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ABSTRACT 
 
Cardiovascular disease is one of the most common diseases in the world. Coronary artery 

disease increases the risk of an eventual heart failure diagnosis, and heart failure with 

reduced ejection fraction portends risk of reentrant arrhythmias such as monomorphic 

ventricular tachycardia. This tachyarrhythmia can be described as a single circuit composed 

of a depolarizing wavefront, an inactivated body, and a repolarizing tail that leaves an 

excitable gap. Though four mainstay therapies are used to treat monomorphic ventricular 

tachycardia and thereby decrease the risk of sudden cardiac death, an untapped opportunity 

lies in using an electrically insulating synthetic biomaterial to modulate the activity of the 

reentrant circuit without the shortcomings associated with drugs, ablation, implantable 

cardioverter defibrillators, and renal denervation procedures. 

 

First, the model used to recapitulate human heart failure and associated monomorphic 

ventricular tachycardia must undergo validation regarding the ability of the model to 

reproduce what is observed clinically, as well as characterization of the time-dependent 

remodeling process and arrhythmia incidence in the model. Second, a thorough evaluation 

of the infarcted myocardium in the model must be done, specifically by a novel 

electrophysiologic mapping parameter derived from an extremely narrow field-of-view. 

Third and finally, the biomaterial intervention can be evaluated in both in vitro and in vivo 

experiments to support or refute the hypothesized mechanism of action, the primary 

endpoint of ventricular repolarization prolongation, and the secondary endpoint of 

decreased arrhythmogenesis. 

 

The rodent model of heart failure with reduced ejection fraction was found to successfully 

recapitulate the prognostic factors associated with adverse ventricular remodeling, and also 

revealed a plateau in electrical instability and reentrant arrhythmogenesis after permanent 

left coronary artery ligation. Monophasic action potential amplitude was evaluated as a 

potential alternative to perform high resolution electroanatomic maps of the heart, but 

failed to produce as accurate quantification of scar burden as compared to the gold-

standard bipolar voltage amplitude. Implantation of Polyglactin 910 on the epicardium of 

rats in heart failure produced a statistically significant increase in border region ventricular 

effective refractory period, and a physiologically relevant decrease in the incidence of 

inducible monomorphic ventricular tachycardia. 

 

These findings defend the utility of rodent models to study the electrophysiologic perturbations 

associated with heart failure with reduced ejection fraction. In addition, quantitative and 

qualitative data support the use of monophasic action potential amplitude to distinguish the 

three subtypes of tissue in an infarcted myocardium. Finally, a novel class of antiarrhythmic 

therapy may be achieved in prolonging local effective refractory period to quench the 

excitable gap of reentrant tachyarrhythmias. 
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1.1 Cardiac Embryology 

Structural Embryology 

 

Early in human embryogenesis, at approximately the second week of gastrulation, the heart 

begins to take primordial form as the cardiogenic crescent (1). The four-chambered heart 

present in a full-term fetus begins as a tube that undergoes a series of looping events and 

inwardly oriented proliferation and maturation events (2). This folding heart tube is composed 

of splanchnic mesoderm derivatives allocated from the first heart field, near the endoderm-

derived pharyngeal arches (3). The nearby second heart field is responsible for producing the 

right ventricle and its inflow/outflow tracts, as well as minor portions of the atria.  

 

The foundational transcription signals necessary for the distribution of lateral plate mesoderm 

to both the first and second heart fields include GATA binding protein 4, NK2 homeobox 5, and 

Insulin gene enhancer protein ISL-1, though each field has field-specific factors in addition to the 

foundational signals. In addition, anterior-posterior patterning and degree of autorhythmicity 

(4) are facilitated primarily by T-box transcription factor Tbx5 and retinoic acid. Finally, 

ectoderm-derived neural crest cells invade the heart tube to join the endocardial cushion 

formations for appropriate chamber septation and the proepicardial serosa yields the 

epicardium and coronary vasculature (5, 6). 

 

 Electrical Embryology 

 

The structural formation of the human heart is composed of discrete successive events, 

however the electrical formation of the heart from cardiac jelly is less objective. The expression 

of membrane-bound primary/secondary ion channels, gap junctions, and enzymatic 

pumps/exchangers are thought to be related to the structural differentiation lineage. However, 

complexities such as geographic distribution of the units and bimodal channel activation 

through the organogenesis process (7) are less readily explained by cell fate. Despite these 

uncertainties, it is clear that ionic activity is necessary for the developing heart to both 

proliferate and mechanically harmonize (8).  
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The cations implicated in the postnatal cardiac action potential are the same cations at play in 

utero, albeit in distinct patterns due to the fetal gene program (9). Autorhythmicity, or a 

relatively low spontaneous depolarization frequency via the funny current, is a feature exclusive 

to the cardiac conduction system (sinoatrial node, atrioventricular node, bundle of His, right/left 

bundle branches, purkinje fibers) postnatally, but is a feature of the ventricles in utero (10). 

Channels corresponding to currents responsible for depolarization (Na+, SCN5A-Nav1.5-INa), 

contraction (Ca2+, CACNA1D-Cav3.1-ICa,L) and repolarization/hyperpolarization (K+, KCND3-Kv4.3-

Ito, KCNA5-Kv1.5-IK,ur, KCNH2-Kv11.1-IK,r, KCNQ1-Kv7.1-IK,s) (11) are certainly necessary for the 

atria and ventricles to begin contracting in utero near six weeks post-fertilization. Over the 

course of gestation, these membrane-bound proteins likely undergo isoform switching, 

differential expression for changes in relative abundance, and potentially undergo allosteric 

modulation via subunit additions and post-translational modifications. This is evidenced by the 

continually changing fetal heart rate (12) and the progressively increasing velocity of blood 

travelling through the embryonic heart (13). 

 

 

1.2 Cardiac Anatomy and Physiology 

Cardiac Composition 

 

The myocardium is the predominant layer of the mature heart and correlates with the tunica 

media, containing the majority of the mechanical cells and stromal contents. The myocardium is 

sandwiched between the endocardial layer, which correlates with the tunica intima and 

contacts blood directly, and the epicardium or visceral pericardium, which correlates with the 

tunica externa and acts to minimize friction with neighboring organs during mechanical 

displacement. The myocardium is made up primarily of mechanical cells, autorhythmic cells, 

structural cells such as myofibroblasts, and endothelial cells (14), all of which are derived from 

lateral plate mesoderm (15). Though cardiomyocytes take up the majority of the heart by 

volume, the absolute number of endothelial cells (attributed exclusively to the coronary 

arteries, capillaries, and cardiac veins) is at minimum 1:1 with cardiomyocytes, making 

endothelial cells one of the most abundant cells in the heart (16).   
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Cardiac Anatomy 

 

Blood flow through the heart begins with venous input from the superior and inferior venae 

cavae into the right atrium, through the tricuspid atrioventricular valve to the right ventricle, to 

the pulmonary trunk through the tricuspid pulmonary semilunar valve, and pulmonary arteries 

to the lung parenchyma for alveolar gas exchange, back to the left atrium via pulmonary veins, 

and to the left ventricle through the mitral or bicuspid atrioventricular valve. Blood then returns 

to the systemic circuit via the tricuspid aortic semilunar valve and ascending aorta. The aortic 

root is the initial portion of the ascending aorta that receives the stroke from the left ventricular 

outflow tract. In the aortic root is where the ostia for both the right and left coronary arteries 

are found, in the right and left sinus of Valsalva respectively, superior to the right and left aortic 

semilunar leaflets, respectively. 

 

The right coronary artery, typically the dominant artery of the heart because it supplies the 

sinoatrial node and atrioventricular node, arises from the anterior sinus of Valsalva and gives a 

conus branch for the right ventricular outflow tract, and a sinus node tributary before dividing 

into the acute marginal branch for the right ventricular lateral wall and the posterior descending 

interventricular artery. 

 

The left coronary artery splits proximally into the anterior descending interventricular artery and 

the circumflex artery. The anterior interventricular artery divides into diagonal branches and 

septal branches that supply the left ventricular free wall. The circumflex artery wraps in the 

epicardial atrioventricular groove between the left atrium and ventricle as it gives off marginal 

branches and is responsible for providing oxygen and nutrients for the posterior left ventricle. 

After passing through these arteries, blood then travels through arterioles, capillary beds, 

venules, veins, and finally terminates in the posterior cardiac sinus that empties into the right 

atrium to combine with the systemic venous return and reenter the cardiopulmonary system. 

  

The Three Functions 

 

The first function of the heart is the electrical function. This electrical function is led by the 

intrinsic conduction system, which is made up of pacemaker cells combining to become 
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conducting fibers. Electrical activity in the heart begins at the sinoatrial node, which is located in 

the superior portion of the right atrium, near the superior venae cavae inlet. This node is a 

collection of autorhythmic cells that contain ion channels that allow for spontaneous graded 

potentials and eventual depolarization (17), through the so-called “funny” channels. Generation 

of an action potential at the sinoatrial node causes the depolarization of the adjacent right 

atrium and left atrium, by way of gap junctions which connect the individual cells of the heart.  

 

This wave of action potentials then begins to travel towards the ventricles but is forced to cross 

the insulated atrioventricular junction through the atrioventricular node which is in the 

interventricular septum. The electrical signal is forced to move through this portion of the heart 

by way of electrical insulation provided by non-conducting cells and epicardial adipose tissue, 

impeding the depolarization front from expanding elsewhere (18). The now depolarized 

atrioventricular node sends the depolarization wave front down the remaining conducting fibers 

in the interventricular septum to activate the bundle of His, right and left bundle branches, 

purkinje fibers, and then finally the ventricular myocardium. 

 

This conduction system serves to depolarize the heart in an expeditious and reproducible 

fashion. The atria depolarize first, and then the ventricles, because the atria serve to top off the 

ventricles with blood, then the ventricles serve as the motors of their respective circulations, 

sending blood through their respective semilunar valves. While nearly all cells in the heart 

express at least one isoform of connexin, the gap junction protein, the cells of the conduction 

system are tasked with ordering the electrical activities of the heart by depolarizing 

spontaneously at a greater frequency than any other cells. The action potential generated at the 

sinoatrial node is propagated as serial action potentials throughout the conduction system, and 

then as serial action potentials through the mechanical cells, so as to regulate the timing of each 

cardiac chamber (19). It is this principle that allows for orderly electrical activity throughout the 

heart for each cardiac cycle. 

 

The second function of the heart is the mechanical function, and this mechanical function is 

subsequent to the timely electrical function. The electrical current that causes depolarization in 

the heart is based on the movement of cations across the sarcolemma, driven by resting 

membrane electric potential (voltage). Autorhythmic cells utilize sodium and calcium entry in 
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the spontaneously open funny current channels and T-type calcium channels, respectively, to 

increase the likelihood of opening voltage-gated sodium and calcium channels in mechanical 

cells, causing their depolarization and subsequent release of sarcoplasmic reticulum-

sequestered calcium. This calcium-induced calcium release (20) allows for the interaction of 

myofilaments for force generation. Once actin and myosin physically connect for adenosine 

triphosphate (ATP)-dependent cross-bridge cycling, the mechanical function of the heart has 

been activated. The ATPase kinetics of myosin correlate with the rate of cross-bridge cycling and 

the velocity of muscle shortening (21). 

 

Though too small to see with the naked eye, actin and myosin are the proteins that produce 

tension via power strokes, shortening the sarcomere in which they reside. A sarcomere is the 

functional unit of a striated muscle cell, and striated muscle cells make up cardiac muscle and 

skeletal muscle, but not smooth muscle. The sarcomere is organized by two boundary lines, 

called Z discs, and one central line, called the M line. The actin filaments are all connected to 

each other at the Z disc and extend inwardly towards the M line. The myosin filament is 

anchored in the middle of the sarcomere, stretching equally towards both Z discs, via titin. Titin 

is one of the largest proteins in the human body and known to man (22); it serves as the anchor 

for myosin and also conveys passive recoil because it connects both Z discs in the sarcomere. 

 

Sarcomeres also contain a wide variety of regulatory proteins in addition to these mechanical 

proteins. The proteins that colocalize with actin include tropomyosin, which is a coiled-coil 

parallel dimer that stabilizes filamentous actin and sterically hinders myosin head binding sites 

(23). Tropomyosin also serves as a docking protein for the troponin complex, made up of three 

subunits which each serve a specific role in imparting calcium gating to active force generation 

(24). Colocalized with actin is leiomodin which converts monomeric actin to filamentous actin, 

tropomodulin which caps actin filaments for uniform lengths (25), alpha-actinin which secures 

the thin filaments to the Z-disc, calsarcins (26), and nebulin which wraps around the entire actin 

filament and may contribute to length regulation (27). The regulatory proteins that colocalize 

with myosin include cardiac myosin binding protein C (28) and obscurin which assists myosin 

filament assembly in sarcomeres (29). 
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In a single cardiomyocyte, tens to hundreds of sarcomeres may exist, each lined up end-to-end. 

This organization allows for both sarcomere and cardiomyocyte shrinking during cross-bridge 

cycling and is the basis of the mechanical function of the heart. When all the cells of the atria or 

ventricles perform cross-bridge cycling in unison, the walls change conformation and exert force 

on anything in the cavity. This is where the third and final function of the heart comes into 

action, the pressure function. 

 

The pressure function of the heart describes how the force generated by the mechanical cells of 

the heart is exerted on the blood in the cavity, and thus how the blood moves through the 

heart. One could incorrectly believe that once force is applied to the blood, the only path of 

travel possible is out of the cavity, from the left ventricle through the aortic semilunar valve to 

the ascending aorta for example. However, this misconception is quickly addressed when 

considering syndromes like Takotsubo cardiomyopathy (30). 

 

The heart is optimized in geometry and structure to move blood through the canonical ejection 

pathway when the pressure is exerted in an organized and reproducible manner, mirroring the 

organization of electrical activity and mechanical activity. During contraction, termed systole, 

when cross-bridge cycles are occurring, the ventricles of the heart perform a wrenching motion, 

squeezing the blood out of the cavity from the bottom upwards against the afterload of the 

aortic blood. Nonetheless, not all of the blood in the cavity is ejected in a single squeeze, 

meaning a residual volume is normally left behind in the cavity; this termed the end-systolic 

volume. This volume will contribute to the preload in the subsequent contraction.  

 

Once the squeeze is complete, meaning the maximum number of cellular depolarizations 

produced the maximal number of calcium-induced calcium releases for maximum cross-bridge 

cycling, the squeeze will stop, termed diastole, because the same three functions ceased in the 

same order that they activated. The conduction system will repolarize and quiesce, leading to 

closing of voltage gated cation channels and ATP-dependent reuptake of calcium into their 

respective stores. The sequestering of calcium by the sarco-endoplasmic reticulum calcium 

ATPase (SERCA) provides the troponin-tropomyosin steric hindrance for myosin heads on actin, 

stopping cross-bridge cycling and subsequent sarcomere shortening. With the help of the spring 

region of titin, the sarcomere then elastically stretches back out to resting position, which is 
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important for appropriately filling the ventricular cavity again to begin the next cardiac cycle. 

When the filling is complete, this blood in the cavity is termed the end-diastolic volume. 

 

Muscle relaxation is an ATP-dependent process and is nearly as important as contraction. With 

respect to sarcomere relaxation, titin, the cytoskeleton, and the extracellular matrix contribute 

to the passive resistance against active contraction and the degree and rate of restoration to 

baseline positioning (31). However, these three parts of the cell operate within distinct force 

ranges, with titin being the fine-tuning tool, and the cytoskeleton-extracellular matrix (32) being 

the regulator at lengths beyond titin (33). With all of these individual ion channels, mechanical 

proteins, and regulatory proteins working together for normal function of the heart as an organ, 

it comes as no surprise that nearly all cardiac diseases can be described at the level of the basic 

building block of the heart, the cardiomyocyte. The most common disease of the heart, heart 

failure, is no exception to this notion. 

 

 

1.3 Cardiac Pathophysiology in Heart Failure 

Regeneration Limitation 

 

Heart failure can be defined generically as an inability of the heart to provide the necessary 

perfusion to the body’s other organ systems to sustain homeostasis. Unlike skeletal muscle 

which can recruit satellite cells for regeneration, the heart does not contain resident stem cells 

and is incapable of healing from major physical or metabolic trauma. It is on this basis that heart 

failure is a terminal clinical diagnosis, as to date there are no regulatory-approved therapies to 

recover function in a failing heart beyond mechanical ventricular assist devices and 

allotransplantation. 

 

 Disruption of The Three Functions 

 

The pathophysiology of heart failure can involve an isolated function of the heart or can 

simultaneously involve any of the three functions of the heart. Regarding the first function of 

the heart, the electrical function, dysregulated expression of ion channels or enzymatic pumps, 

or mutations in these membrane-spanning proteins preventing proper trafficking or function 
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have all been implicated in heart failure pathogenesis. In the case of congenital long QT 

syndrome (34) or congenital short QT syndrome (35), abnormal sodium and/or calcium currents 

lead to long or short action potentials, respectively, both of which predispose to lethal 

arrhythmias and often, sudden death in the afflicted pediatric patients. Though it is rare to find 

cardiac dysfunction or evidence of heart failure in long or short QT syndrome patients due to 

their premature and rapid demise, it is known that electrical disorders can lead to heart failure.  

 

Such is the case with atrial fibrillation, the most common arrhythmia in the world (36). Atrial 

fibrillation is an arrhythmia of the top chambers of the heart and is also a well-documented risk 

factor for heart failure (37). Atrial fibrillation is described to coexist in nearly fifty percent of 

severe heart failure cases, suggesting a strong correlation between electrical instability and 

heart failure. Similarly, Wolff-Parkinson-White syndrome also produces an arrhythmia, however 

it involves an accessory conduction pathway beyond the typical atrioventricular node pathway 

that allows for unregulated electrical reentry between the atria and ventricles. This can lead to 

an excessively fast ventricular depolarization and contraction rate, potentially leading to sudden 

death, and can also lead to atrial fibrillation and heart failure (38).   

 

More intuitively, heart failure, defined as an impairment that prevents the heart from providing 

the necessary perfusion for systemic metabolic requirements, can result from aberrations in the 

mechanical function of the heart, the second function after electrical. Focusing in on the 

myofilament organizational level of mechanical function, cross-bridge cycling is a highly 

regulated process. From filamentous actin length within the sarcomere (39) to calcium 

sensitivity of the regulating steric proteins (40),  it is not difficult to imagine that minor 

mechanical failures at the level of the sarcomere, compounded on several orders of magnitude 

throughout all of the cardiomyocytes in the myocardium, could and do result in heart failure of 

various extents. 

 

Within the mechanical dysfunction portion of heart failure, three major classes are present. 

Hypertrophic cardiomyopathy, dilated cardiomyopathy, and restrictive cardiomyopathy are 

terms that describe disease of the cardiac tissue (cardiomyopathy) with unique macroscopic 

presentations. Hypertrophic cardiomyopathy describes a heart that is larger and denser than 

normal, by way of increasing myofibril content in cardiomyocytes leading to additional 
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sarcomeres. As is observed with resistance training on skeletal muscle, cardiac muscle can 

exhibit a hypertrophic response to increased workload. This response can be physiologic, found 

in the case of an increased afterload mediated by arterial hypertension. This response can also 

be pathophysiologic, found in the case of sarcomeric regulatory proteins with point mutations 

(41).  

 

Hypertrophic cardiomyopathy is a great example to illustrate how intertwined the three 

functions of the heart are, in that the primary insult is mechanical in nature, but leads to both 

electrical abnormalities and pressure abnormalities that can increase the disease progression 

and lead to a subsequent heart failure diagnosis. Patients suffering from hypertrophic 

cardiomyopathy usually have normal or hyperdynamic left ventricular squeeze function, but 

exhibit cardiomyocyte disarray and interstitial fibrosis, which can lead to abnormal ion channel 

distributions and increased risk of electrical instability (42).  Hypertrophic cardiomyopathy also 

produces abnormal cardiac geometry, disrupting outflow tracts and hindering an efficient 

transfer of energy from the mechanical function to the pressure function. 

