Consequently, the applicability of cell-based therapies is particularly relevant in this 

population, as early cell and biomaterial delivery may promote revascularization before 

irreversible damage to the myocardium occurs, in a context where currently available 

therapies are commonly not feasible.  

The combination of autologous angiogenic cells and naturally occurring 

extracellular matrix components successfully improved stress MBF and MFR in our 

study. Improved MFR suggests an increased response capacity to higher oxygen demands 

by recruitment or generation of new vasculature. Histological findings were also 

supportive of the enhanced benefits conferred by the matrix, as cell delivery in a matrix 

doubled the number of arterioles in the myocardium. These animals also displayed lower 

amounts of mismatch and match, suggesting a better recovery of myocardial viability 

following matrix delivery of CACs. This was paralleled with an improvement in wall 

motion and a strong trend towards an improvement in LVEF, despite the relatively small 
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area of hibernation, the early follow-up time-points, and the physiological and metabolic 

rather than functional emphasis of the experiments. Enhanced vasculogenesis was also 

noted and, in the presence of hibernating myocardium, may constitute an important 

mechanism of improved LV function in animals or patients undergoing successful cell 

therapy.  

Notably, the transplantation of cells alone was not successful in increasing MBF 

or reducing match scores. CACs play an endogenous role in tissue regeneration, and their 

contribution as transplanted agents has been established in small animal models of 

ischemia. Only two populations of progenitor cells from the PB have been used in large 

animals models of chronic ischemia. Non-adherent CD31+ cells improved Rentrop scores 

and capillary density, reduced the area of ischemia and improved LVEF. In our case, 

transplantation of CACs alone did not improve MBF or LV function. Similar results were 

found in another study using CACs, where only cells transduced to express FGF-1 

reduced the perfusion defect. We harvested blood 2 weeks following the insertion of the 

ameroid constrictor; at this time, myocardial ischemia was well established in all animals 

and myocardial hibernation was present in a majority of them, possibly impairing their 

function as it was observed in patients with CAD (Vasa et al., 2001). Cell viability is 

rarely reported in the literature, but one group using freshly isolated bone-marrow 

derived mononuclear cells reported a viability >95% (Tse et al., 2003), and another one 

reported a 70% viability of frozen mesenchymal stem cells the time of injection (Silva et 

al., 2005). In our case, cell viability averaged 84% and was similar between the two 

groups. Similarly, we injected on average 33 million cells, which is well within the range 

found in the literature (Kamihata et al., 2002; Chen et al., 2009b), although this dose 
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might be insufficient to observe benefits in this setting. A dosing study by Silva et al. 

(Silva et al., 2011) showed a trend towards higher capillary density with increased cell 

dose, and they also demonstrated that the local number of cells rather than the total 

number injected was a better predictor of increased capillary density and reduced fibrosis: 

when segments were injected with over 20 million cells, they had the highest capillary 

density and the lowest amount of fibrotic tissue. Considering that we injected a total of 33 

million cells in 12 different locations, it is possible that the local cell number was sub-

optimal to lead to increased vasculogenesis. In addition, it is well recognised that only 

small numbers of transplanted cells survive in the host tissue, which limits their effects. 

When delivered directly into the myocardium, retention rates vary between 1 and 11% 

(Hou et al., 2005).  Although much higher than systemic or intracoronary delivery (3-5% 

retention rates (Hou et al., 2005; Penicka et al., 2005)), the number of cells retained in 

the target area remains low with this technique. In this regard, our collagen-based matrix 

can improve cell retention and prevent excessive relocation of transplanted cells to non-

target tissues, (Zhang et al., 2008) and improve capillary density (Suuronen et al., 

2006b).  

Collagen is a ubiquitous molecule of the ECM that is adhesive to many cell types. 