 

Dilated cardiomyopathy, as the name would suggest, is on the opposite end of the spectrum 

with respect to hypertrophic cardiomyopathy. Patients with dilated cardiomyopathy exhibit 

lower than normal left ventricular function, termed ejection fraction, under normal loading 

conditions. This impairment is likely directly related to the frank loss of viable cardiomyocytes 

via inflammation or toxins, or potentially the loss of functionally viable cardiomyocytes, both 

manifesting as thin ventricle walls (43). Similar to the phenomenon observed in hypertrophic 

cardiomyopathy, the three functions of the heart are illustrated to be somewhat mutually 

dependent in dilated cardiomyopathy. The loss of functional sarcomeres to produce tension 

leads to adverse ventricular remodeling that predisposes to accessory conduction pathways 

(impaired electrical function) and inability to efficiently convert chemical energy (ATP) into 

mechanical energy (cross-bridge cycling) into blood ejection (impaired pressure function). 

 

Restrictive cardiomyopathy consists of non-cardiac infiltrate, typically circulating cells or 

proteins, being deposited throughout the myocardium in clusters that disrupt the canonical 

sarcomere structure and impair mechanical function. For example, sarcoidosis is a systemic 

autoimmune disorder that produces granulomas in otherwise healthy tissue. Though the organ 
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most commonly involved in sarcoidosis are the lungs (44), cardiac infiltration in sarcoidosis has 

been well-described (45) and can lead to biventricular concentric myocardial wall thickening as 

would be seen in hypertrophic cardiomyopathy, but with regional wall motion abnormalities 

and increased risk of reentrant arrhythmias (46). Amyloidosis also is known to produce 

restrictive cardiomyopathy by way of non-cardiac infiltrate, however greater attention is given 

to the exact structure of the involved protein as the disease is heterogeneous in both symptoms 

and severity (47). There are three major types of amyloid fibrillary proteins, each produced via 

unique pathophysiology, that have varying affinities for organ deposition via hematogenous 

spread: amyloid light chain (AL) commonly impacts the heart and kidneys among other organs 

(48), amyloid serum A protein (AA) commonly impacts the kidneys, liver, and spleen (49), while 

the transthyretin type most commonly impacts the heart (50), median nerve in the carpal 

tunnel, and lumbar vertebral foramen stenosis (51). 

 

Lastly, diminishment of the third function of the heart, pressure, leads to heart failure in that it 

is the most direct path to inadequate systemic perfusion. As demonstrated in the electrical 

function and mechanical function introduction, in order for the definition of heart failure to be 

met, the pressure function must be implicated at some point in the disease pathogenesis. 

However, there are diseases and disorders that impair cardiac pressure generation, either 

outright pressure or apparent pressure, without involving the electrical function nor the 

mechanical function of the heart. The first example is bicuspid aortic valve disease (52), a 

congenital anomaly that is not incompatible with life, but can lead to heart failure by way of 

excessive apparent afterload even in cases of normotension (53). 

 

Similarly, endocardial cushion defects, either alone (54) or as part of a neural crest migration 

syndrome such as Tetralogy of Fallot (55), arise from abnormal/failed migration of splanchnic 

mesoderm into the folding heart tube of a developing embryo, and can result in atrioventricular 

septum defects as well as aplastic cardiac valves (56). These structural deficits limit the heart’s 

ability to produce the necessary amount of pressure, either throughout the entire organ or at 

the critical outflow tracts, to produce an adequate stroke volume and thus constitute a failing 

heart. Insufficient valves that regurgitate previously expelled blood can also contribute to  
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pressure dysfunction and subsequent heart failure. Often arising with senescence, hypertension, 

or inflammatory damage, aortic valve insufficiency is been shown to increase the odds of heart 

failure (57) due to impaired conversion of blood ejection into blood flow. 

 

 

1.4 Heart Failure with Reduced Ejection Fraction 

With the technological advancements in non-invasive medical imaging, it is possible to image 

the heart during the entire cardiac cycle with high resolution and fidelity. This technology is 

routinely utilized when working up a patient exhibiting signs and symptoms of heart failure, as it 

provides clarity and prognostic acumen regarding the underlying etiology. There are three 

classes of heart failure based on non-invasive imaging: heart failure with preserved ejection 

fraction, referring to left ventricular diastolic dysfunction classically from extracellular infiltrate 

or titinopathies, heart failure with reduced ejection fraction, referring to left ventricular systolic 

dysfunction classically from loss of functional cardiomyocytes, and heart failure with recovered 

ejection fraction, describing an ejection fraction that at one point in time was reduced, but has 

since improved beyond the lower limit of normal. 

 

Heart failure with reduced ejection fraction is a loss of systolic or squeeze function and can be 

attributed to frank loss of cardiomyocytes or loss of functional cardiomyocytes. Thus, heart 

failure with reduced ejection fraction summarizes to a loss of sarcomeres containing actin and 

myosin for active tension and containing titin for fine-tuned passive tension. The most common 

cause of heart failure with reduced ejection fraction is coronary artery disease-mediated 

myocardial infarction, where acute ischemic insult leads to gross cardiac necrosis in the vascular 

territory. Though coronary flow reserve may accommodate some of the hypoxic 

cardiomyocytes, because myocardial tissue exhibits both a high metabolic demand and high 

oxygen extraction ratio, hypoxia rapidly progresses to ischemia (58). Resident myofibroblasts 

activate and produce scar in response to cardiomyocyte injury, replacing sarcomeres with 

increased extracellular matrix. Scar is predominately type one collagen, which creates a level of 

passive tension that cannot perform the fine-tuned function of titin. However, the impaired 

systolic function likely obscures the impaired filling action of the heart, though both are thought 

to be present. 
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On the other hand, heart failure with preserved ejection fraction rarely has an ischemic etiology 

and subsequently cannot be attributed to loss of titin. Rather, it is more likely that infiltrative 

clusters of granulomas or amyloid proteins are present, or that titin has undergone aberrant 

post-translational modifications via cytokine imbalances producing supra-physiologic stiffness. 

Such a modification has been described with Protein Kinase C-mediated phosphorylation, found 

in type two diabetes mellitus which is a risk factor for heart failure with preserved ejection 

fraction. In an attempt to correct the undue stiffness, isoform switching, as a mechanism for 

amino acid sequence regulation, has been observed (59). Unfortunately, this feedback response 

seems to be fruitless in functionally normalizing the passive stiffness of the heart and increasing 

its the filling capability. A similar phenomenon has been described with titin truncation variants, 

which sometimes induce compensatory shifts in titin isoform for more compliance (60). 

 

 

1.5 Arrhythmogenesis in Heart Failure with Reduced Ejection Fraction 

Heart failure with reduced ejection fraction is most often subsequent to acute coronary 

syndrome and myocardial infarction, leading to impaired mechanical function of the heart. 

However, there is also an increased risk of arrhythmia, particularly ventricular arrhythmia, and 

subsequent sudden death in heart failure with reduced ejection fraction due to the adverse 

remodeling process. The proarrhythmic ventricular remodeling that occurs is twofold, both 

mechanical and electrical. The mechanical remodeling includes necrosis and apoptosis of 

metabolically impaired cardiomyocytes and supportive cells. In order to bolster the mechanical 

integrity of the now compromised ventricular wall, myofibroblasts synthesize and release type 

one collagen fibrils, which undergo cleavage (61), post-translational modifications and 

crosslinking (62) to enhance their static strength.  

 

Though ventricular papillary muscle or free wall rupture is less likely with this remodeling, 

neither the fibroblasts nor the fibrosis can contract and thus remodeled regions exhibit relative 

or absolute akinesis. In addition, the intrinsic conduction system can be disrupted, resulting in 

bundle branch blocks, and even complete heart block (63). Islands of conducting cardiomyocytes 

are created throughout the infarcted region from the haphazard fibrosis. Conducting isthmi of 

viable myocardium connect the islands to each other and also to the greater myocardium, 

though the three-dimensional separation of these islands portends risk of arrhythmia because of 
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the time-dependence of depolarization and repolarization. 

 

In addition to the mechanical or structural remodeling that leads to arrhythmogenesis in heart 

failure with reduced ejection fraction, electrical remodeling also occurs. The acute phase of 

electrical remodeling, in the setting of heart failure with reduced ejection fraction post-

myocardial infarction, manifests as the spontaneous depolarizations of metabolically 

compromised cardiomyocytes (64). It typically produces a heterogeneous, uncontrolled type of 

arrhythmia given the spontaneous trigger (early or delayed afterdepolarizations).  

 

The second and chronic phase of electrical remodeling occurs over the course of the mechanical 

remodeling process. This simultaneous electrical remodeling process does not occur in the 

cardiomyocytes directly impacted by the ischemia, given their rapid demise, but in those 

neighboring the vascular territory and the remaining myocardium. Downregulated expression of 

membrane-bound ion channels, particularly voltage-gated potassium channels, (65) and 

intracellular pumps (66) occur with sub-toxic levels of ischemia, all summing to dysregulated 

intracellular calcium cycling (67) and an overwhelming of the intrinsic repolarization reserve 

(68). These alterations in membrane permeability and resting cation concentrations produce an 

increase in repolarization heterogeneity. When paired with the islands of surviving myocardium 

created by fibrotic mechanical remodeling, stably reentrant tachyarrhythmias often result. The 

resulting reentry has both fixed aspects, relating to the fixed separation of the islands when 

cannot be therapeutically altered outside of ablation, and also functional aspects, relating to the 

altered ion channel abundance and repolarization heterogeneity, which can be modulated with 

drugs (69). 

 

Both the mechanical remodeling that produces scar tissue and the electrical remodeling that 

enhances heterogeneous repolarization are involved in the arrhythmogenesis associated with 

heart failure with reduced ejection fraction. Any burden of arrhythmia carries with it an 

increased likelihood of hemodynamic collapse, cardiac arrest, electromechanical uncoupling, 

and unretractable sudden death. 
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1.6 Monomorphic Ventricular Tachycardia and Sudden Death 

Heart failure with reduced ejection fraction carries with it increased risk of ventricular 

tachyarrhythmia, and in particular those with a reentrant mechanism of action. One such 

arrhythmia is monomorphic ventricular tachycardia, frequently encountered in the context of 

heart failure with reduced ejection fraction (70). This arrhythmia is based on a single reentrant 

pathway that often contains a complex isthmus of electrically viable myocardium through the 

border region of the infarcted myocardium and also through the dense scar tissue. When 

visualizing monomorphic ventricular tachycardia via surface electrocardiogram or local 

electrogram, the resulting waveform contains a rapid, fixed-interval, wide QRS complex that is 

consistent in dimensions and spacing, hence the monomorphic term.  

 

In combination with concentrated repolarization heterogeneity found in the border region, the 

spatial (fixed) and electrical (functional) requirements are met for stable and reproducible rotor 

activity within the ventricle wall (Figure 1; 71). This is collectively referred to as arrhythmogenic 

substrate, reentrant substrate, or simply substrate. Nearly 50% of patients suffering from heart 

failure with reduced ejection fraction exhibit monomorphic ventricular tachycardia over the 

course of their approximately 15-year diagnosis, and these patients have five-times the odds of 

dying suddenly (72).  

 

Reentrant pathways amenable to monomorphic ventricular tachycardia can also give rise to a 

more lethal arrhythmia, namely ventricular fibrillation. While neither monomorphic ventricular 

tachycardia nor ventricular fibrillation are certain to result in patient death, they further disrupt 

the already damaged cardiac system and increase the odds of death. Pulseless electrical activity, 

the electrocardiographic representation of complete electrical-mechanical uncoupling at the 

myofilament level, is thought to be the final stage in heart failure disease progression with 

ventricular tachyarrhythmia. It is for these reasons that prevention or early termination of 

monomorphic ventricular tachycardia in patients with heart failure with reduced ejection 

fraction is critical to decreasing the likelihood of cardiac arrest and sudden death. 

 
 
 
 



- 25 -  

 
Figure 1 Anatomic Reentry and Functional Reentry 
 

 
Fig 1. Anatomic versus functional re-entry, both of which are implicated in monomorphic 

ventricular tachycardia (mmVT) from heart failure with reduced ejection fraction (HFrEF). In 

anatomic re-entry, circuit size is determined by fixed anatomic obstacles (left panel). In 

functional re-entry (middle panel), circuit size is equal to the conduction velocity multiplied by 

the effective refractory period (ERP; length of the refractory tail). If the wavefront travels too 

quickly, or its refractory tail is too long, re-entry will self-terminate (right panel). (71) 

 
 
1.7 Current Clinical Therapies for Monomorphic Ventricular Tachycardia 

There are four therapeutic options currently available for reentrant ventricular tachyarrhythmia 

in HFrEF: 1) pharmacologic management, 2) catheter ablation, 3) implantable cardioverter-

defibrillators, and 4) autonomic denervation (73). All of the options except autonomic 

manipulation are therapeutic via at least one of two actions on the reentrant circuit: 1) 

decreasing the “excitable wavefront” of myocardium demonstrating spatial and temporal 

conductive properties or 2) altering the refractoriness of the repolarizing tail of myocardium. 

Drugs can be formulated to target an ion channel or pump with remarkable specificity and 

modulate a channel’s activity to decrease the likelihood of cardiac arrest. For example, class one 

antiarrhythmics can be used to decrease the conduction velocity between cardiomyocytes and 

terminate an aberrant rhythm (74). Ablation, often employed for medically malignant 

arrhythmias, mechanically disrupts the reentrant circuit by destroying the surviving myocardial 

cells necessary to propagate the circuit but arrhythmia recurrence does occur (75).  
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Implantable cardioverter-defibrillators are implanted as a last-resort for patients who have 

failed the first two options and provide a current to the heart with sufficient voltage to 

depolarize all of the myocardial cells and theoretically terminate any arrhythmia. Finally, 

autonomic denervation seeks to limit the effects of the hyperactive sympathetic system that 

accelerate and, in some cases, perpetuate the adverse remodeling in the heart. Anesthetizing or 

removing the stellate ganglion, or targeting the renal nerve plexus has been shown to decrease 

burden of ventricular tachycardia (73). 

 

While the clinical trials evaluating each option found a significant decrease in sudden death 

incidence, each of the options has efficacy limitations. The combination of these limitations 

reveals an opportunity for innovation: a novel class of antiarrhythmic therapy that address the 

temporal challenges associated with serial pharmacologic dosing and toxicity, the creation of 

additional scar tissue in an already infarcted heart via catheter ablation, and the palliative in 

nature and limited efficacy of implantable cardioverter-defibrillators in particular patient 

populations (76).  

 

The fundamental goal of direct antiarrhythmic therapy, be it pharmacologic or ablative, is to 

alter cardiac tissue excitability or refractoriness. Both pharmacologic and ablative approaches 

attempt to control cardiomyocyte membrane potential, albeit with drastically different degrees 

of specificity, to prevent autonomous electrical activity or to expedite recovery from any 

deviation of normal sinus rhythm. While pharmacologic therapies globally regulate specific 

membrane-bound proteins responsible for resting and action potentials, ablation precisely 

disrupts reentrant circuits by halting electrical current at specific locations.  

 

Given that both approaches are currently employed clinically, it can be gleaned that either 

approach is viable, although the former approach has the advantage of not permanently 

destroying otherwise healthy myocardium. An alternative approach to suppress tissue 

excitability is to clamp cellular membrane potentials such that tissue excitability is reduced but 

not stopped altogether. This suppression of excitability could manifest as either decreased 

likelihood of depolarization for action potential propagation or as altered kinetics for 

repolarization resulting in a prolonged refractoriness (77).  
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1.8 Opportunity for Scientific Inquiry 

With major technological advancements in chemistry and bioengineering, biomaterials, either 

organic or synthetic in origin, have gained popularity in many fields and the number of 

biomedical applications has increased dramatically. In clinical settings, biomaterials are used 

predominantly for their biologic inertness, however in research settings, many investigators are 

creating biomaterials designed to recapitulate biologic processes. With respect to biomaterial 

applications for the heart, translational investigators are seeking to restore conduction velocity 

in the infarcted myocardium using epicardially applied biomaterials.  

 

By placing carbon nanotubes (78) or gold nanorods (79) on electrically inert non-toxic 

biomaterials, they create composite biomaterials optimized for their mechanical/degradation 

qualities as well as their electrical properties. While these efforts are logical in approach, there 

are at least two major limitations with their endeavor: 1) the composite biomaterials have high 

production costs as they combine at least two custom materials in precise stoichiometric 

quantities (80) and 2) a simpler mechanism to modulate arrhythmogenesis in the infarcted 

myocardium exists and is currently employed in clinical practice. 

 

While restoring the qualities of infarcted myocardium to pre-infarct levels is attractive in 

concept, catheter ablation exemplifies that local alterations in excitable gap presence or 

refractory tail length are sufficient to terminate reentrant electrical activity. Furthermore, it is 

accepted that local action potential prolongation facilitates reentrant circuit self-termination 

(77). Based on these principles, I hypothesize that an electrically insulating biomaterial, rather 

than a conductive biomaterial, applied to the heart to suppress conduction through the 

infarcted myocardium, will result in a prolonged ventricular effective refractory period and thus 

a decreased incidence of monomorphic ventricular tachycardia. This prolongation could also 

facilitate a reduction in the likelihood of cardiac arrest and sudden death by suppressing the 

reentrant substrate. 

 

The advantages of this approach include: 1) many non-conductive biomaterials are already 

manufactured commercially and their cost of production is relatively low, 2) biomaterials that 

exhibit the desired electrical resistance property have already been approved by the Food and 

Drug Administration, enabling an accelerated pathway to clinical impact, and 3) simple 
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biomaterials with fewer components are less likely to exert unforeseen side effects or toxicities. 

 

 

1.9 Specific Aims 

Central Question and Hypothesis 

 

The central question of this dissertation is: “Can an epicardially deployed synthetic biomaterial 

modulate susceptibility to monomorphic ventricular tachycardia?” The central hypothesis 

regarding this body of work is: “A synthetic biomaterial will decrease susceptibility to 

monomorphic ventricular tachycardia via prolonging effective refractory period through the 

reentrant circuit.” My approach to thoroughly and thoughtfully investigate this central question 

will involve identifying and characterizing an animal model that recapitulates the clinically 

observed phenomena of HFrEF with mmVT, identifying and validating a novel EP mapping 

methodology to stratify myocardial tissue subtypes with respect to electrical stability, and finally 

to investigate the chemical qualities and in vitro/in vivo effects of the selected electrically 

insulating biomaterial. 

 

 

Specific Aim 1 

Establish the clinical relevance of a rodent model of reentrant ventricular 

tachyarrhythmia in the setting of heart failure with reduced ejection fraction (HFrEF) 

 

Though rodent models of cardiovascular disease have been utilized by translational researchers 

for decades, few investigators utilize the Sprague Dawley rat model of permanent coronary 

artery ligation to investigate the electrical remodeling that occurs in HFrEF. Even fewer 

investigators, if any at all, have attempted to correlate the electrophysiologic (EP) instability 

findings in the Sprague Dawley rat HFrEF model to what is observed clinically in human patients 

with HFrEF. The intent of this specific aim is to carefully and methodically characterize the 

Sprague Dawley rodent model of HFrEF so as to defend its utility for this dissertation’s central 

question, but also understand the shortcomings and limitations of this model so as to not over 

extrapolate clinically relevant findings. 
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Clinically, HFrEF post-myocardial infarction conveys increased vulnerability to arrhythmia, 

namely monomorphic ventricular tachycardia (mmVT), but also other electrical and 

hemodynamic abnormalities that are used as prognostic factors in elucidating disease status and 

rate of progression. Given that it is this dissertation’s central aim to appropriately evaluate a 

novel therapeutic intervention for infarct-mediated reentrant arrhythmia in the preclinical 

setting, chronologic characterization of the preclinical animal model pathophysiology is critical. 

This specific aim endeavors to evaluate the rigor and reproducibility of both the HFrEF-mediated 

electrically stability and the chronologic incidence of mmVT as HFrEF progresses. I hypothesize 

presence of all major HFrEF electrical and hemodynamic prognostic factors as well as a 

progressive increase in the incidence of mmVT as the duration of HFrEF increases. 

 

 

Specific Aim 2 

Create a novel electrophysiologic methodology to evaluate arrhythmogenic substrate 

 

Radiofrequency ablation has revolutionized the management of ventricular tachyarrhythmias, 

by facilitating increased precision relative to the global effects of pharmacologic management. 

Nonetheless, ablation is not without shortcoming as the rate of arrhythmia recurrence is a large 

drawback. This is particularly true for arrhythmias propagated by functional reentry, such as 

atrial fibrillation and monomorphic ventricular tachycardia. Successful substrate identification is 

paramount to the successful abolishment of reentrant arrhythmia. Currently, bipolar voltage 

electrogram is the gold-standard tool for identifying electrically compromised myocardial tissue. 

However bipolar voltage electrogram’s narrow field of view can be further reduced for 

increased sensitivity. 

 

For this specific aim I will perform in vivo cardiac mapping on HFrEF Sprague Dawley rats using 

four different electrical modalities: monophasic action potential amplitude (MAPA), monophasic 

action potential duration to ninety percent repolarization, unipolar voltage electrograms, and 

bipolar voltage electrograms. The data from these modalities will be interpolated into two-

dimensional electroanatomic color maps for the purpose of comparison of substrate presence, 

location, and distribution to the ex vivo gold-standard quantification method: cardiac 

histopathology with a trichrome stain. I hypothesize that MAPA will provide more accurate 
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infarct sizes than the other three mapping modalities via increased sensitivity to distinguish 

healthy myocardium from scar tissue. 

 

 

Specific Aim 3 

Evaluate the hypothesized mechanism of a surgical biomaterial intervention for HFrEF-

mediated monomorphic ventricular tachycardia 

 

As previously described in the central hypothesis, I hypothesize that the therapeutic mechanism 

of action of an electrically insulating biomaterial is suppression of local tissue excitability via 

clamping the membrane potential and thus decreasing the probability of depolarization at the 

single cardiomyocyte level. Additionally, I hypothesize that this local biomaterial-mediated 

suppression of excitability will prolong ERP resulting in a global EP finding of decreased 

incidence of mmVT in a rodent HFrEF model. 

 

To evaluate these hypotheses, a robust study design is critical to evaluating necessity and 

sufficiency. These sub-aims describe the stepwise studies in logical progression: 1) identify or 

engineer a filamentous biomaterial that acts as an electrical insulator at physiologic voltages and 

that also can be deployed surgically, 2) validate the biomaterial’s electrical qualities using 

electrical and optical microscopic analyses, 3) perform single cardiomyocyte experiments to 

assess the biomaterial’s in vitro efficacy at decreasing depolarization probability when in contact 

with the plasma membrane, and finally 4) surgically adhere the biomaterial to in vivo hearts 

suffering from HFrEF to assess its ability to suppress reentrant mmVT. 
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CHAPTER 2: CHRONOLOGIC ASSESSMENT OF 
PROGNOSTIC ELECTROPHYSIOLOGICAL INSTABILITY IN 

A RODENT MODEL OF HEART FAILURE 
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2.1 Background 

Preclinical research involving animal models of human diseases have been very useful with 

respect to evaluating fidelity of mechanism of action in a complex organism, pharmacokinetics 

and pharmacodynamics, and toxicity. However, it is not always the case that each animal model 

of a specific human pathology undergoes rigorous evaluation of the strength of correlation 

between the human pathophysiology and the model. Undoubtedly, certain limitations exist that 

may or may not affect the interpretation of any study’s findings. Moreover, differences between 

the organic clinical syndrome and the model with respect to severity of morbidity or timeline to 

mortality (often faster and more severe in the animal model due to method of pathogenesis) 

may bolster claims related to molecular pathway implication or experimental therapeutic 

efficacy. 

 

Heart failure is prevalent in the United States, causing patient morbidity and thus high 

healthcare utilization (1). Based on non-invasive imaging (examples: echocardiography, cardiac 

magnetic resonance imaging) patients suffering from heart failure (HF) can be divided into three 

classes based on their left ventricular ejection fraction, with preserved ejection fractions 

remaining above 50%, reduced ejection fractions falling below 40%, and mid-range ejection 

fractions between the two cutoff values. A subclass of HF patients with reduced ejection 

fractions has been described as those with recovered ejection fractions, which were once below 

40% but have since recovered.  

 

Progressive coronary atherosclerosis remains the dominant pathophysiologic mechanism.  

Classically, this coronary disease presents with an ischemic insult that leads to adverse left 

ventricular remodeling, by way of activated resident fibroblasts to a myofibroblast phenotype, 

leading to structural remodeling, and altered expression of membrane-bound channels and 

pumps, particularly in the area of myocardium border to the infarct, leading to electrical 

remodeling.  

 

Though the two phenomena are certainly related, it should not be assumed that structural 

remodeling is equivalent with electrical remodeling. After the initial proarrhythmic phase, 

facilitated by spontaneous depolarizations of metabolically compromised cardiac cells, the 

chronic proarrhythmic phase begins and remains. This chronic phase is facilitated by both the 
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scar tissue with islands of surviving cardiomyocytes, as well as the ischemia-associated 

dysregulation of membrane-bound potassium channels and calcium ATPases (2) leading to 

repolarization heterogeneity that overwhelms the intrinsic cardiac repolarization reserve (3).  

 

Cardiac scar burden, in either the atria or in the ventricles increases susceptibility to reentrant 

arrhythmias. Structural scar burden imposed by myocardial infarction combines with the 

electrical repolarization dysregulation to produce arrhythmogenic “substrate”. In the ventricle, 

these two components of substrate enable the creation of a relatively stable reentrant 

tachyarrhythmia called monomorphic ventricular tachycardia (mmVT). The term monomorphic 

describes the activation of a single reentrant circuit within the myocardium that involves both 

electrically remodeled myocardium as well as structurally remodeled scar tissue. A less 

organized, more unstable form of VT, namely polymorphic VT, and ventricular fibrillation have 

no defined circuit path length and thus are more likely to cause insurmountable hemodynamic 

instability. Clinically, the odds of arrhythmogenic sudden cardiac death (SCD) for a HF patient 

are highest during acute infarction and reperfusion, but also increase cumulatively as the 

duration of HF increases (4, 5).  

 

In addition to electrical instabilities such as mmVT, heart failure also portends additional risk of 

other maladaptive phenomenon, which clinically are viewed as prognostic factors in assessing 

the severity of disease burden. Human patients suffering from mechanical alternans, electrical 

alternans, and pulseless electrical activity are thought to have worse survival probabilities by 

way of substantial ventricular dysfunction. Mechanical alternans, defined as an alternation of 

large-small-large-small intraventricular pressures and subsequent alternating ejection fractions, 

is thought to be a poor prognosis factor and is indicative of severe left ventricular systolic 

impairment (6). On the other hand, electrical alternans is not as well understood as a prognosis 

factor, but it is often found clinically in patients with pericardial effusions (7, 8). As the heart 

swings back and forth in the mediastinum, the surface electrodes gain, then lose, then gain 

distance from the heart, and an apparent loss in voltage appears on the resulting 

electrocardiogram. 

 

Pharmacologic treatment (9) and targeted ablation (both invasive catheter approaches (10) and 

novel non-invasive vest approaches (11, 12) are used clinically to suppress substrates and 
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mitigate mmVT and SCD risk. However, it is common to develop unpleasant or even life-

threatening toxicities from a chronic antiarrhythmic drug regiment (13), or to experience 

arrhythmia recurrence post-ablation (14). While neurohumoral manipulation in the form of 

sympathetic output reduction is also employed in this setting, it is often secondary in 

application, following one of the two afore mentioned approaches. The third treatment option 

available is implantable cardioverter defibrillator, which does not address the underlying 

arrhythmogenic substrate, but converts the rhythm by producing a high electrical potential. 

Implantable cardioverter defibrillators can be used to treat SCD in patients who exhibit any form 

of ventricular tachyarrhythmia.  

 

These devices, paired with the criteria established by the Multicenter Unsustained Tachycardia 

Trial (15) and broadened by the Sudden Cardiac Death in Heart Failure Trial and the Multicenter 

Automatic Defibrillator Implantation Trial (16), have decreased the number of patients that have 

succumbed to SCD from ventricular tachyarrhythmia. However, nearly one-third of HF patients 

who receive a defibrillator receive inappropriate shocks during their lifetime (17) and for other 

patient populations like end-stage renal disease patients, defibrillator utilization is futile (18). 

Given the shortcomings of these three treatment options to suppress arrhythmogenic substrate 

and prevent SCD, novel treatment options that disrupt the current treatment paradigm are 

needed. The current Food and Drug Administration regulatory pathway portends that these 

future experimental therapies will undergo evaluation in a preclinical animal model that 

recapitulates a certain component of the human pathophysiology. In order to facilitate the next 

generation of disruptive therapies that better mitigate arrhythmogenic SCD in HF (19) preclinical 

animal models must be characterized with increased precision to minimize ineffective clinical 

translation. 

 

The Sprague Dawley rodent model of ischemic HF has been utilized by investigators for decades 

with strong clinical correlation (20, 21, 22). However, there may be no published data 

characterizing the model’s chronologic arrhythmogenesis, specifically related to ventricular 

reentry in the setting of HF with reduced ejection fraction. Furthermore, there are no data 

correlating these findings to what is seen clinically.  

 

With respect to electrical remodeling and proarrhythmic deterioration, multi-week studies to 
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evaluate ventricular arrhythmia in Sprague Dawley rats with HF have been completed (23, 24), 

however none of them focused on inducible reentrant arrhythmia but rather triggered electrical 

activity. With respect to structural remodeling, magnetic resonance imaging and histopathology 

support cessation of compensatory fibrosis between 2 and 4 weeks post-myocardial infarction 

(MI) in rats (25, 26). This paucity of data regarding concomitant electrical and structural 

remodeling for substrate-driven reentrant mmVT in rodent HF justifies 10 weeks post-MI as a 

long-term evaluation. 

 

 

 Specific Aim One 

Establish the clinical relevance of a rodent model of reentrant ventricular tachyarrhythmia in 

the setting of heart failure with reduced ejection fraction (HFrEF) 

 

Though rodent models of cardiovascular disease have been utilized by translational researchers 

for decades, few investigators utilize the Sprague Dawley rat model of permanent coronary 

artery ligation to investigate the electrical remodeling that occurs in HFrEF. Even fewer 

investigators have attempted to correlate the electrophysiologic (EP) instability findings in the 

Sprague Dawley rat HFrEF model to what is observed clinically in human patients with HFrEF. 

The intent of this specific aim is to carefully and methodically characterize the Sprague Dawley 

rodent model of HFrEF so as to defend its utility for this dissertation’s central question, but also 

understand the shortcomings and limitations of this model so as to not over extrapolate 

clinically relevant findings. 

 

Clinically, HFrEF post-myocardial infarction conveys increased vulnerability to arrhythmia, 

namely mmVT, but also other electrical and hemodynamic abnormalities that are used as 

prognostic factors in elucidating disease status and rate of progression. Given that it is this 

dissertation’s central aim to appropriately evaluate a novel therapeutic intervention for infarct-

mediated reentrant arrhythmia in the preclinical setting, chronologic characterization of the 

preclinical animal model pathophysiology is critical. This specific aim endeavors to evaluate the 

rigor and reproducibility of both the HFrEF-mediated electrically stability and also the 

chronologic incidence of mmVT as HFrEF progresses. I hypothesize presence of all major HFrEF 

electrical and hemodynamic prognostic factors as well as a progressive increase in the incidence 
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of mmVT as the duration of HFrEF increases. 

 

2.2 Materials and Methods 

Model of Heart Failure with reduced Ejection Fraction 

 

Adult male Sprague-Dawley rats (Envigo, Indianapolis, IN) approximately 7 weeks old were 

randomized to one of three groups: SHAM, six-week HF, or ten-week HF. The HF rats underwent 

left coronary artery ligation to create a myocardial infarction and subsequent HF (27). 

Rats (244-283 grams) were induced using 3-5% volatile isoflurane in 100% oxygen (1L/min) 

before undergoing visual oropharyngeal intubation and mechanical ventilation at approximately 

2.3 mL per stroke at approximately 90 strokes per minute (Harvard Apparatus, Holliston, MA). 

Next, rats received an anesthetic cocktail of ketamine (50 mg/kg), xylazine (5 mg/kg), 

acepromazine (1 mg/kg), and atropine (0.5 mg/kg) along with intraperitoneal 2% lidocaine HCl 

(10 mg/kg) to prevent ventricular arrhythmia. A left-sided thoracotomy expressed the heart 

from the mediastinum and a 5-0 TiCron ligature (Covidien, Minneapolis, MN) was tightly 

fastened around the proximal left coronary artery for occlusion.  

 

After closing the chest, rats were transferred from the surgical table to a heated recovery pad 

with a ventilator. Successfully infarcted rats (see Echocardiography section) were randomized to 

either the six-week timeline or the ten-week timeline and maintained on standard feed and 

water ad libitum. 

 

SHAM-operated rats were simultaneously enrolled in the study and underwent the same 

surgical schedule, minus coronary artery ligation, to serve as appropriate controls. SHAM rats 

were maintained for six weeks to follow the recommendations set out by the University of 

Arizona Institutional Animal Care and Use Committee and also comply with the National 

Institute of Health’s ‘Guide for the Care and Use of Laboratory Animals’. In an effort to 

responsibly reduce the overall number of animals used in this study, it was decided to only 

pursue a 6 weeks post-MI SHAM cohort given that no change in cardiac function is expected in 

SHAM rats living in standardized living conditions. An uninfarcted SHAM rat at any time point, 

either 6 weeks post-MI or 10 weeks post-MI, should suffice as an adequate negative control for 

this focused study of HF-associated mmVT. Furthermore, no changes were observed in cardiac 
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function for the 6 week post-MI SHAM cohort as measured by serial echocardiography. 

 

 Echocardiography 

 

Successful HF induction was defined as a minimum decrease in left ventricular (LV) EF to 40% 

during the screening echocardiographic study at three weeks post-MI. The imaging studies were 

performed at three weeks post-MI because after three weeks, most of the maladaptive 

structural remodeling is complete (25, 26). A LVEF of 40% was selected as the cutoff for HF rats 

in reference to the clinical definition of HF, but also accounting for the hyper-dynamic 

physiology of rodent ventricles, relative to human EF. 

 

In addition to undergoing the screening echocardiography study at 3 weeks post-MI for HF 

cohort assignment, rats also underwent a final echo study between 1 and 3 days before the 

terminal hemodynamic and electrophysiologic studies to quantify cardiac function at 6 weeks 

post-MI. 

 

Rats were anesthetized with 2-3% isoflurane in 100% oxygen (1 L/min) and placed supine on a 

warming pad with dorsal paw electrodes. Transthoracic echocardiography was performed with a 

13-25 MHz linear transducer on a dedicated rodent system (Vevo2100, FUJIFILM VisualSonics, 

Toronto, ON, Canada) by an operator blinded to the group identity within three days of the 

terminal study.  

 

Parasternal short axis and long axis images were collected along with two-chamber apical views 

to visualize the anterior, lateral, antero-lateral, inferior, and posterior walls. All parameters of 

interest related to left ventricular mechanical shortening, volumes, diameters, and wall 

thicknesses.   

 

 Invasive Hemodynamics 

 

Invasive hemodynamic data were obtained by a surgeon blinded to the group identity during 

the two-part terminal study (1. Invasive Hemodynamics followed by 2. Cardiac Electrophysiology 

Study). Rats were anesthetized with an intraperitoneal saline suspension (100 mg/ml) of Inactin 
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(125 mg/kg), which is “a long-lasting rodent anesthetic with minimal effects on cardiovascular 

tone” (Sigma-Aldrich, St. Louis, MO), volume loaded with a 3 mL subcutaneous bolus of Lactated 

Ringers, placed on a heated surgical table, intubated, and ventilated.  

 

A three-French solid-state micromanometer-tipped catheter (ADInstruments, Colorado Springs, 

CO) was equilibrated before insertion into the right carotid artery, exposed via right neck 

cutdown, and advanced into the left ventricular cavity. Data was digitized at a rate of 1000 Hz 

for approximately fifteen minutes after catheter placement to allow for hemodynamic 

stabilization before ventricular manipulation and data collection.  

 

 In vivo Cardiac Electrophysiology 

 

After invasive hemodynamic analysis, rats underwent cardiac EP evaluation.  Rats immediately 

underwent a second median sternotomy after the micromanometer was retracted from the left 

ventricular cavity to the right common carotid artery. Any cardiac adhesions were dissected to 

expose the epicardial surface. No antiarrhythmic compounds were utilized at any point during 

the EP evaluation.  

 

Monophasic action potentials were collected from the epicardium using a bipolar concentric 

microelectrode (MicroProbes for Life Science, Gaithersburg, MD) and filtered using a MP150 

system with MCE100C amplifier modules (BIOPAC Systems Inc., Goleta, CA) before integration 

into a two-dimensional electroanatomic colormap (24 equidistant points collected sequentially, 

40 millimeters for 6 columns by 30 millimeters for 4 rows). The mapped epicardium spanned the 

anterior-most portion of the right ventricle, over the anterior left ventricle, to the middle of the 

left ventricular free wall. Consistency in mapped epicardium was ensured by comparable 

surgical windows of equal length and retractor placement. Healthy (≥7.2 millivolts)-Border 

(7.2>x≥2.8 millivolts)-Scar (<2.8 millivolts) cutoff values for monophasic action potential 

amplitude were calculated empirically using normal distributions generated from SHAM and HF 

rats. 

 

A three-lead surface electrocardiogram was obtained while programmed electrical stimulation 

protocols were performed to induce mmVT (MATLAB, Natick, MA). Capture threshold in volts 
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was determined in healthy epicardial myocardium before a S1-S2 drivetrain was initiated to 

induce sustained ventricular tachyarrhythmia with two-times the capture threshold. Eight 

equidistant stimuli (S1) with one extrastimulus (S2) were utilized in all drivetrains. The S1-S1 

interval was set so as to be slightly faster than the intrinsic rhythm (approximately ten beats per 

minute greater than the rat’s sedated heart rate) and the drivetrain was triggered to initiate 

slightly before a p wave so as to allow for complete ventricular repolarization before pacing. 

 

Pacing started at an arbitrarily long S1-S2 interval to characterize subsequent ventricular 

capture morphology on the surface electrocardiogram. The drivetrain was executed three times, 

and then the S1-S2 interval was trimmed sequentially by five milliseconds until arrhythmia 

occurred and/or until failure to capture. The longest S1-S2 interval that failed to consistently 

capture the heart and produce uniform repolarization waveforms was reported as the minimum 

value of the ventricular effective refractory window. The pacing electrode for all S1-S2 

drivetrains was placed on the anterior epicardium in the visually determined border region 

(peripheral to the infarcted tissue, on visually viable myocardium). Often, this location resided 

near the junction of the right ventricle and left ventricle. 

 

Sustained mmVT in rats has been defined as greater than fifteen consecutive premature 

ventricular complexes at any rate exceeding 350 beats per minute.  