Its structure allows for integration of CACs within its pores, thereby increasing their 

retention. As discussed above, collagen can be formed into thermosensitive hydrogels 

used for cell delivery. Upon their delivery, hydrogels can take the shape of the tissue 

before solidifying and entrapping cells. Collagen-based matrices can also be used as a 3D 

environment for in-vitro cell culture. Recent work from our lab has demonstrated that the 

culture of CACs on a collagen-based matrix can enhance their function (Kuraitis et al., 
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2011). First, these cells showed greater survival upon exposure to hypoxia. The PI3K/Akt 

pathway is known to increase resistance to apoptosis (Dai et al., 2008), and increased p-

Akt concentrations were observed in the cells cultured on the collagen matrix. This 

demonstrated increased activation of survival pathways, which correlated with increased 

survival in hypoxic conditions. In addition, the activation of the Akt pathway was shown 

to increase transendothelial migration of CACs (Hur et al., 2007). Greater migratory 

potential into basal membrane in response to chemotactic stimulus was also observed in 

cells cultured on the matrix, as well as greater in-vitro contribution to capillary-like 

structures when co-cultured with ECs. Although in our study CACs were cultured on 

fibronectin and only delivered with the collagen matrix as a vehicle, these results might 

provide insights into the mechanisms leading to the greater contribution to regeneration. 

It is possible that interaction of CACs cultured on fibronectin with the collagen matrix 

leads to similar changes in CACs, preventing apoptosis of the cells when exposed to the 

ischemic environment of the damaged heart, increasing migration of cells towards the 

heart’s extracellular matrix and increasing their contribution to the formation of new 

capillaries.  

The exact mechanisms explaining the benefits conferred by transplantation of 

therapeutic cells remains to be confirmed. Mounting evidence suggests a paracrine 

contribution of the transplanted cells, secreting pro-angiogenic factors as well as 

contributing to an up-regulation of host derived cytokine secretion. The increased 

retention and viability of cells when delivered via the collagen matrix may provide 

prolonged paracrine effects. In addition, collagen itself is a highly adhesive molecule to 

many cell types, and its injection alone was shown to improve LVEF in infarcted rat 
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myocardium (Dai et al., 2009). When injected into the ischemic hindlimb of rats, 

vascularisation of the matrix was observed with and with out cells, suggesting inherent 

properties of the matrix to promote revascularisation (Suuronen et al., 2006b). In 

addition, biomaterials can be enhanced by incorporating adhesion molecules (Suuronen et 

al., 2009) or coupled with delivery of growth factors, which were also shown increase 

vascular regeneration.  

 Microsphere vs. PET measurements  4.3.

In this study, we used two different techniques to evaluate absolute MBF: PET 

and ILM. We have shown that microsphere and PET data behaved similarly although no 

direct correlation was reported. Excellent relationship between the two techniques was 

not expected, but a closer association could have been hoped for. In our study, MBF 

measured by microspheres was systematically lower that MBF measured by PET. At 

baseline both techniques showed a similar decrease in rest and stress MBF and MFR. 

Resting flow values measured by microspheres were within ranges found in the literature 

2 weeks after constrictor placement (0.44 ml/min/g to 0.79 ml/min/g (Sato et al., 2001; 

Ruel et al., 2003a; Ruel et al., 2003b; Boodhwani et al., 2006; Boodhwani et al., 2008a; 

Boodhwani et al., 2008b)). When comparing follow-up results divided by groups, PET 

and microsphere data behave similarly. Under stress conditions, both techniques showed 

the highest MBF increase in the cells+matrix group. MFR was significantly increased in 

the cells+matrix group using PET but not microspheres; however, a trend towards the 

highest increase in the cells+matrix group was observed with microspheres.  

A number of reasons can explain these differences in absolute MBF. First, 

microspheres were injected into the atrium over 30 seconds, while a reference blood 
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sample was simultaneously drawn from the femoral artery branch. Because the injection 

of microspheres was done manually, timing or rates of injection varied. In addition, if 

microspheres are not properly mixed in the atrium before travelling to the tissue or are 

not completely extracted on their first circulation, inaccurate measurements can be 

obtained (Heymann et al., 1977). The second limitation involves the protocol used to 

slice the heart and collect samples for measurements. As described in the materials and 

method section, samples were collected from only 2 cross-sectional slices, which were 

further divided in 6 segments, completely omitting the septum. Twelve sections were 

therefore considered for analysis, but only 1 gram of tissue out of each section was used 