 

 Statistical Analysis 

 

Data are expressed as mean ± standard error of the mean. An alpha level of 0.05 was set as the 

upper boundary for statistical significance. Differences between groups were determined by 

either one-way analysis of variance (ANOVA) and Tukey HSD post hoc testing, or by Kruskal-

Wallis one-way ANOVA on ranks and Dunn’s Method, if the Shapiro-Wilk Normality test or Equal 

Variance test was failed. The incidence of inducible mmVT was compared using Fisher’s Exact 

Test. 
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2.3 Results 

Echocardiography 

 

The screening echo session occurred at 3 weeks post-MI to assess cardiac dysfunction after the 

MI. Of the rats that survived the infarction, nearly all of them (n=32) were successfully induced 

into HF as evidenced by a LVEF below forty percent (35±3%). Only 5 rats were excluded from HF 

cohort assignment as their LVEFs were not sufficiently low. 

The final echo session occurred at the study endpoint, 6 weeks post-MI. Compared to SHAM rats 

(n=10), six-week HF rats (n=20) had impaired (p<0.05) LV function and an increase (p<0.05) in 

systolic and diastolic geometric parameters consistent with maladaptive LV remodeling (Table 

1). Compared to six-week HF rats, ten-week HF rats (n=11) had no statistically significant 

(p>0.05) changes in echocardiographic parameters. 

 

 
Table 1 Echocardiographic Indices in Heart Failure 
 

 
 
Tab 1. A table summarizing the echocardiographic results (mean ±SEM) for the left ventricles of 

SHAM rats, 6-week HF rats, and 10-week HF rats. Echo data was collected within three days of 

the terminal invasive hemodynamic and electrophysiologic study. While overt differences are 

seen between SHAM and 6-week HF (* p<0.005, ANOVA-Tukey HSD), as well as between SHAM 

and 10-week HF (* p<0.001), no differences are observed between 6-week HF and 10-week HF. 

 
 
 Invasive Hemodynamics 

 

Six-week HF rats (n=20) had an increase (p<0.05) in LV end-diastolic pressure and relaxation 

constant Tau, and a decrease (p<0.05) in LV systolic pressure, peak-developed pressure, ±dP/dt, 

and heart rate compared to SHAM rats (n=10) (Table 2). Comparison of ten-week HF rats (n=12) 

to six-week HF rats revealed no difference (p>0.05) in invasive hemodynamic parameters (Table 

2). 
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Table 2 Hemodynamic Indices in Heart Failure 
 
 
 
 
 
 
 
Tab 2. A table summarizing the invasive hemodynamic results (mean ±SEM) from SHAM rats, 6-

week HF rats, and 10-week HF rats. Hemodynamic data was collected at the terminal procedure, 

immediately prior to electrophysiologic assessment. While overt differences are seen between 

SHAM and 6-week HF (* p<0.0001, ANOVA-Tukey HSD), as well as between SHAM and 10-week 

HF (* p<0.0001), no differences are observed between 6-week HF and 10-week HF. 

 
 
 In vivo Cardiac Electrophysiology 

 

A single 6 week HF rat was used as a case study to evaluate the strength of correlation between 

clinically known prognostic ventricular phenomena and their presence in this HF model (Figure 

1) (28). The rat began in normal sinus rhythm, as evidenced by the normal surface 

electrocardiogram depicting a Q wave preceding each QRS complex (Panel A). Polymorphic VT 

developed during the programmed electrical stimulus drivetrain (Panel B) but progressed to 

monomorphic VT (Panel C). Mechanical alternans was noted despite fixed tachycardia cycle 

length. Anti-tachycardia pacing attempts initiated a second distinct monomorphic VT with 

shorter cycle length that generated pulse intermittently (Panel D) and then degenerated into 

pulseless mmVT (Panel E). Electrical alternans was recorded. Attempts at resuscitation via 

cardiac massage, epicardial lidocaine, and anti-tachycardia pacing therapy were eventually 

successful (Panel F).   
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Figure 1 Prognostic Factors in Rodent Heart Failure 
 

 
 
Fig 1. Panel A – Electrocardiogram (ECG) (millivolts) and solid-state micromanometer pressure 

recording of CHF rat at baseline in sinus rhythm with a carotid artery pressure of 108/75 mmHg 

and a resting heart rate of 230 beats/min. Panel B – The same rat undergoing programmed 

electrical stimulation (PES). Ventricular tachycardia (VT) develops just before the final S1 despite 

capture on all previous S1 and the S2.  A fall in arterial pressure with polymorphic VT is 

recorded. Panel C – A transition from polymorphic VT to monomorphic VT (475 beats/min) and 

mechanical alternans present despite fixed tachycardia cycle length – 19 seconds post VT 

initiation.  Arterial pressure deceased to 41/30 mmHg. Panel D – After anti-tachycardia pacing, a 

second distinct monomorphic VT is initiated that is faster than the first with only intermittent 

pulse generation despite fixed tachycardia cycle – 2 minutes and 15 seconds post VT initiation. 

Arterial pressure continued to decrease to 33/15 mmHg. Panel E – The same rat with electrical 

alternans during pulseless VT (540 beats/min) – 3 minutes and 1 second post VT initiation. 

Arterial pressure is recorded at less than 10 mmHg.  Panel F – The same rat in sinus rhythm (240 

beats/min) after successful cardioversion – 8 minutes 56 seconds post resuscitation. Arterial 

pressure is restored to 107/75 mmHg. 
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Regarding the three rat cohorts SHAM, 6-week HF, and 10 week HF, epicardial monophasic 

action potentials (Figure 2) were collected and interpolated into two dimensional 

electroanatomic colormaps (Figure 3) based on monophasic action potential amplitude. 

 
 
Figure 2 Epicardial Monophasic Action Potentials 

 
Fig 2. Three epicardial monophasic action potential tracings from a single 10-week HF rat. The 

tracings highlight the substantial difference in monophasic action potential amplitude in 

millivolts (y-axis) between healthy myocardium, border tissue, and scar tissue, likely due to the 

decreased number of viable cardiomyocytes. A difference can also be observed in the 

monophasic action potential duration to ninety percent repolarization (x-axis). Differences in 

the waveform slope, particularly in the second and third phase, are thought to be due to 

impaired potassium efflux associated with ischemic remodeling. 

 
 
 
 
SHAM rats (n=15) exhibited no inducible mmVT (0/15; Figure 4) and a short effective refractory 

period (ERP; 53±4 msec) (Figure 5). Six-week HF rats (n=20) had an increase in mmVT (10/20, 50 

versus 0%, p=0.0016) and a prolongation of the ventricular ERP (71±3 versus 53±4 msec,  

p=0.0042). Ten-week HF rats (n=10) exhibited no difference with respect to the incidence of 

inducible mmVT (5/10, 50 versus 50%, p=1.0000) and no change in the ventricular ERP (70±5 

versus 71±3 msec, p=0.9831) compared to the six-week HF rat cohort.  
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Figure 3 Two-dimensional Electroanatomic Color Maps 
 

 
Fig 3. Epicardial monophasic action potential amplitude colormaps from three randomly 

selected rats, each representing its respective group namely SHAM, 6-week HF, or 10-week HF. 

The colormaps reveal a normal epicardium in SHAM, with a single area of red highlighting the 

sensitivity of MAPA in characterizing the epicardium. The 6-week HF colormap shows gross 

MAPA defects on the right, which corresponds to the left coronary artery myocardial territory. 

The HF-10-week map exhibits maintenance of the electrical infarct with a widening of the 

border region but improvement in MAPA millivoltage in the scar. Though scar burden is 

different between these two randomly selected HF rats representing the six-week endpoint and 

the ten-week endpoint, the qualities of the substrates are similar and the hemodynamic and 

echocardiographic group averages support the notion that the degree of myocardial infarction-

mediated HF was comparable between the two groups. 

 
 
Episodes of mmVT in the HF rats either persisted indefinitely (beyond 5 seconds), with no major 

alteration in cycle length or waveform morphology, or spontaneously terminated within ~5 

cycles after the 15 consecutive depolarizations necessary to be classified as a sustained episode. 

Rats that exhibited indefinitely persisting mmVT were converted back to normal sinus rhythm 

with anti-tachycardia pacing, which exhibited a perfect success rate. These rats were converted 

back to sinus to continue the S1-S2 drivetrain so as to quantify ventricular ERP. 
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Figure 4 Surface Electrocardiograms during PES 
 

 
Fig 4. Surface electrocardiogram (Lead II) tracings from individual rats representing each group. 

Each tracing begins with two cardiac cycles of intrinsic electrical activity, followed by the 

programmed electrical stimulation (PES) drivetrain of eight S1 stimulations and one premature 

S2 stimulation. The resulting rhythm is two premature ventricular contractions followed by a 

brief delay and then spontaneous return to normal sinus rhythm for the SHAM rat, 

monomorphic ventricular tachycardia (mmVT) for the HF-6wk rat, and a comparable mmVT for 

the HF-10wk rat. Scale bars are provided before the SHAM tracing. For SHAM and HF 6-wk 

tracings, the p-wave observed during intrinsic electrical activity can be observed during PES. 
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Capture threshold did not differ enough between SHAM (0.70±0.13 volts) and 6-week HF 

(1.00±0.12 volts), SHAM and 10-week HF (0.84±0.12 volts), nor 6-week HF and 10-week HF to 

warrant any pairwise comparisons (p=0.343). 

 
 
 
 
 
Figure 5 Effective Refractory Period and Incidence of mmVT 
 

 
Fig 5. A graph summarizing the electrophysiologic results for incidence of inducible 

monomorphic ventricular tachycardia (mmVT) and ventricular effective refractory period (ERP; 

mean ±SEM).  Changes between SHAM (n=15) and 6-week HF (n=20) include an increase in 

inducible mmVT and a prolongation of the ventricular ERP. These changes do not continue 

between 6 weeks and 10 weeks of HF (n=10).  * p<0.01 versus SHAM (ERP-ANOVA-Tukey; 

mmVT-Fisher’s Exact).   
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2.4 Discussion and Conclusions 

Although cardiac alternans events of varying durations in animal models have been documented 

in the scientific literature (29, 30, 31), this may be the first published example of both electrical 

and mechanical alternans have in an animal model of HFrEF during reentrant mmVT.  

While it is not possible to be completely certain, the distinct events of mechanical alternans and 

electrical alternans could have been indicative of progressively worsened calcium handling in 

the compromised cardiomyocytes. Beginning with mechanical alternans, it is possible that 

intracellular calcium dynamics were abnormal post-depolarization, resulting in incomplete 

uptake of cytoplasmic calcium in diastole and impaired force generation for every other systole 

(Figure 1, Panel C). In addition, the calcium gradient could worsen as the VT continued, to a 

point that calcium was no longer being sufficiently cleared from the intracellular space of 

cardiomyocytes to stop actin-myosin cross-bridge formation. This could have resulted in the 

pulseless electrical activity depicted (Figure 1, Panel E). 

 

Regarding electrical alternans, which occurred simultaneously with pulseless electrical activity, 

calcium influx is not a current that manifests in rat cardiomyocyte action potentials. Their 

repolarization depends primarily on Ito,f, Ito,s, and IK,ur, and lacks the phase two plateau facilitated 

by ICa,L (32). This proposed mechanism may elucidate how the heart was able to maintain 

electrical function, with the ECG indicating semi-organized activity and nearly normal ventricular 

voltage amplitude (Figure 1, Panel E), in the face of electrical-mechanical uncoupling.  

 

The electrical alternans may have occurred due to an alternating failure to reach the normal 

resting membrane potential of repolarization due to abnormally high intracellular calcium, 

reducing the electrical driving force of depolarizing currents and resulting in electrical alternans. 

The incidence of inducible mmVT in a rat HF model at 6- and 10-weeks post-MI was evaluated so 

as to chronologically describe the electrical instability of the infarcted ventricle.  Induction of HF 

was defined by changes in echocardiography (Table 1), invasive hemodynamics (Table 2), 

electroanatomic mapping (Figures 2, 3), and incidence of inducible mmVT (Figures 4, 5).  

 

Six-week HF rats exhibited an expected increase in the incidence of inducible mmVT and a 

prolongation of ERP, but no difference in capture threshold voltage compared to SHAM. Ten-

week HF rats met statistical significance in echocardiographic, invasive hemodynamic, and EP 
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datasets versus SHAM, but lacked any statistical distinction versus six-week HF (Tables 1, 2; 

Figure 5). 

 

Monophasic action potentials (Figure 2) revealed both a substantial decrease in amplitude 

between the three sub-types of tissue in an infarcted myocardium, namely healthy tissue, 

border tissue, and scar tissue. In addition, monophasic action potential duration to ninety 

percent repolarization depicted a qualitative prolongation between healthy, border, and scar 

tissue, suggesting that the electrical remodeling that prolongs repolarization and increases 

repolarization heterogeneity is present in this rat model. 

 

The incidence of induced mmVT increases between SHAM and six-week HF (Figures 4, 5). This 

increase may be out of proportion to what is seen clinically (33), potentially due to increased 

collateral circulation in patients (34) and timely percutaneous coronary intervention for patients 

with acute MI. The plateau of inducible mmVT between six and ten weeks is attributed to the 

remodeling process likely completing before 6 weeks post-MI. The remodeled myocardium, 

both the compensatory cardiomyocyte hypertrophy and the myofibroblast-mediated scar, may 

convey no additional arrhythmogenic risk after six weeks of permanent ischemia in HF rats. This 

is consistent with canine models of HF (35) and with clinical findings, where the early 

convalescent phase imparts increased SCD risk that lowers upon conversion to the chronic 

phase after one year (36). 

 

While the clinical definition of sustained mmVT is a rapid ventricular rhythm exceeding 100 

beats per minute that persists for over 30 seconds, this definition for rodents is extrapolated to 

account for the substantially higher resting heart rate (~250 beats per minute) and subsequently 

excessively high mmVT rate (500+ beats per minute). For humans, the minimum number of 

premature ventricular complexes totals 50 (100 beats per minute for 30 seconds). For a rodent 

with a VT rate of 840 beats per minute, 50 complexes would be reached in nearly three seconds. 

Utilizing a cutoff value of 15 premature ventricular complexes is sufficiently sensitive to stratify 

SHAM and HF rats, and also allows for distinguishing of acute ischemia-related transient ectopy 

versus stable and persistent infarct-related reentry (37). 
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It was hypothesized that this rodent model of HF would exhibit a progressively increased 

incidence of mmVT as the duration of HF increased. The data reveal a plateau of inducible 

mmVT between the two HF cohorts. Although this result does not support the hypothesis, it 

does not diminish the potential impact of a future experimental therapy for mmVT or SCD that 

has undergone preclinical evaluation in a Sprague Dawley HF model. The knowledge that 

structural remodeling and proarrhythmic deterioration are quiescent between six- and ten-

weeks post-MI are the necessary background to properly interpret the efficacy of any 

antiarrhythmic therapy applied to this model.  

 

Clinically, the odds of arrhythmogenic SCD in HF are thought to increase cumulatively as the 

duration of HF increases, however that does not seem to be recapitulated in this rodent HF 

model between 6- and 10-weeks post-MI. Nonetheless, this animal model still holds value for 

studying interventions in hemodynamically stable HF with stably reentrant tachyarrhythmia, 

which describes many optimally managed HF patients. 

 

Regarding the specific aim, this data supports the clinical relevance of this rodent model of 

reentrant ventricular tachyarrhythmia in the setting of HFrEF, and also provides the necessary 

chronologic information to properly interpret any effects from an experimental novel therapy. 

 

 Limitations 

 

This study set out to evaluate the strength of correlation between rat and human cardiac 

electrophysiology, specifically via identification of the incidence of inducible mmVT in HF rats at 

progressive time points. It is necessary to acknowledge that utilizing an animal model like swine 

whose ion channel isoform expression, electromechanical coupling via calcium handling, and 

cardiovascular anatomy better replicates what is seen clinically would carry greater translational 

value with fewer limitations. Degeneration of mmVT to ventricular fibrillation or arrhythmogenic 

sudden cardiac death was never observed in this rodent study, though it may have been if a 

larger animal model of HF was utilized instead of rats. 

 

Though swine hearts recapitulate the electrical properties of human hearts to a greater degree 

than rat hearts, a major problem with inducing mmVT in swine is that they are prone to 
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arrhythmogenic degeneration into polymorphic VT and ventricular fibrillation. This tendency 

would make it difficult to complete a study utilizing programmed electrical stimulation such as 

this one, due to the higher likelihood of a non-specific stimulus causing sudden cardiac death. 

This point is further clarified when examining the methodology for left anterior descending 

coronary artery ischemia-reperfusion to induce ischemic HF. It is routine to preoperatively treat 

with intravenous lidocaine and amiodarone because of the animals’ tendency to go into 

ventricular fibrillation. 

 

In addition, the method of HF induction for the rats, permanent left coronary artery occlusion by 

surgical means, is distinct from the mechanism of HF induction observed clinically. In humans, 

slowly progressing atherosclerosis of the coronary arteries results in ischemic heart disease that 

sustains islands of living myocardium in heterogeneously distributed scar tissue (i.e. non-

transmural). Additionally, after an acute MI, coronary artery blood flow can eventually be re-

established with percutaneous coronary intervention. These characteristics are not present in 

HF models induced by permanent coronary artery ligation and thus are a limitation of any 

coronary occlusion animal model’s ability to recapitulate the clinical phenomenon of HF post-

MI. Nonetheless, the mmVT exhibited by this rodent HF model likely propagates by the same 

reentrant circuit mechanism that is observed in human HF patients. 

 

Finally, rats six to eight weeks in age were utilized to study MI and HF. Though seemingly young, 

it is important to account for the average lifespan of the Sprague Dawley rat: 3 years (38). One 

human year is the equivalent of roughly fourteen rat days and their developmental timeline is 

drastically accelerated compared to mankind’s. Thus, their age at MI corresponds to their young 

adult stage. Regardless, the ability of this rat model to recapitulate human cardiovascular 

pathophysiology from ischemic insult has been long established. 
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2.7 Supplement B 
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CHAPTER 3: MONOPHASIC ACTION POTENTIAL 
AMPLITUDE FOR SUBSTRATE MAPPING 
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3.1 Background 

Catheter-based radiofrequency ablation for cardiac arrhythmias premiered in the late 1980s, 

resulting in new management options for arrhythmias such as atrioventricular nodal re-entrant 

tachycardia, atrial fibrillation, and ventricular tachycardia (1). While the value of radiofrequency 

ablation is evolving (2), shortcomings do exist. Of great importance is the recurrence rate post-

ablation for arrhythmias such as atrial fibrillation and ventricular tachycardia, which necessitates 

repeat ablation procedures and exposes patients to increased cumulative risk of procedural 

complications. 

 

Bipolar voltage electrograms are optimal in the context of ablation in that the field of view is 

sufficiently narrow to eliminate far-field noise and provide an accurate depiction of the local 

electric potential. However, in unique diseases such as atrial fibrillation that contain diffuse 

interstitial fibrosis (3), bipolar voltage electrograms may not be appropriate. Atrial fibrillation is 

the most common arrhythmia in adults worldwide and has significant morbidities such as 

systemic thrombosis and stroke. These challenges are not always adequately mitigated with 

current radiofrequency ablation techniques and repeated ablation procedures. Reducing the 

recurrence rate for atrial fibrillation patients from 40% (4) to a more acceptable value will likely 

require techniques capable of highly sensitive identification of myocardial areas with electrical 

instability, which includes but is not limited to a decrease in tissue voltage.  

 

I hypothesize that monophasic action potential (MAP) amplitude (MAPA) mapping would 

provide more accurate definition of infarct size, compared to other mapping modalities, via 

increased sensitivity to distinguish healthy myocardium from scar tissue. Advantages of MAPA 

mapping include its inherent qualities relating to uniformly small field-of-view (5, 6), electrode-

orientation insensitivity (7), and high-fidelity correlation to intracellular transmembrane action 

potentials. In this study, I utilize an in vivo animal model to demonstrate clinical feasibility. 
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 Specific Aim Two 

Create a novel electrophysiologic methodology to evaluate arrhythmogenic substrate 

 

Radiofrequency ablation has revolutionized the management of ventricular tachyarrhythmias, 

by facilitating increased precision to target localized areas of the myocardium relative to the 

global effects of pharmacologic management. Nonetheless, ablation is not without shortcoming 

as the rate of arrhythmia recurrence is a large drawback. This is particularly true for arrhythmias 

propagated by functional reentry, such as atrial fibrillation and monomorphic ventricular 

tachycardia. Successful substrate identification is paramount to the successful abolishment of 

reentrant arrhythmia. Currently, bipolar voltage electrogram is the gold-standard tool for 

identifying electrically compromised myocardial tissue. However bipolar voltage electrogram’s 

narrow field of view can be further reduced for increased sensitivity. 

 

For this specific aim I will perform in vivo cardiac mapping on HFrEF Sprague Dawley rats using 

four different electrical modalities: monophasic action potential amplitude (MAPA), monophasic 

action potential duration to ninety percent repolarization, unipolar voltage electrograms, and 

bipolar voltage electrograms. The data from these modalities will be interpolated into two-

dimensional electroanatomic color maps for the purpose of comparison of substrate presence, 

location, and distribution to the ex vivo gold-standard quantification method: cardiac 

histopathology with a trichrome stain. I hypothesize that MAPA will provide more accurate 

infarct sizes than the other three mapping modalities via increased sensitivity to distinguish 

healthy myocardium from scar tissue. 

 

 

3.2 Materials and Methods 

Ischemic Heart Failure Model 

 

All rats in this study received humane care in compliance with Institutional Animal Care and Use 

Committee-approved protocols at the University of Arizona and in compliance with the National 

Institutes of Health’s ‘Guide for the Care and Use of Laboratory Animals’.  The male Sprague 

Dawley rat (Envigo, Indianapolis, IN) permanent left coronary artery ligation model was used as 

previously described (8, 9, 10).  
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Rats are inducted with 3% isoflurane, anesthetized with a Ketamine, Xylazine, Acepromazine, 

Atropine, and saline cocktail, volume loaded intraperitoneally, undergo a medial sternotomy 

and receive a permanent proximal left coronary artery ligature. SHAM-operated surgical control 

rats receive the same procedure, excluding coronary ligation. Post-surgery, rats are maintained 

on standard light/dark cycles, rat chow, and water ad-libitum for six weeks while ischemic heart 

failure (HF) develops.  

 

At six weeks, echocardiography is used to evaluate left ventricular (LV) function (ejection 

fraction, LV dimensions and volumes). Afterwards, a terminal invasive hemodynamic (end-

diastolic pressure, peak-developed-pressure, ±dP/dt, time constant of relaxation, Tau) and 

electrophysiology (EP) study is performed. During the terminal study, the rat is anesthetized, 

intubated, and mechanically ventilated on a rectal probe-gated heated platform with 

electrocardiogram monitoring (8, 9). A three-French solid-state micromanometer-tipped 

catheter is equilibrated and inserted into the carotid artery and advanced through the aortic 

valve to collect left ventricular hemodynamic parameters. Mapping is then performed using 

custom software system by collecting data from roughly equidistant points in matrix format 

from the epicardial surface and interpolating the numerical data into color maps. 

 

Monophasic Action Potential Acquisition  

 

In vivo MAPs were obtained using a tungsten concentric bipolar microelectrode (instrument 

#TM53CCINS, World Precision Instruments, Sarasota, FL). This superficially-penetrating (<1mm) 

microelectrode has a cone-shaped tip with a tip diameter of 3 micrometers, a tip electrode 

length of 250 micrometers, an electrode spacing of 300 micrometers, a ring electrode length of 

200 micrometers and an impedance of 15KΩ. All EP signals were amplified with a BIOPAC 

MP150 data acquisition system and MCE100C amplifier modules (BIOPAC Systems, Inc., Goleta, 

CA). Filtering settings for MAPs were as follows: 0.05 hertz high pass, 95 hertz low pass, and 60 

hertz notch filter. 

 

One-second intramural recordings (sedated rat heart rate is approximately 400 beats per 

minute) were obtained from twenty-four epicardial points within a matrix of six columns, each 
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containing four rows; the matrix dimensions approximated 10 millimeters for each row in the y-

axis and 15 millimeters for each column in the x-axis. Analysis included selecting three 

representative ventricular MAP that contained a stable baseline consistent with the two 

adjacent action potentials, and followed the general principles describing MAP phases (11). 

Amplitude is defined as the millivoltage difference between phase four and the peak of phase 

zero. Ninety percent repolarization was selected for analysis, as oppose to a different 

percentage, to capture the well-described phenomenon of impaired late ventricular 

cardiomyocyte repolarization in ischemic heart failure (12, 13). 

 

Voltage Electrogram Acquisition 

 

One second voltage electrograms were obtained at the same ventricular epicardial MAP points 

with a clinical four-French quadripolar catheter (Bard Electrophysiology, Covington, GA). The 

four electrodes are one millimeter in length, each separated by one millimeter. Only two 

electrodes were utilized for data collection to ensure good contact with the ventricular 

epicardium. Analysis included filtering (0.05 hertz high pass, 240 hertz low pass, and 60 hertz 

notch filter) and selecting three representative tracing that contained a stable baseline 

consistent in the two adjacent tracings and followed the general principles in describing unipolar 

and bipolar electrogram waves. Amplitude is defined as peak-to-peak voltage, more specifically 

either Q-R, R-S, isoelectric line-R, or isoelectric line-QS. 

 

Electrophysiological Mapping 

 

While the primary area of interest is the ventricular scar and border region, the healthy 

ventricular myocardium is equally important, particularly the nonlinear interface of healthy and 

scar tissue. In this left coronary-ligation model, gross scar boundaries can be distinguished on 

the anterior left ventricular myocardium with the naked eye; this helped ensure that healthy 

myocardium, adjacent border tissue, and scar tissue were mapped. MAPA, MAP duration to 90% 

repolarization (MAPD90), unipolar voltage electrogram amplitude (UVA), and bipolar voltage 

electrogram amplitude (BVA) values were assigned a color using a clinically relevant color bar 

scheme.  
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The true distinction between normal and abnormal EP values for all mapping modalities was 

determined using a normal distribution cutoff, specifically the ±second standard deviation. The 

sign of second standard deviation depended on the parameter in analysis. For example, with 

chronic ischemia, compromised cardiomyocyte action potential durations are expected to 

increase (+2 standard deviation) (11, 12), whereas compromised cardiomyocyte action potential 

amplitudes are expected to decrease (-2 standard deviation). Border values were calculated to 

be ten percent of the abnormal values adjacent to the normal-abnormal cutoff. All matrix values 

were then interpolated into a color map representing the epicardial surface spanning heathy 

myocardium to scar tissue. 

Percentage of infarcted ventricular myocardium was extrapolated from color maps by 

comparing the two-dimensional surface area of scar tissue to the total area of the color map, 

which included healthy myocardium and border zone. 

 

The same ventricular epicardial area was mapped in every rat, within a negligible error rate, 

because a single surgeon performed all median sternotomies, creating a surgical window of 

identical size in every rat. Furthermore, as mentioned before, the border of scar tissue is visible 

to the naked eye and was utilized to guide the placement of graded surgical marker boundaries. 

 

Ex Vivo Histopathological Infarct Sizing 

 

After hemodynamic and EP evaluation, all rats were sacrificed via three milliliter potassium 

chloride intracavitary injection. The heart was immediately excised from the mediastinum, 

flushed intracavitary with heparinized saline, formalin-fixed at 100 mmHg in a Langendorff 

preparation and stored for twenty-four hours in a glass jar. The fixed heart was then primed by 

removing non-left ventricular tissue and the remaining left ventricle was sent to an institutional 

core laboratory (Tissue Acquisition and Cellular/Molecular Analysis Shared Resource – University 

of Arizona Cancer Center) for staining and embedding. Left ventricle samples were sectioned by 

applying two equidistant cuts creating three portions (apex, mid, and base) and then stained 

with Masson’s trichrome to distinguish between healthy myocardium and scar tissue for 

histopathological circumferential infarct sizing (14). Only the mid-section was utilized for infarct 

sizing. 
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This circumference-based method was utilized, as opposed to an area-based method, to best 

approximate the two-dimensional surface area evaluated by the EP mapping modalities. An 

area-based method to size an infarct includes not only the epicardial scar tissue, but also intra-

myocardial scar tissue and endocardial scar tissue for a three-dimensional volume value 

(example: arbitrary units3). The circumference-based method utilized in this study employed an 

average of epicardial and endocardial scar length based on previously published techniques (14) 

to yield a two-dimensional surface area value (example: arbitrary units2). 

 

Statistical Analysis 

 

Data are presented as group mean ± standard error of the mean (SEM). Statistical significance is 

defined as a p<0.05. Unpaired two-tailed student’s t tests were used to compare the location 

means (healthy, border, scar) within the two groups (SHAM and HF) as well as between groups. 

In assessing the accuracy between EP color map-derived infarct size and histopathological 

infarct size, average percent difference was utilized. Percent difference is defined as the 

absolute value of the difference between the experimental color map value and the histology 

value, divided by the average of the two numbers, all multiplied by one hundred. Related-

Samples Friedman’s Two-Way ANOVA was performed on the percent difference values to 

determine statistical significance in mapping accuracy. 

 

 

3.3 Results 

Ischemic Heart Failure Model 

 

Induction of HF in infarcted rats was confirmed by echocardiography and invasive hemodynamic 

measurements at six weeks post-MI (n=6 SHAM; n=11 HF). The LV ejection fraction decreased 

from 74±3 to 39±4% (p<0.001), LV peak-developed-pressure fell from 189±4 to 140±12 mmHg 

(p=0.0104), LV +dP/dt decreased from 7853±417 to 5360±393 mmHg/second (p=0.0011), and 

time constant of LV relaxation, Tau, increased from 20±1 to 28±3 milliseconds (p=0.0752). LV 

end-diastolic pressure increased from 7±1 to 19±4 mmHg (p=0.0470) and LV -dP/dt increased 

from -6864±343 to -3981±490 mmHg/second (p=0.0011). 
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Figure 1 Epicardial Monophasic Action Potentials 
 

 
Fig 1. All MAP tracings are from a single 6 week HF rat’s ventricular epicardium. The x-axis is 

time in seconds; the y-axis is amplitude in millivolts. The highest amplitude (gray) tracing 

represents healthy myocardium (H). The intermediate-amplitude (yellow, dashed) tracing 

represents tissue border (B) to scar tissue (S), depicted in red. 

 
 

 

Monophasic Action Potential Acquisition 

 

MAPs obtained (Figure 1) exhibited expected morphology for rat ventricular cardiomyocytes 

(10). Approximately 7% of MAPs obtained from dense scar were unusable, the highest 

percentage from any tissue type. For SHAM rats (n=6), MAPA and MAPD90 did not differ in any 

of the three zones, namely healthy (H), border (B), and scar (S) (Figure 2). However, in HF rats 

(n=21), MAPA decreased between H and B (p=0.0015), as well as between B and S (p=0.0094), 

while MAPD90 only increased between the H and B (p=0.0158). 
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Figure 2 Electroanatomic Color Map Location and MAP Amplitude and Duration90 
 

 
 

Fig 2. a) An ex vivo HF heart with an example EP color map of four rows and six columns. Each 

black dot represents a mapped point, and each dot’s label hypothetical. b) MAP data for SHAM 

(n=6) and HF (n=21). The MAP parameters are amplitude, in millivolts, and duration at ninety 

percent repolarization, in milliseconds. Values are reported as mean +SEM. * denotes 

significance (t test, p<0.05) versus Scar, # denotes significance (t test, p<0.05) versus Border. 

 
 

Voltage Electrogram Acquisition 

 

Voltage tracings were of high resolution (Figure 3) and followed expected wave morphology for 

both unipolar and bipolar. Approximately 1% of MAPs obtained from dense scar were unusable, 

the highest percentage from any tissue type. For SHAM rats (n=6), UVA and BVA did not differ in 

any of the three zones (Figure 4).  
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Figure 3 Unipolar and Bipolar Voltage Electrograms 
 

 
Fig 3. All unipolar (a) and bipolar (b) voltage electrogram tracings are from a single HF rat’s 

ventricular epicardium. The x-axis is time in seconds; the y-axis is amplitude in millivolts. The 

highest amplitude (grey) tracing represents healthy tissue (H). The intermediate-amplitude 

(yellow, dashed) tracing represents tissue border (B) to scar (S), depicted in red. 

 
 

However, in HF rats (n=21), UVA and BVA both decreased in the infarcted myocardium. UVA 

decreased between H and S (p<0.001), while BVA decreased between H and B (p=0.0218) as well 

as between B and S (p=0.0037). 
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Figure 4 Unipolar and Bipolar Voltage Amplitude 
 

 
 
Fig 4. See Figure 2a for reference. Unipolar and bipolar voltage electrogram data for SHAM (n=6) 

and HF (n=21). The electrogram parameter is voltage amplitude, in millivolts. Values are 

reported as mean +SEM. * denotes significance (t test, p<0.05) versus Scar, # denotes 

significance (t test, p<0.05) versus Border. 

 

 

Electrophysiologic Mapping 

 

Of the total twenty-one HF rats, six representative rats were selected for color map infarct sizing 

comparison due to superior histopathology specimen quality (Figure 5, 6). Using Masson’s 

trichrome histopathology stain as the gold-standard, BVA was found to be the most accurate 

method of approximating the size of the infarct region followed by UVA then MAPA.  
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Figure 5 Comparison of Color Maps to Gold-Standard Histopathology 
 

 
  
Fig 5. Comparison of six rats’ infarct size derived from different methods of EP mapping, namely 

monophasic action potential (MAP) amplitude (MAPA), MAP duration to ninety percent 

repolarization (MAPD90), unipolar voltage electrogram amplitude (UVA), and bipolar voltage 

electrogram amplitude (BVA). Arbitrary units2 were utilized for quantifying infarct size. BVA is 

the most consistently accurate in approximating histopathological infarct size. * denotes 

significance versus BVA (Related-Samples Friedman’s Two-Way ANOVA, p=0.010). 
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Figure 6 Individual Color Maps and Histopathology Sections 
 

 
 
Fig 6. Images for the same six rats analyzed in Figure 5. Color maps generated from the four 

different methods of EP mapping, namely MAPA, MAPD90, UVA, and BVA, with a single 

corresponding histopathological section (mid). At the top of each column and along the 

righthand side, the color bar for each mapping modality can be found, with black bars 

approximating the value threshold between each tissue type. For orientation, representative 

colormaps near histopathology (4X magnification) slices denote where the left ventricle was 

mapped. While most maps contain scar tissue on the righthand side, MAPD90 maps have 

obvious flaws, suggesting an incapability to determine infarcted tissue in vivo. 

 
 
Statistical significance distinguished MAPD90 from BVA (p=0.010). Qualitative assessment 

supported the notion of MAPA’s superior spatial resolution (Figure 7), despite MAPA not being 

the most accurate mapping method for determining infarct size. 
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Figure 7 Example of High Spatial Resolution Mapping with MAPA 
 

 
Fig 7. MAPA (panel a), MAPD90 (panel b), UVA (panel c), and BVA (panel d) maps are depicted 

for a single HF rat. Histopathology slides relative to the specific mapped epicardium of the same 

HF rat (panel e). For orientation, asterisks on histopathology sections denote where the right 

ventricle was removed. The circles (panels a, e) suggest MAPA’s high spatial resolution, 

distinguishing adjacent healthy and scar tissue (4X magnification). The red circle highlights 

epicardial collagen insulation; the black dotted circle highlights diffuse scar infiltration; the 

double yellow circle highlights normal myocardium.  
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3.4 Discussion and Conclusions 

This study defends the utility of MAPA as a mapping parameter and reinforces its robustness in 

in vivo cardiac EP applications. Although not as useful as BVA for quantifying scar tissue, these 

qualitative data (Figure 6, 7) may suggest that MAPA mapping attains a high degree of spatial 

resolution for distinguishing healthy, partially impaired, and grossly impaired cardiac tissue. This 

may be due to the intrinsic qualities of MAPs relating to narrow field-of-view, electrode-

orientation insensitivity, and ultra-sensitivity to aberrations. These findings may hold potential 

value for clinical procedures relating to high-fidelity mapping (15) (ex.: accessory pathway 

ablation (16), rotor termination (17)). 

 

While MAPAs ultra-sensitivity to impaired depolarization asserts its utility in carefully dissecting 

substrate with respect to membrane potential, it also limits MAPAs clinical value with respect to 

infarct sizing. The data suggest that MAPA attains high spatial resolution (Figure 7) yet MAPA 

fails to most accurately depict infarct size (Figure 5). This finding indicates that MAPA’s 

sensitivity to ‘electrical infarct’ may render it relatively impervious to ‘histopathologic infarct’, as 

there is work supporting the notion that the two are not one-in-the-same (18).  

 

Perhaps BVA provides the most accurate depiction of infarct size by averaging the optimal 

number of cardiomyocytes’ electrical potentials to detect macro-irregularities, which have a 

stronger correlation to histopathologic infarct, rather than the micro-irregularities of MAPA. 

While detecting ultrastructural subtleties with MAPA may be important in specific clinical cases 

such as atrial fibrillation, overall, it seems to provide too sensitive of data and currently there 

are no approved clinical therapies that are evaluated via halting or reversing adverse remodeling 

at this microscopic tissue level.  

 

In Figure 5, including the border zone surface area in the calculation of infarct size decreases the 

average percent difference of MAPA to levels comparable to BVA, suggesting that any deviation 

from normal phase zero-one activity has a stronger correlation to histopathologic scar. While 

utilizing the negative second standard deviation as a cutoff for MAPA seemed to underestimate 

the histopathologic infarct size, the same cutoff value was utilized for BVA which produced 

overestimates (Figure 5). It is believed that this is due to the previously mentioned qualities of 

MAPA and BVA relating to field-of-view: BVA averages the electrical potential from a larger 
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population of cardiomyocytes and can overlook general anatomic variants in voltage such as 

endocardial trabeculations, while still achieving sufficient sensitivity to distinguish healthy 

myocardium from border zone and border zone from scar tissue (Figure 4). 

 

Action potential duration is a common parameter used to measure cardiomyocyte damage from 

ischemia (19). The data reveal that MAPA has a greater ability than MAPD90 to distinguish the 

infarcted myocardium tissue types (Figure 2). The inferior ability of MAPD90 to accurately 

quantify infarct size may relate to the excessive finesse of MAPs. These recordings are 

particularly susceptible to artifact given the small margin of repolarization voltages and the 

stepwise return to isoelectric potential that is easily affected by operator-mediated contact 

error or minor cell damage. Furthermore, improper electrode contact or epicardial collagen 

insulation may yield inappropriately small MAPs, which would affect the MAPD90 to a greater 

extent than the MAPA by depicting nearly normal repolarization times even in the face of overt 

impaired repolarization. This theory may have been exhibited in this study, leading to MAPD90 

color maps depicting healthy myocardium where all other mapping modalities depict scar tissue 

(Figure 6, 7b). 

 

UVA and BVA are both highly utilized in the clinical EP laboratory, particularly bipolar voltage 

electrograms for defining substrate. These parameters were included in this study (Figure 4) to 

assess the potential clinical application of creating myocardial maps with MAPA. Statistical 

analysis reveals that MAPA maps are inferior to both UVA and BVA maps when quantifying 

histopathologic infarct size (Figure 5), suggesting that quantifying scar tissue quantity and 

creating high-resolution epicardial maps are distinct tasks that warrant individualized 

techniques. 

 

This work, in combination with the work described in chapter one, validate a novel 

electrophysiologic technique to describe myocardial substrate in a high-resolution manner. In 

addition, these chapters also bolster the utilization of a rodent model of heart failure with 

reduced ejection fraction to study arrhythmias related to ectopy and reentrant circuits. Should 

an experimental therapy by applied to this model and evaluated using these monophasic action  
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potential techniques, the resulting data can be appropriately interpreted with regard to 

potential applications in other species, clinical translation limitations, and model-specific 

idiosyncrasies. 