for microsphere counts. The counts obtained in each gram might not reflect MBF in the 

adjacent regions. In one animal, the entire LV (total of 40 segments) was used for 

analysis. A better correspondence between PET and microsphere MBF was obtained 

using this protocol. Although the absolute values remained different, the general pattern 

of MBF matched (Figure 16). The third limitation is the study design. PET and 

microsphere measurements were done one week apart because of technical reasons. In a 

more ideal protocol, microsphere and PET measurements would be done simultaneously, 

thereby minimizing metabolic variations due to the fasting state, the anaesthetic dose, the 

total amount of time under anaesthesia etc. Finally inadequate myocardial sampling or 

poor fit of the MBF quantification model can introduce variability in the PET data. 

While detailed comparisons of absolute microsphere and PET MBF were beyond 

the initial scope of this study, both modalities confirmed the establishment of myocardial 

ischemia after two weeks and supported the enhanced benefits of cell delivery within the 
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matrix. In addition, a strong positive correlation between stress MBF and arteriole density 

validated those findings.  
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Figure 16: Absolute myocardial blood flow measured by PET (A) and microspheres (B). A better 
correspondence between PET and microsphere segments was obtained when samples from the entire heart 
(by opposition to 12 segments) were harvested and counted for microspheres.  
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 Cell delivery technique 4.4.

In our study, cells were delivered intramyocardially during the second 

thoracotomy. Clinically, direct intramyocardial cell injections were done during CABG 

when the heart was exposed; however, the majority of early studies delivered cells 

intracoronarily because this technique is less invasive. Newer techniques such as NOGA 

can evaluate ischemia, and allows for directed catheter-based transendocardial delivery of 

cells. This approach has been used in large animals studies (Kawamoto et al., 2003; 

Schneider et al., 2008; Schneider et al., 2009) and in small clinical trials (Losordo et al., 

2007; Tse et al., 2007; van Ramshorst et al., 2009; Pokushalov et al., 2010). In line with 

the higher cell retention rates when delivered intramyocardially, a recent meta-analysis 

demonstrated that LVEF was improved by 8.4% when BM progenitor cells were 

delivered directly to the myocardium (Wen et al., 2011). A previous meta-analysis, 

including mainly studies where cells were delivered to the coronaries reported only a 

3.4% improvement in LVEF (Abdel-Latif et al., 2007). Although it is hard to compare 

both meta-analyses, this suggests that intramyocardial delivery of cells is the method of 

choice and that progress was made in progenitor cell therapy.  

 Limitations 4.5.

One main limitation of this study is the absence of a collagen only group. As 

collagen can have positive effects on LV function when delivered alone (Dai et al., 

2009), the addition of this group would have provided an additional control for our data. 

In addition, as discussed previously, no angiography was performed to evaluate the status 

of the LCx at the time of cell injection. Although the randomised attribution of treatment 

likely reduced bias between groups, information on the status of the constrictors would 
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have permitted to exclude animals with non-occluded vessel, or would have provided an 

additional parameter to control for this in the analyses. Given this limitation, the 

observation that the cell + matrix group was superior to the other treatments may actually 

be an underestimation of its true potential to restore perfusion and function to the heart. A 

new model was recently developed and consists of the insertion of the constrictor around 

the LCx, and subsequent ligation of the artery downstream of the constrictor after 2 

weeks (Ikonen et al., 2007; Patila et al., 2009). This approach standardises lesion size and 

may be an option for new large animal studies. Finally, the difference in the number of 

cells injected between the two groups might appear as a limitation to this study; however, 

although the mean numbers diverge, this difference is not significant (p=0.62). 

5. CONCLUSION 

This study demonstrated successful development of myocardial hibernation using 

the well-established ameroid constrictor model of chronic ischemia. This study was also 

the first to demonstrate that delivering CACs within a collagen matrix can improve MBF, 

reduce the extent of hibernation, and reduce wall motion abnormalities to a greater extent 

than cells alone. These results obtained in a preclinical model and in blinded fashion 

confirm previous small animal work, and constitute an important step towards the 

application of collagen matrices to support cell therapy and treat myocardial hibernation 

in the clinical setting.  
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