 

 Limitations 

 

In this body of work, I utilize in vivo cardiac EP parameters to estimate the location and amount 

of histopathologic scar. Due to the fact that perturbations in action potentials or electrograms 

do not unequivocally correspond with scar tissue, I acknowledge that an EP map-derived 

percentage scar value could be identical to a histopathologic percentage scar value, but be 

unrelated with respect to anatomic location. However, I contend that this phenomenon is not 

confounding the results of this study, particularly because of the normal distribution cutoff 

criteria.  

 

MAPs, particularly the third phase, have high sensitivity to electrode motion and contact 

pressure artifacts (20) and therefore are more likely to exhibit atypical morphology which may 

obscure the landmarks necessary for analysis. Nonetheless, MAPs have a high-fidelity 

correlation to intracellular transmembrane action potentials (21) and the methods for training 

the surgeon-electrode handler, acquiring the data with immediate review, and selecting 

representative tracings during post-acquisition processing in this study attempted to minimize 

artifacts by seeking consistent electrical activity. The fact that only 7% of MAPs from dense scar 

were unusable highlights the approach’s reproducibility. 

 

Scar tissue is a non-uniform three-dimensional structure that may not be fully encapsulated by a 

two-dimensional histopathology approximation (example: arbitrary units2) such as the one 

employed in this study. Nonetheless, this work attempted to depict the epicardial layer of the 

healthy tissue-scar tissue interface in two dimensions and not the entire three-dimensional scar 

structure. A circumference-based histopathology infarct sizing methodology is utilized to 

simplify the scar to transmural thickness. 

 

While this study is posed as LV mapping, a portion of the color maps involved the right ventricle-

septum border, which served as healthy myocardium. This was done in order to create a 
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uniform area of mapping in all rats, as some infarcted rats have extensive anterior LV scar 

consequent to left coronary artery ligation. I did not object to involving a portion of the right 

ventricle-septal border because the thickness difference between the right ventricle (RV) and LV 

in rats is less pronounced compared to humans’ RV-LV thickness difference, mainly for two 

reasons: 1) substantially smaller body habitus 2) quadrupedal stature, lessening the antagonism 

of gravity on systemic circulation. 

 

 Finally, a different method to define infarct size is cardiac magnetic resonance imaging. 

It is necessary to acknowledge that cardiac magnetic resonance imaging-based computations 

would have served as a more clinically relevant gold-standard method to quantify the infarct 

size in vivo, as opposed to the histopathology utilized in this work.  
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CHAPTER 4: SURGICAL BIOMATERIAL FOR 
MODULATING CARDIOMYOCYTE MEMBRANE 

POTENTIAL AND DECREASING SUSCEPTIBILITY 
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4.1 Background 

Patients with heart failure with reduced ejection fraction (HFrEF) have an increased 

susceptibility to sustained ventricular arrhythmias (1, 2). Sustained monomorphic ventricular 

tachycardia (VT) can also trigger ventricular fibrillation or directly lead to sudden cardiac death. 

The mechanism by which VT increases the propensity of conversion to ventricular fibrillation is 

not currently known, however it is possible that the energetic demand of high-rate VT in an 

already damaged heart accentuates the scar-mediated arrhythmogenic substrate (3). The longer 

that the VT continues, the greater the degree of energy consumption and substrate 

accentuation such that after a critical time point, ventricular fibrillation and asystole are the 

natural progression (4). 

 

It is for this reason that modulation of the myocardium in ischemic cardiomyopathy to prevent 

VT is a priority. Monomorphic VT (mmVT) can be viewed as an aberrant electrical circuit, 

enabled by myocardial cellular and scar substrate (5). Mechanistically, these arrhythmias are 

typically due to either fixed reentry or functional reentry within diseased myocardium. The 

circuits perpetuate due to the presence of an “excitable gap” of myocardium demonstrating 

spatial and temporal conductive properties (6). Conceptually, these circuits act as a wave, 

composed of a leading depolarization component (head) and trailing repolarization component 

(tail) that can perpetuate indefinitely within the confines of the reentrant circuit if unperturbed.  

 

Altering either the conduction velocity of the propagating wavefront or the refractoriness of the 

recruitable myocardial tail can affect both the inducibility and the sustainability of mmVT. This 

principle underlies the physiological effect of antiarrhythmic agents used in clinical practice (7). 

Arrhythmias that are not amenable to antiarrhythmic agents can be disrupted mechanically with 

catheter ablation, a procedure in which surviving myocardial cells critical to circuit perpetuation 

are destroyed. Renal denervation has been shown to reduced ventricular arrhythmia post-

myocardial infarction (MI) by reducing substrate creation, though it is not a targeted therapy 

that can modulate the activity of already-present substrate (8). 

 

With major technological advancements in chemistry and bioengineering, biomaterials, either 

organic or synthetic in origin, have gained popularity in many fields and the number of 

biomedical applications has increased dramatically. In clinical settings, biomaterials are used 
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predominately for their biologic inertness, however in research settings, many investigators are 

creating biomaterials designed to recapitulate biologic processes. With respect to biomaterial 

applications for the heart, translational investigators are seeking to restore conduction velocity 

in the infarcted myocardium using epicardially applied biomaterials.  

 

By placing graphene oxides (9), carbon nanofibers or nanotubes (10), or gold nanorods (11) on 

electrically inert non-toxic biomaterials, they create composite biomaterials optimized for their 

mechanical/degradation qualities as well as their electrical properties. In addition, electroactive 

polymers are being investigated for the same therapeutic purpose (12). While these efforts are 

logical in approach, there are at least two major limitations with their endeavor: 1) the 

composite biomaterials have high production costs as they combine at least two custom 

materials in precise stoichiometric quantities (13) and 2) a simpler mechanism to modulate 

arrhythmogenesis in the infarcted myocardium exists and is in practice clinically, namely 

targeted circuit disruption. 

 

While restoring the qualities of infarcted myocardium to pre-infarct levels is attractive in 

concept, catheter ablation exemplifies that local alterations in excitable gap presence or 

refractory tail length are sufficient to terminate reentrant electrical activity. Furthermore, it is 

accepted that local action potential prolongation facilitates reentrant circuit self-termination 

(14). Based on these principles, I hypothesize that an electrically insulating biomaterial, rather 

than a conductive biomaterial, can be applied to the heart to suppress conduction through the 

infarcted myocardium, resulting in a prolonged ventricular effective refractory period (ERP) and 

thus a decreased incidence of mmVT. This prolongation could also facilitate a reduction in the 

likelihood of cardiac arrest and sudden death by suppressing the reentrant substrate. 

 

The advantages of this approach include: 1) many non-conductive biomaterials are already 

manufactured commercially and their cost of production is relatively low, 2) biomaterials that 

exhibit the desired electrical resistance property have already been approved by the Food and 

Drug Administration, enabling an accelerated pathway to clinical impact, and 3) simple 

biomaterials with fewer components are less likely to exert unforeseen side effects or toxicities. 

Due to a lack of living material or sensitive materials, this insulating biomaterial can be 

thoroughly evaluated in both the in vitro setting and the in vivo setting. 
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With respect to performing in vitro experiments, an ideal cell source is a small animal (example: 

murine), as their cardiomyocytes have remarkably high spontaneous beat rates (in vivo heart 

rate approximately 500 beats/minute (15) and a change in their rate of spontaneous 

depolarizations can be easily observed. It is important to note that isolated adult 

cardiomyocytes naturally progress to rigor and cell death, and this cell death is directly related 

to the temporal failure of cellular membranes, the lack of correcting enzymatic processes 

necessary to maintain said organelle membranes, and unregulated depolarizations with calcium 

release. A mouse myocyte’s membrane depolarization or hyperpolarization can be visualized 

directly with a voltage-sensitive florescent indicator, or can be inferred from cardiomyocyte 

contraction rate, as depolarization is necessary for contraction. In addition, florescent calcium 

indicators and pharmacologic agonists and antagonists can be utilized. 

 

Assessing the clinical feasibility of an insulating biomaterial to modulate the propensity to 

mmVT can be done by utilizing the in vivo rodent preclinical animal model of HFrEF. For the 

solid-state biomaterial to exert its effect, it is necessary that the biomaterial be surgically 

applied to a portion of the myocardium that is implicated in the reentrant circuit. This is 

opposed to intramyocardial injection that can be done with some liquid biomaterials and 

suspensions. It has been shown previously that this rodent model produces large (~30% left 

ventricular free wall) transmural infarcts that implicate the epicardial surface in the reentrant 

circuit.  

 

Thus, it is anticipated that application of an epicardial insulator would likely have an 

electrophysiologic effect regarding the propagation of reentrant arrhythmia in this rodent 

model of HFrEF. This is a potential limitation regarding translation of this experimental therapy 

to human HFrEF patients suffering from mmVT as the optimized medical guidelines regarding 

rapid percutaneous coronary intervention and pharmacologic management minimize the extent 

of ischemic damage from natural coronary artery disease and lead to more heterogeneous, 

intramyocardial infarct patterns. Nonetheless, should the results of this experiment be 

promising, modern advancements in biomedical engineering techniques could reformulate the 

biomaterial of interest to maintain its non-conductive nature while in a gelatinous form for 

injection. 
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 Specific Aim Three 

Evaluate the hypothesized mechanism of a surgical biomaterial intervention for HFrEF-

mediated monomorphic ventricular tachycardia 

 

I hypothesize that the therapeutic mechanism of action of an electrically insulating biomaterial 

is suppression of local tissue excitability via clamping the membrane potential and thus 

decreasing the probability of depolarization at the single cardiomyocyte level. Additionally, I 

hypothesize that this local biomaterial-mediated suppression of excitability will prolong ERP 

resulting in a global electrophysiologic finding of decreased incidence of monomorphic VT 

(mmVT) in a rodent HFrEF model. 

 

To evaluate these hypotheses, a robust study design is critical to evaluating necessity and 

sufficiency. These sub-aims describe the stepwise studies in logical progression: 1) identify or 

engineer a filamentous biomaterial that acts as an electrical insulator at physiologic voltages and 

that also can be deployed surgically, 2) validate the biomaterial’s electrical qualities using 

electrical and optical microscopic analyses, 3) perform single cardiomyocyte experiments to 

assess the biomaterial’s in vitro efficacy at decreasing depolarization probability when in contact 

with the plasma membrane, and finally 4) surgically adhere the biomaterial to in vivo hearts 

suffering from HFrEF to assess its ability to suppress reentrant mmVT. 

 

 

4.2 Materials and Methods 

Biomaterial Identification and Characterization 

 

After searching through the two classes of modern biomaterials, natural and synthetic in origin, 

and stratifying the highlighted biomaterials based on cost and availability, the copolymer 

poly(lactic-co-glycolic acid) (PLGA) was identified as a suitable insulating biomaterial that 

fulfilled the three advantages over composite conductive biomaterials and had the potential to 

suppress myocardial excitability. The specific formulation of PLGA utilized was uncoated 

Polyglactin 910 (Ethicon, Johnson & Johnson) which consists of 90% glycolide and 10% L-lactide  
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(16) and was optimized for surgical handling with a timely in vivo degradation profile. No 

adverse effects or complications specific to the intrinsic biomaterial in cardiac applications have 

been recorded. 

 

Characterization of Polyglactin 910 (PG910) and any additional biomaterials selected to serve as 

experimental controls consisted of the following techniques and experiments to quantify their 

atomic, resistive, and degradative properties. 

 

Microscopy and Spectroscopy 

 

White light microscopy (Zeiss Axiovert 200M) was used to appreciate the physical organization 

and characteristics of PG910. Scanning electron microscopy (FEI Company Inspect S50) was 

utilized to depict the structure of PG910 at greater resolution than can be appreciated with light 

microscopy, but also was utilized to quantify elemental makeups using energy dispersive x-ray 

analysis. Samples were embedded on adhesive carbon tape, coated in an ultra-thin layer of gold 

via electric field sputtering to minimize charging. Atomic force microscopy (Park Systems NX10) 

was employed to characterize the surface charge distribution of roughness of PG910 using 

either non-contact mode, tapping mode, or contact mode. Finally. Fourier-transform Infrared 

Spectroscopy applied infrared electromagnetic radiation to the biomaterial to identify atomic 

functional groups present in the backbone of PG910. 

 

 Resistance and Impedance 

 

With resistance defined as the opposition to direct current electrical flow and impedance 

defined as the opposition to alternating current electrical flow, biomaterials underwent 

quantification of both resistance and impedance using unique techniques that employ the 

appropriate current flow pattern. Resistance was assessed using a digital multimeter (Proster 

Technologies) under no external current flow and also with external direct current power 

supplies (CircuitSpecialists CSI530S) in a circuit format (Circuit A). Three power supplies in series 

facilitated current flow (counterclockwise direction) through the biomaterial of unknown  

 

 



- 104 -  

resistance, and then through a voltmeter in series with the biomaterial, of known resistance. 

The voltage created by the power supplies was compared to the voltage in the circuit post-

biomaterial to quantify the resistance of the biomaterial:  

 

 Rx = Rm(
U,0

U,m
− 1) 

 

 

where Rx is the unknown resistance of the biomaterial of interest, Rm is the known resistance of 

the digital multimeter in series with the biomaterial, U,0 is the test voltage created by the power 

supplies (measured by the digital multimeter in parallel), and U,m is the voltage measured by 

the digital multimeter in series with the biomaterial.  

 

 

Circuit A – Custom High Voltage Electrical Circuit for Quantifying Resistance of Insulators 

 

 

 

Impedance was quantified using a function generator (Agilent 33220A Waveform Generator) 

providing the alternating current (1 kilohertz frequency, sine wave function) at a known voltage 

(Circuit B). The difference in voltage between the known voltage and the voltage drop after the 

known resistor was used to calculate the unknown impedance of the biomaterial: 
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Rx = ([VAC – V1]*R1)/V1 

 

where Rx is the unknown impedance of the biomaterial of interest, VAC is the voltage set by the 

function generator, V1 is the voltage across the known resistor, and R1 is the resistance of the 

known resistor.  

 

 

Circuit B – Custom Alternating Current Circuit for Quantifying Impedance of Insulators 

 

 

  

Biomaterial Degradation  

 

Given that the mechanism of PG910 surface and bulk erosion for overall degradation is 

hydrolysis, two different water-based solutions were used to evaluate the degradation kinetics 

and overall time course. PG910 was cut into circular shapes and was placed in a volume of either 

sterile molecular research-grade distilled water (pH=5.08) and sterile phosphate buffered saline 

(pH=7.57). Biomaterials were assessed serially during the degradation process and solution pH 

was quantified on a regular interval to assess solution acidification with the progression of 

hydrolysis-driven erosion. 
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In vitro Effects of Polyglactin 910 

 

Adult (3-4 months of age) male and female C57/BL/6J mice were maintained on standard feed 

and water ad libitum. A randomly selected mouse was brought to the murine surgical suite and 

terminally anesthetized with 5% volatile isoflurane in 100% oxygen. Surgical equipment was 

used to dissect the diaphragm and clear the great vessels of lung tissue and connective sheaths.  

 

A non-Langendorff method to isolate cardiomyocytes was employed, (17) consisting of a series 

of 28 gauge syringes loaded with 1) EDTA buffer, 2) Perfusion buffer, and 3) Collagenase buffer. 

Cardiomyocytes were gravity settled before serial calcium reintroduction buffers were supplied.  

 

A representative 10 μL sample was loaded with trypan blue into an automated cell counter 

(Thermo Fisher Scientific Countess 2 FL) and the data was used to track cell demise at the end of 

each experiment as isolated adult cardiomyocyte detubulerization is thought to occur after 

prolonged periods. Isolated cardiomyocytes were then loaded into a heated petri dish, and then 

perfused with warmed Medium-199 in an imaging well (TC-324B, Warner Instruments, Harvard 

Bioscience, Inc., Holliston, MA) on a light microscope (Leica Aperio VERSA, Buffalo Grove, IL) to 

quantify in vitro time to spontaneous arrhythmogenic death.  

 

Cardiomyocytes were exposed to different biomaterial applications and pharmacologic 

conditions, as well as a calcium florescent probe (Thermo Fisher Scientific, Fluo-4 Calcium 

Imaging Kit) and a membrane voltage florescent probe (Thermo Fisher Scientific, FluoVolt 

Membrane Potential Kit). For imaging with florescent indicators, cardiomyocytes were secured 

to the imaging well using Poly-L-Lysine (Sigma-Aldrich, St. Louis, MO) with the standard cell 

attachment protocol. This prevented contractile motion, but also allowed for more precise 

imaging. 

 

In Vivo Effects of Polyglactin 910 

 

  Rodent Heart Failure Induction 

 

Adult male Sprague-Dawley rats (Envigo, Indianapolis, IN) 6-8 weeks of age were enrolled in this 
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study under the guidance of Institutional Animal Care and Use Committee-approved protocols 

at the University of Arizona Animal Care Program and in compliance with the National Institute 

of Health’s ‘Guide for the Care and Use of Laboratory Animals’ (18). As described previously, 

HFrEF was induced by permanent left coronary artery ligation.  

 

Rats underwent oropharyngeal intubation and ventilation (Harvard Apparatus, Holliston, MA) 

and were induced using 3% volatile isoflurane in 100% oxygen before receiving an 

intraperitoneal saline-based cocktail of Ketamine (50mg/kg) + Xylazine (5mg/kg) + 

Acepromazine (1mg/kg) +Atropine (0.5mg/kg). A left thoracotomy exposed the heart through 

the anterior mediastinum such that a 5-0 TiCron (Covidien, Minneapolis, MN) ligature could be 

tied proximally around the left coronary artery, though difficult to visualize with the unassisted 

eye.  

 

The heart was returned to the chest as epicardial lidocaine and epinephrine were applied. 

Successful ligation was visually confirmed via immediate blanching of the epicardium in the 

associated circulatory territory. The chest muscle was sutured in layers using 2-0 silk purse string 

suture (with maximal lung inflation to remove intrathoracic air) and surgical staples were used 

to close the skin.  

 

The rats were transferred from the heated surgical table to a warmed surgical pad and 

maintained on the ventilator until they regained consciousness. For post-operative pain, rats 

were provided intraperitoneal Buprenorphine SR (0.8 mg/kg; Wildlife Pharmaceuticals, Windsor, 

CO) and maintained on Carprofen (5mg/kg) for up to seventy-two hours during daily monitoring. 

SHAM-operated rats were selected at random and underwent the same exact surgical approach 

without coronary artery ligation. 

 

Three weeks after coronary ligation, all rats underwent echocardiographic imaging for study arm 

assignment. Rats with ejection fractions below 40% were assigned to HFrEF. HFrEF rats were 

subsequently assigned to either graft treatment or untreated HFrEF at random for an additional 

3 weeks. Randomization was performed by the animal surgery team during the second left 

thoracotomy. The surgeon’s assistant would transfer a rat to the surgical table without providing 

any animal identifiers to the surgeon. Immediately before opening each chest, the animal 
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surgeon would request either a graft for surgical deployment or a sterile syringe of 37°C sterile 

normal saline for epicardial rinse. 

 

  Echocardiography 

 

Three weeks post-surgical myocardial infarction, rats were anesthetized with 1.5% isoflurane in 

100% oxygen and laid supine on a warming pad with dorsal paw electrodes. Transthoracic 

echocardiography was performed with a dedicated rodent echocardiography system (Vevo2100 

with 13-25MHz linear transducer, FUJIFILM VisualSonics, Toronto, ON, Canada) by an operator 

blinded to the animal’s status (infarcted or SHAM). The operator evaluated the heart with views 

through the parasternal short and long axis as well as two-chamber apical views to evaluate the 

anterior, lateral, antero-lateral, inferior, and posterior walls. Quantification of a left ventricular 

(LV) ejection fraction below 40% at three weeks post-myocardial infarction qualified enrollment 

in the HFrEF group. HFrEF rats were then randomly assigned to maintenance in the HFrEF group 

or treatment in the graft group.  

 

Two or three days prior to the terminal invasive hemodynamic study and electrophysiology 

study at six-weeks post-myocardial infarction (three weeks after treatment with the graft), all 

rats underwent a final transthoracic echo to quantify left ventricular ejection fraction. The 

operator remained blinded to rat group identity. 

 

  Human Dermal Fibroblasts 

 

Fibroblasts were isolated from neonatal foreskin dermis and expanded into a master cell bank 

before storage at -196°C. Fibroblasts were thawed for 4 minutes in a 37°C water bath before 

resuspension and plating. Plates were maintained in an incubator at 37°C and 5% CO2 with 

media changes occurring every other day. Once plates achieved 90% confluence, fibroblasts 

underwent trypsin-mediated disassociation and centrifugation in preparation for seeding the 

woven biomaterial. 

 

Engineered Graft or Biomaterial Alone 
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An uncoated sterile PG910 biomaterial mesh (Ethicon – Johnson&Johnson, Somerville, NJ) was 

trimmed to generate 1.6-centimeter diameter matrices. The matrices were rinsed with sterile 1X 

phosphate buffered saline before being cellularized with human dermal fibroblasts (19), or 

before going directly to cardiac implantation without any fibroblast components included. 

Fibroblast-containing grafts were cultured at 37° C and 5% carbon dioxide in low-adhesion 

plates to facilitate fibroblast proliferation. Culture media (Thermo Fisher Scientific, Waltham, 

MA) was changed every twenty-four hours until surgical deployment of the graft onto a HFrEF 

rat’s LV epicardium.  

 

Prior to surgical implantation, each graft was removed from the incubator, qualitatively 

assessed using a low-power microscope, and transferred to a 35-millimeter dish and rinsed with 

sterile 1X phosphate buffered saline. The chest was reopened via left thoracotomy, and one 

graft was implanted over the infarcted area, bridging healthy myocardium on the anterior 

interventricular septum to healthy myocardium on the lateral left ventricle. The graft was 

secured to the host’s myocardium using 3-4 circumferential simple interrupted sutures and 1 

central simple interrupted suture. 

 

  Invasive Hemodynamics 

 

Within three days of the final echocardiography session, rats were anesthetized with Inactin 

(125 mg/kg; Sigma-Aldrich, St. Louis, MO), and oriented on a heated surgical platform. A 

3French pressure catheter (Millar, Houston, TX) was calibrated in 37°C saline before being 

inserted through the carotid artery into the left ventricular cavity. LV end-diastolic pressure 

(EDP) and peak-developed pressure (PDP) was digitized at 1000 hertz using a PowerLab 

amplifier and LabChart software (ADInstruments, Colorado Springs, CO). 

 

In vivo Cardiac Electrophysiology 

 

Using the methods previously described in Chapters 2 and 3, rats underwent an epicardial 

cardiac electrophysiology study. In brief, in vivo monophasic action potentials (MAPs) were 

collected with a tungsten concentric bipolar microelectrode (World Precision Instruments, 

Sarasota FL). MAP amplitude was quantified as the electric potential difference between phase 
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4 and the peak of phase 0. Two-dimensional electroanatomic maps were generated using MAP 

amplitude, and a normal distribution was employed to quantify the cutoff values to distinguish 

normal myocardium (≥7.2 millivolts), border tissue (7.2>x≥2.8 millivolts), and scar tissue (<2.8 

millivolts).   

 

Furthermore, a three-lead electrocardiogram was obtained (ADInstruments) while programmed 

electrical stimulation protocols (MATLAB, Natick, MA) were performed using bipolar needle 

electrodes (BIOPAC Systems, Inc. Goleta, CA) on healthy left ventricular myocardium. Ventricular 

stimulation was performed at twice diastolic threshold (defined as the minimum voltage 

necessary to capture the heart when pacing and produce a whole-organ depolarization) with a 

drivetrain of 8 beats at a heart-rate adjusted interval (approximately 240 milliseconds), followed 

by a single extrastimulus delivered to induce sustained mmVT. After serially decreasing the 

single extrastimulus by 10 milliseconds, the longest S1-S2 interval in milliseconds that failed to 

consistently capture the heart was reported as the ventricular ERP. 

 

Ex Vivo Histopathology of Polyglactin 910 

 

After the terminal cardiac electrophysiology study at 3 weeks post-graft treatment (6 weeks 

post-myocardial infarction), all cardiac tissue was excised after being arrested in diastole with 3 

mL of intracavitary potassium chloride. Hearts were then perfused retrograde through the 

ascending aorta on a Langendorff apparatus with 10% neutral buffered formalin. Hearts were 

primed by removing non-LV tissue and then stored in a glass scintillation vial for one day before 

being transferred into 70% ethanol for storage.  

 

Finally, LVs were paraffin embedded, sectioned, and stained with Hematoxylin and Eosin, 

Gomori’s Trichrome, or Movat’s Pentachrome to distinguish healthy myocardium from scar 

tissue and identify any residual biomaterial (Tissue Acquisition and Cellular/Molecular Analysis 

Shared Resource, University of Arizona Cancer Center; Tucson, AZ).  
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Immunohistochemistry 

 

Monoclonal antibody immunohistochemistry (IHC; Novus Biologicals, Centennial, CO) 

fluorescent secondary and ProLong™ Gold Antifade Mountant with DAPI counterstaining 

(Thermo Fisher Scientific, Waltham, MA) on paraffin-embedded cardiac tissue was used to semi-

quantitatively assess membrane-bound protein channel/pump abundance in a confocal high-

powered field (60X magnification; Leica Aperio VERSA, Buffalo Grove, IL) representing the entire 

infarcted myocardium. Relative abundance of each molecular target was calculated based on 

florescence intensity (ImageJ). 

 

The pre-selected molecular targets were Kv1.5 representing the IKur current, Kv4.2 representing 

the Itos current, and the sarco-endoplasmic reticulum Ca2+ ATPase representing the internal 

calcium sequestering current. 

 

Quantitative Polymerase Chain Reaction 

 

Quantitative Polymerase Chain Reaction (qPCR; TaqMan, Thermo Fisher Scientific, Waltham, 

MA) was used to assess amplicons KNCA2 (Kv1.2), KCNA5 (Kv1.5), KCND2 (Kv4.2), and SERCA2a. 

Membrane-bound voltage gated potassium channel Kv1.2 message abundance was selected to 

represent the ultrarapid delayed rectifier in the potassium efflux current. Membrane-bound 

voltage gated potassium channel Kv1.5 message abundance was selected to also represent the 

ultrarapid delayed rectifier in the potassium efflux current. Membrane-bound voltage-gated 

potassium channel Kv4.2 message abundance was selected to represent the transient outward 

current in the overall potassium efflux current. Finally, sarco-endoplasmic reticulum Ca2+ ATPase 

2a (SERCA2a) pump message abundance was selected to represent the internal calcium 

sequestering current. 

 

Ventricular Effective Refractory Period Linear Regression 

 

Univariate linear regression analysis was performed for the PG910 cohort to describe the 

correlations between electrocardiography parameters LVID and Vol during systole and diastole 

versus ventricular ERP. In addition, the same process was repeated for left ventricular EDP and 
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PDP versus ventricular ERP.  

 

The resulting PG910 linear regressions were compared to regressions generated from recently 

published SHAM, HFrEF, and fibroblast+PG910 (Graft)-treated HFrEF cohort data. The HFrEF 

cohort underwent the terminal evaluations at 10 weeks post-MI and not the 6 weeks post-MI 

time point used for the other cohorts. This further timepoint is feasible given the understanding 

of no statistically significant differences between the echocardiographic and hemodynamic 

function of HFrEF rats between 6 weeks post-MI and 10 weeks.  Linear regressions with a 

coefficient of determination R2 value greater than 0.6 with a statistically significant deviation in 

slope from horizontal were considered strong correlations. 

 

In addition, a complex stepwise linear regression approach with multiple reduced models and 

one full model was used. The reduced model was the simple regression model including just the 

intercept and a parameter for ERP. One intermediate model added a set of coefficients for 

cohort and the full model included the coefficients for cohort and their interaction with ERP. 

Improvement in fit was assessed by change in R2 and associated F-test. 

 

Statistical Analysis 

 

Data are expressed as mean ± standard error of the mean. An alpha level of 0.05 was set to 

assess statistical significance; echocardiographic and electroanatomic mapping differences 

between groups were assessed by one-way analysis of variance with the post hoc Holm-Sidak 

method for all pairwise comparisons. The a priori planned comparison (HFrEF versus HFrEF 

treated with Graft) was also assessed using two-tailed unpaired Student’s t-tests, and yielded 

the exact same relationships as found with the ANOVA+Holm-Sidak.  

 

The difference in incidence of inducible mmVT was assessed via Fisher’s Exact test. No SEM 

range is provided for the incidence of VT as it is a categorical yes/no result based on at least 15 

consecutive premature ventricular contractions on the surface electrocardiogram. The definition 

of rodent sustained VT is based on a conversion from the clinical definition of 100+ 

beats/minute for at least 30 seconds, accounting for the elevated heart rates observed in rats.  
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4.3 Results 

Biomaterial Identification and Characterization 

 

High resolution photography and white light microscopy revealed individual fibers of PG910 

organized into continuous woven bundles (Figure 1). The woven nature created a repeating 

diamond lattice structure that facilitated physical strength for handling and manipulation. 

Scanning electron microscopy (Figure 2) revealed the same organization structure found using 

light microscopy and provided the dimensions of a representative bundle (108.60 μm) and 

woven wrapping-point (208.27 μm).  

 
Figure 1 Photograph and Light Micrograph of Polyglactin 910 
 

 
Fig 1. A high-resolution photograph depicting the macroscopic structure of Polyglactin 910 (left). 

The repeating nature of the continuous interwoven fibers can be appreciated as linear columns 

with wrapped bundles serving as lateral connections. A light micrograph (10X magnification, 

Zeiss Axiovert 200M) of the same biomaterial (right) depicting the structure of individual flexible 

fibers and orientation of the interwoven bundles. The biomaterial is capable of being adhered to 

non-flat surfaces due to the bundles serving as joints for displacement with no internal stress or 

strain. Diamond shaped lattices formed by the bundles potentially would allow for easy surgical 

deployment and suture tethering. 
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Figure 2 Scanning Electron Micrograph and Non-Destructive Elemental Analysis of PG910 
 

 

 
 

Fig 2. A scanning electron micrograph (FEI Company Inspect S50) showing a two-dimensional 

image of woven Polyglactin 910 (PG910) secured on a gold-coated carbon adhesive. The 

dimensions of a representative bundle and wrapping-point are shown in micrometers. Light-

dark differences between bundles is attributed to charging. In addition to imaging, non-

destructive elemental analysis of two distinct points on PG910 revealed a large carbon and 

oxygen presence, consistent with the known molecular content of PG910. The resulting 

elemental analyses reproduce the same element identities, except for sodium at point one. 

Trace transitional metal presence, except for gold, is hypothesized to be contamination from the 

physical handling of the biomaterial. 

 
 
Elemental analysis revealed a predominate carbon and oxygen makeup, consistent with the 

known molecular structure of repeating glycolide and L-lactide monomers. Similarly, Fourier-

transform Infrared Spectroscopy applied infrared electromagnetic radiation to the biomaterial 
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(Figure 3) which revealed absorbance signatures for carbon-hydrogen, carbonyl, and ether 

functional groups present in the structure of PG910. Finally, Atomic force microscopy in non-

contact mode (Figure 4) revealed a relatively homogenous PG910 fiber negative surface charge 

and surface roughness. 

 
 
Figure 3 Fourier-transform Infrared Spectroscopic Analysis of PG910 
 

 
 
Fig 3. The Fourier-transformed infrared radiation absorbance spectrum (Thermo Fisher Scientific 

Nicolet iS50R) for Polyglactin 910 revealed multiple bond identities, all of which are consistent 

with the known structure of this biomaterial (shown above). The signature region of the 

spectrum (right portion) shows few peaks of minor absorbance amplitude.  
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Figure 4 Atomic Force Microscopy of PG910 
 

 
 
Fig 4. A three-dimensional atomic force micrograph (Park Systems NX10) obtained in non-

contact mode revealed a relatively homogenous Polyglactin 910 fiber negative surface charge 

and surface roughness. The lattice gap between adjacent bundles can be appreciated as the 

bottom (z axis, -5 micrometers) of the micrograph. Attempts at quantifying the electrical 

resistance of the biomaterial exceeded detection capabilities. 

 
 
The same techniques were applied to control biomaterials glass, braided silk, polyester, 

monofilament nylon, and electrical wire to characterize them in the same fashion (Figure 5). 

High voltage (91.8 Volts) circuitry revealed resistance values for PG910 and the control 

biomaterials (Figure 6). 
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Figure 5 Elemental and Electrical Characterization of Control Biomaterials 
 

 
  

 
                   

                                                                      
 
Fig 5. Control biomaterials glass in rod form, braided silk, polyester, nylon monofilament, and 
electrical wire were analyzed using the same techniques as the biomaterial of interest, 
Polyglactin 910 (PG910). Each biomaterial was selected to better elucidate the potential 
mechanism of PG910 electrical effects in vitro, by differing at one parameter. Parameters 
included atomic makeup (glass), filament/bundle size (silk), surface roughness (polyester), 
surface charge (nylon), and electrical conductivity (electrical wire). Scanning electron 
microscopy with non-destructive elemental analysis (panel A), Fourier-transform infrared 
spectroscopy (panel B), and atomic force microscopy (panel C) were successfully performed for 
all control biomaterials. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

A) 

C) 

B) 
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Figure 6 Direct Current Resistances of Biomaterials 
 

 
 

Fig 6. Calculated resistances for the five control biomaterials and Polyglactin 910 (PG910) at 91.8 

volts of direct current using three serially connected regulated power supplies (CircuitSpecialists 

CSI530S). Resistance, in megaohms, was collected in triplets and the mean + standard error of 

the mean is depicted. Silk exhibited the largest resistance followed by polyester, glass, then 

nylon. PG910 exhibited the smallest resistance of all the biomaterials, and electrical wire 

revealed a negligible resistance as expected. Relationships were evaluated using ANOVA with 

post hoc Holm-Sidak test (*p<0.05 versus Glass Rod, #p<0.05 versus Silk, ^p<0.05 versus 

Polyester). 

 
 
The evaluation of solution acidification with PG910 erosion yielded positive results (Figure 7), 

with the biomaterials in phosphate buffered saline degrading beyond macroscopic recognition 

at approximately 70 days in solution. The PG910 circles in distilled water were macroscopically 

identifiable up to the study endpoint, 100 days in solution. Scanning electron micrographs were 

taken of the degrading PG910 biomaterial at 30 days and 60 days post-immersion and reveal 

fragmentation of the biomaterial, causing fiber disarray and woven bundle dissolution.  

 

Given the loss of monomers over the course of degradation, it was pondered if a change in 

electrical properties could manifest. Though unlikely due to the lack of additional valent 

electrons in hybridizations capable of being dispersed, the resistance and impedance of PG910 

at day 0, day 17, and day 30 was found to be consistently beyond detection capabilities (Table 
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1), suggesting no change in the electrical insulating property of PG910 throughout the erosion 

process.  

 

In addition, freshly extracted myocardium (~2.5 cm in length, surface contact electrodes) was 

evaluated with respect to resistance and impedance: murine atrial myocardium resistance (0.80 

±0.12 megaohms, n=7), murine atrial myocardium impedance at 3 volts (0.013 ±0.00089 

megaohms, n=7), swine atrial myocardium resistance (0.46 ±0.0064 megaohms, n=9), swine 

atrial myocardium impedance at 5 volts (0.0068 ±0.00057 megaohms, n=9), swine left 

ventricular myocardium resistance (2.6 ±0.31 megaohms, n=9), and swine left ventricular 

myocardium impedance at 5 volts (0.011 ±0.00045 megaohms, n=8). 
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Figure 7 Chronologic Characterization of PG910 during Hydrolytic Degradation 

 

 
Fig 7. Three 1 centimeter circles of Polyglactin 910 (PG910) biomaterial were degraded in 50 

milliliters of either molecular research-grade distilled water or phosphate buffered saline for 

approximately 100 days in a Thermo Fisher Scientific Forma Series 2 water Jacketed CO2 

Incubator at 37°C and 5% carbon dioxide content. The solution pH (mean ±SEM) was measured 

every three/six days (Corning pH meter 430) in three milliliters extracted from the ventilated 

culture flask and discarded. Scanning electron micrographs taken of the biomaterial at day 30 

and day 60 post-distilled water submersion show an increase in surface/bulk erosion and 
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biomaterial fiber fragmentation consistent with hydrolytic degradation. Degradation of the 

PG910 circles in phosphate buffered saline occurred to a greater extent, with the macroscopic 

biomaterial no longer visible macroscopically after approximately 70 days. PG910 circles 

degrading in distilled water lasted longer and were visible up to the end of the study at 100 

days. 

 
 
Table 1 Electrical Characterization of PG910 during Hydrolytic Degradation 
 

 

 
 

Tab 1. Serial electrical resistance (direct current) and impedance (alternating current) was 

quantitatively analyzed for Polyglactin 910 (PG910; cut into 3-centimeter diameter circles) 

undergoing hydrolytic degradation in two water-based solutions. A 3-millimeter chord of silver 

solder in molecular research-grade distilled water was used as an experimental control. 

Between day 0 and day 30, no change in electrical resistance nor impedance was quantified for 

the control silver solder. The same was true for the PG910 at all degradation time points, except 

that both resistance and impedance values exceeded the detection capabilities of the digital 

multimeter (Proster Technologies). 
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In vitro Effects of Polyglactin 910 

Cardiomyocytes were successfully and reproducibly isolated from mouse hearts and exhibited 

the expected responses to pharmacologic agonism or antagonism (Figure 8). Wildtype 

cardiomyocytes had a short time to spontaneous arrhythmogenic death (7.48 ±1.39 minutes, 

n=13), defined as loss of cardiomyocyte architecture and inability to shorten. This time was 

further abbreviated (p=0.021 versus WT) with beta adrenergic receptor agonism with 

isoprenaline exposure (2.76 ±0.46 minutes, n=5), but was prolonged with complete calcium 

chelation (>30 minutes, n=7, p<0.001 versus WT) and non-dihydropyridine calcium channel 

antagonism (14.65 ±0.93 minutes, n=5, p=0.002). Voltage-gated potassium channel antagonism 

was not assessed due to limited drug solubility in the cell culture media necessary for 

experimentation.  

 

Biomaterial application on isolated murine cardiomyocytes also exerted effects of the time to 

cell death (Figure 9).  Application of glass to the sarcolemma revealed no effect on CM lifespan 

(10.89 ±1.51 minutes, n=5; p=0.087). Application of braided silk to the sarcolemma again 

revealed no statistically significant effect on CM lifespan (6.68 ±0.55 minutes, n=5; p=0.986). 

Application of a polyester fiber to the plasma membrane of CMs revealed no effect on time to 

spontaneous CM death (7.79 ±0.90 minutes, n=5; p=0.930). Application of monofilament Nylon 

to CMs produced a nearly statistically significant shortening in CM death time compared to WT 

CMs (4.23 ±0.53 minutes, n=5; p=0.053).  

 

Electrical wire positioning on CM plasma membrane produced no effect on CM survival time 

(8.19 ±0.75 minutes, n=5; p=0.988). Finally, time to spontaneous cardiomyocyte death with the 

application of fibers of Polyglactin 910 to the membrane resulted in a prolongation of CM 

survival (13.79 ±1.29 minutes, p<0.001). Loading with florescent calcium indicator revealed 

decreased intracellular calcium wave intensity with Polyglactin 910 application to the 

sarcoplasmic membrane. 

 

Combination of pharmacologic and membrane biomaterial manipulation revealed an additive 

effect for modulating time to spontaneous death (Figure 10). CMs exposed to glass after 

perfusion with Isoprenaline (0.2 millimolar) retained a rapid time to spontaneous death (3.46 

±0.34 minutes, n=6). In contrast, CMs exposed to monofilament nylon revealed a statistically 



- 123 -  

significant prolongation in lifespan compared to the first cohort, Glass+Isoprenaline (12.67 ±0.72 

minutes, n=6; p<0.001). Finally, CMs exposed to Polyglactin 910 with Isoprenaline retained a 

rapid death time (4.00 ±0.41 minutes, n=6, p=0.475 versus Glass+Isoprenaline). 

 
 
Figure 8 Drug Modulation of Time to Cardiomyocyte Spontaneous Death 
 

 
 

Fig 8. Cohorts of isolated adult C57/BL/6J mouse cardiomyocytes (CMs) were imaged on a light 

microscope (Leica Aperio VERSA) to quantify in vitro time to spontaneous death. All drug 

concentrations were selected after performing a three exposure trials in order to create a dose-

response curve, to ascertain a representative middle response. One CM cohort was allowed to 

undergo unperturbed spontaneous death (7.48 ±1.39 minutes, n=13). CMs exposed to 

Isoprenaline (0.2 millimolar) on average experienced more rapid spontaneous death, defined as 

loss of CM architecture and inability to shorten, (2.77 ±0.46 minutes, n=5; p=0.021). The 

opposite was true for CMs exposed to the potent calcium chelator ethylene glycol-bis(β-

aminoethyl ether)-N,N,N′,N′-tetraacetic acid (0.1 millimolar), who survived longer than the 

maximum detection time (30.00 ±0.01 minutes, n=7; p<0.001). Trypan blue confirmed CM 

viability at the end of the 30 minutes. CMs exposed to non-dihydropyridine calcium channel 

blocker diltiazem revealed a prolonged time to spontaneous death, suggesting a calcium 

dependence (14.65 ±0.93 minutes, n=5; p=0.002). # p<0.05 versus Iso, ^ p<0.05 versus EGTA. 
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Figure 9 Biomaterial Modulation of Time to Cardiomyocyte Spontaneous Death 
 

   
 

Fig 9. Isolated adult C57/BL/6J mouse cardiomyocytes (CMs) were imaged on a light microscope 

(Leica Aperio VERSA) to quantify in vitro time to spontaneous death and exposed to different 

biomaterial applications. Wildtype CMs were again found to have a short time to spontaneous 

arrhythmogenic death (7.70 ±0.27 minutes, n=8). Application of glass to the sarcolemma 

revealed no effect on CM lifespan (10.89 ±1.51 minutes, n=5; p=0.087). Application of braided 

silk to the sarcolemma again revealed no statistically significant effect on CM lifespan (6.68 

±0.55 minutes, n=5; p=0.986). Application of a polyester fiber to the plasma membrane of CMs 

revealed no effect on time to spontaneous CM death (7.79 ±0.90 minutes, n=5; p=0.930). 

Application of monofilament Nylon to CMs produced a nearly statistically significant shortening 

in CM death time compared to WT CMs (4.23 ±0.53 minutes, n=5; p=0.053). Electrical wire 

positioning on CM plasma membrane produced no effect on CM survival time (8.19 ±0.75 

minutes, n=5; p=0.988). Finally, time to spontaneous cardiomyocyte death with the application 

of fibers of Polyglactin 910 to the membrane resulted in a prolongation of CM survival (13.79 

±1.29 minutes, p<0.001) and decreased intracellular calcium wave intensity. 
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Figure 10 Drug+Biomaterial Modulation of Time to Cardiomyocyte Spontaneous Death 
 

 
 

Fig 10. Isolated adult C57/BL/6J mouse cardiomyocytes (CMs) were imaged on a light 

microscope (Leica Aperio VERSA) to quantify in vitro time to spontaneous death and exposed to 

different pharmacologic conditions and concurrent biomaterial applications. The wildtype CM 

mean±SEM from the biomaterial-only assay (Figure 9) was used as a control cohort for this dual-

intervention assay. CMs exposed to glass after perfusion with Isoprenaline (0.2 millimolar) 

retained a rapid time to spontaneous death (3.46 ±0.34 minutes, n=6). In contrast, CMs exposed 

to monofilament nylon revealed a statistically significant prolongation in lifespan compared to 

the first cohort, Glass+Isoprenaline (12.67 ±0.72 minutes, n=6; p<0.001). Finally, CMs exposed to 

Polyglactin 910 with Isoprenaline retained a rapid death time (4.00 ±0.41 minutes, n=6, p=0.475 

versus Glass+Isoprenaline). These in vitro data suggest that any pharmacologic effect outweighs 

any membrane biomaterial effect as it relates to time to spontaneous arrhythmic death in 

isolated CMs. 

 
 

In vivo Effects of Polyglactin 910 

All 29 rats that underwent left coronary artery ligation developed objective heart failure, with 

documented changes in echocardiographic and invasive hemodynamic variables (Figures 11, 

12). SHAM rats (n=7) were also successfully survived for the entire study duration and served as 

accurate study controls. 
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Figure 11. Echocardiography with Graft Therapy 
 

 
 
Fig 11. Echocardiography was performed in short axis M-mode with a dedicated rodent Vevo 

2100. Quantified parameters were left ventricular ejection fraction, fractional shortening, 

internal chamber diameter/volume during systole and diastole, anterior/posterior wall thickness 

during systole and diastole, and anterior wall mass, corrected by a factor of 0.8. All HFrEF 

parameters met statistical significance versus SHAM (*, p<0.05) except left ventricular anterior 

and posterior wall thickness in diastole and left ventricular anterior wall mass. Similarly, all Graft 

Therapy parameters met statistical significance versus SHAM (*, p<0.05) except left ventricular 

posterior wall thickness in diastole and left ventricular anterior wall mass. Only left ventricular 

posterior wall thickness in diastole met statistical significance (#, p<0.05) between HFrEF and 

graft-treated HFrEF. 
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Figure 12. Invasive Hemodynamics with Graft Therapy 
 

 
 
Fig 12. Invasive hemodynamic quantification was performed immediately prior to the terminal 

electrophysiology study with a solid-state micromanometer-tipped catheter (ADInstruments, 

Colorado Springs, CO). Quantified parameters were heart rate, left ventricular end-diastolic 

pressure, systolic pressure, peak-developed pressure, ±dP/dt, and relaxation constant Tau. All 

HFrEF parameters met statistical significance versus SHAM (*, p<0.05). Similarly, all Graft 

Therapy parameters met statistical significance versus SHAM (*, p<0.05) except left ventricular 

systolic pressure. Only left ventricular systolic pressure and (+) dP/dt met statistical significance 

(#, p<0.05) between HFrEF and graft-treated HFrEF. 

 
 
The process of culturing the fibroblasts into the biomaterial mesh yielded consistently confluent 

engineered grafts; the Polyglactin 910 mesh fibers and gaps were encapsulated in fibroblast-

derived organic extracellular matrix. The grafts were easily handled by the animal surgeon for 

successful implantation without tearing. Multiple simple interrupted epicardial sutures secured 

the graft and each chest was successfully closed without incident despite it being the second 

thoracic surgery. 

 

Six-week echo data (Figure 13) revealed a significantly lower left ventricular ejection fraction 
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(EF) for HFrEF compared to SHAM rats (33 ±2 versus 76 ±3%, p<0.0001). HFrEF rats treated with 

the graft (n=12) had no change in EF compared to untreated HFrEF rats (39 ±5 versus 33 ±2%, 

p=0.2549). 

 
 
Figure 13 Ejection Fraction and Electroanatomic Scar Area 
 

 
 
Fig 13. Transthoracic echocardiography (left axis, solid bars) at the study endpoint (6 weeks 

post-myocardial infarction, 3 weeks post-graft therapy) revealed a normal left ventricular 

ejection fraction (EF) for SHAM (n=7), a significantly decreased EF (33±2% versus 76±3%, 

p<0.0001) for the HFrEF group (n=27), and a comparable EF (39±5% versus 33±2%, p=0.2549) for 

the graft-treated HFrEF group (n=13). Furthermore, epicardial monophasic action potential 

amplitude was utilized to create a two dimensional color map of the epicardium (maps shown in 

Figure 3), which revealed a large region of scar tissue in the vascular territory of the left 

coronary artery in HFrEF rats (n=29; right axis, dashed bars). This scar area was not observed in 

SHAM rats (n=7; 33.0±2.4% versus 0.3±1.5%, p<0.0001), and graft-treated rats (n=12) exhibited 

a slightly smaller percentage of scar area (25.2±6.6% versus 33.0±2.4%, p=0.4310). * denotes 

statistical significance versus SHAM. 

 
 
Two-dimensional electroanatomic maps were generated using MAP amplitude. Quantification of 

the amount of scar tissue, relative to the entire mapped area (Figure 13), revealed a 

physiologically negligible amount of scar tissue for SHAM rats (0.3 ±1.5%) and a substantial 

amount of scar tissue for HFrEF rats (33.0 ±2.4 versus 0.3 ±1.5%, p<0.0001). Treatment of HFrEF 

rats with the graft showed no difference in MAP amplitude-derived scar area (25.2 ±6.6 versus 

33.0 ±2.4%, p=0.4310) compared to the HFrEF group. 
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Figure 14. Capture Threshold and Effective Refractory Period 
 

 
 
Fig 14. Pacing of the heart with an epicardial electrode revealed an acceptable capture threshold 

(left axis, solid bars) for SHAM rats (n=7), who had no cardiac abnormalities. This value increased 

to a non-significant degree with onset of HFrEF (n=29; 1.0±0.1 versus 0.7±0.2 Volts, p=0.1430). 

Graft-treated HFrEF rats (n=12) elicited a comparable capture threshold (0.8±0.1 versus 1.0±0.1 

V, p=0.3220), with no statistically significant relationships found for any of the three groups. In 

addition, programmed electrical stimulation drivetrains with eight equidistant S1 stimuli and a 

single premature S2 stimulus revealed a short effective refractory period (ERP; right axis, dashed 

bars), defined as the longest S1(8)-S2 interval that fails to capture the heart and produce a 

global depolarization, for the SHAM group (n=7). This value increased with onset of HFrEF (n=28; 

68±3 versus 53±4 milliseconds, ms, p=0.0191), and further increased with graft therapy (88±7 

versus 68±3 ms, p=0.0029). Graft-treated HFrEF rats (n=12) exhibited the longest ERP. */# 

denotes statistical significance versus SHAM/HFrEF, respectively. 

 
 
Capture threshold was assessed quantitatively (Figure 14). SHAM rats exhibited a capture 

threshold of 0.7 ±0.2 volts, however comparison with the HFrEF group yielded no difference (1.0 

±0.1 versus 0.7 ±0.2 volts, p=0.1430), nor did the comparison between HFrEF and the graft-

treated HFrEF group (0.8 ±0.1 versus 1.0 ±0.1 volts, p=0.3220). 
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Figure 15. MAPA Electroanatomic Maps with Surface Electrocardiograms 
 

 
Fig 15. Interpolation of monophasic action potential amplitudes into two-dimensional 

electroanatomic color maps from the anterolateral epicardial surface of ten HFrEF rats treated 

with the graft (panels A-J). The color bar is depicted below each color map in millivolts, and a 

larger color bar is located at the bottom of the figure. For each rat, electrical infarct represented 

by red is seen in the vascular territory of the left coronary artery while healthy tissue can be 

seen to its left. In addition, beside each color map is a surface electrocardiogram tracing during 

programmed electrical stimulation to induce monomorphic ventricular tachycardia (VT). 

Induction protocols that successfully resulted in sustained monomorphic VT have been denoted 

with an asterisk (*). 

 
 
Utilization of a programmed electrical stimulation protocol with a single premature stimulus (S1-

S2) enabled quantification of the LV ERP (Figure 14). The SHAM group had the shortest ERP (53 

±4 milliseconds, ms), which prolonged in HFrEF (69 ±3 versus 53 ±4 ms, p=0.0191), and further 

prolonged in the graft-treated HFrEF group (88 ±7 versus 69 ±3 ms, p=0.0029). 
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Figure 16. Incidence of Inducible mmVT 
 

 
Fig 16. S1-S2 drivetrains were unsuccessful in inducing monomorphic ventricular tachycardia 

(VT) in any SHAM rats, however the majority of HFrEF rats were able to be induced, with 

representative tracings shown (72% versus 0%, p=0.0394). HFrEF rats treated with the graft 

were able to be successfully induced into VT to a lesser degree, though this did not reach 

statistical significance (42% versus 72%, p=0.0834). * denotes statistical significance versus 
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SHAM. 

 
Finally, the S1-S2 drivetrain was also utilized to assess the incidence of inducible mmVT in rats 

that had undergone MAP electroanatomic mapping (Figures 15, 16). As expected, SHAM rats 

exhibited no VT whereas HFrEF rats experienced successful induction to VT at a rate of 72% (72 

versus 0%, p=0.0394). HFrEF rats treated with the graft had a no change in the incidence of VT 

compared to untreated HFrEF rats (42 versus 72%, p=0.0834). 

 

Qualitative histopathological data supported no difference in scar burden between HFrEF and 

graft-treated HFrEF hearts and revealed transmural infarcts with foci of residual biomaterial in 

graft-treated HFrEF hearts (Figures 17, 18, 19). 

 
 
 
Figure 17. Cardiac Histopathology of Graft-treated HFrEF Rat, Hematoxylin and Eosin 
 

 
 
Fig 17. After the terminal cardiac electrophysiology study at 3 weeks post-graft treatment (6 

weeks post-myocardial infarction), cardiac tissue was harvested and stained with Hematoxylin 

and Eosin. Cellular infiltrate can be appreciated in the myocardial region likely corresponding 

with scar tissue, as it lacks the quintessential muscle striation pattern (A. 10X magnification). 

Interestingly, multiple clustered foci of residual biomaterial with septa of myocardial tissue can 

be observed near the epicardial portion of the myocardium (B. 20X magnification). 
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Figure 18. Cardiac Histopathology of Graft-treated HFrEF Rat, Gomori’s Trichrome 
 

 
 
Fig 18. After the terminal cardiac electrophysiology study at 3 weeks post-graft treatment (6 

weeks post-myocardial infarction), cardiac tissue was harvested and stained with Gomori’s 

Trichrome. Myocardial tissue and red blood cells stain red in color while collagen bundles and 

connective tissue stain blue in color. As expected, this representative graft-treated HFrEF rat 

heart exhibits a large transmural infarct with dense connective tissue presence (A.10X 

magnification). Thin streaks of surviving cardiomyocytes can be observed near the epicardium 

and endocardium. Interestingly, a focus of residual biomaterial with septa of myocardial tissue 

can be observed throughout the infarcted myocardium (B. 40X magnification). 
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Figure 19. Cardiac Histopathology of Graft-treated HFrEF Rat, Movat’s Pentachrome 
 

 
Fig 19. After the terminal cardiac electrophysiology study at 3 weeks post-graft treatment (6 

weeks post-myocardial infarction), cardiac tissue was harvested and stained with Movat’s 

Pentachrome stain. Myocardial tissue stains red and red blood cells stain orange in color while 

connective tissue stains light blue in color. An intramyocardial focus of residual biomaterial with 

septa of connective tissue is depicted, with a surrounding wall of myocardial tissue. Multiple 

blood vessels can be observed in the near vicinity throughout the infarcted myocardium (40X 

magnification). 

 
 
Treating a cohort of HFrEF rats with the PG910 biomaterial revealed no significant changes in 

echocardiographic parameters (Figure 20), invasive hemodynamic parameters (Figure 21), nor 

ventricular ERP or incidence of inducible mmVT (Figure 22) as compared to the graft-treated 

HFrEF cohort. 

 
 
 
 
 
 
 
 
 
 
 
 



- 135 -  

 
Figure 20. Echocardiography with Biomaterial Therapy 
 

 
 
Fig 20. Echocardiography was performed in short axis M-mode with a dedicated rodent Vevo 

2100. Quantified parameters were left ventricular ejection fraction, fractional shortening, 

internal chamber diameter/volume during systole and diastole, anterior/posterior wall thickness 

during systole and diastole, and anterior wall mass, also corrected by a factor of 0.8. All HFrEF 

parameters met statistical significance versus SHAM. Similarly, all Graft Therapy parameters met 

statistical significance versus SHAM. In addition, all PG910 Therapy parameters met statistical 

significance versus SHAM. No HFrEF, Graft Therapy, nor PG910 Therapy parameters met 

statistical significance versus each other. ANOVA-Holm Sidak or ANOVA on Ranks-Dunn’s 

Method (*p<0.05 versus SHAM. 
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Figure 21. Invasive Hemodynamics with Biomaterial Therapy 
 

 
 
Fig 21. Invasive hemodynamic quantification was performed immediately prior to the terminal 

electrophysiology study with a solid-state micromanometer-tipped catheter (ADInstruments, 

Colorado Springs, CO). Quantified parameters were heart rate, left ventricular end-diastolic 

pressure, systolic pressure, ±dP/dt, relaxation constant Tau, and peak-developed pressure. All 

HFrEF parameters met statistical significance versus SHAM (*, p<0.05). Similarly, all Graft 

Therapy parameters met statistical significance versus SHAM (*, p<0.05) except left ventricular 

systolic pressure. Only left ventricular systolic pressure and (+)dP/dt met statistical significance 

(#, p<0.05) between HFrEF and graft-treated HFrEF. HFrEF rats treated with the Polyglactin 910 

biomaterial exhibited the same statistical relationships as the graft-treated HFrEF cohort, with 

no differences when compared to the graft-treated HFrEF cohort. All hemodynamic parameters 

were compared via ANOVA with post hoc Tukey. 
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Figure 22. Effective Refractory Period and Incidence of mmVT with Biomaterial Therapy 
 

 
 
Fig 22. Ventricular effective refractory period (ERP) in milliseconds (ms; left side) and incidence 

of inducible monomorphic ventricular tachycardia (mmVT; right side) in four rat cohorts, non-

infarcted SHAM (n=15), 6 week heart failure with reduced ejection fraction (HFrEF; n=20), graft-

treated HFrEF (n=12), and Polyglactin 910 (PG910; n=5) biomaterial-treated HFrEF. SHAM rats 

exhibited a short ERP and no mmVT incidence. HFrEF rats exhibited a prolonged ERP and a 

corresponding increase in incidence of inducible mmVT. Graft-treated HFrEF rats exhibited a 

further prolonged ERP compared to HFrEF rats and a corresponding decrease in inducible 

mmVT. Finally, PG910-treated HFrEF rats exhibited a similar prolongation in ventricular ERP as 

compared to HFrEF rats and a similar reduced incidence of inducible mmVT as compared to 

graft-treated HFrEF. ERP was evaluated via ANOVA with post hoc Tukey, *p<0.05 versus SHAM, 

#p<0.05 versus HFrEF; PG910 cohort was not included in the analysis due to the proof-of-

concept sample size and subsequent inequality of variance. Incidence of inducible mmVT was 

evaluated via Fisher’s Exact Test, *p<0.05 via SHAM. 
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Histopathological analysis (Figure 23) of the PG910-treated myocardial tissue revealed PG910 

biomaterial retention 3 weeks post-implantation (6 weeks post-MI) and a qualitative increase in 

biomaterial density as compared to graft-treated HFrEF histopathology. Biomaterial in two 

distinct phases of degradation can be observed (Figure 24), PG910 cut in cross section that is still 

course in appearance, and PG910 cut in long axis that is further degraded and appears more 

pliable (Figure 25). 

 
 
Figure 23. Cardiac Histopathology of Biomaterial-treated HFrEF Rat, Hematoxylin and Eosin 
 

 
 
Fig 23. After the terminal cardiac electrophysiology study at 3 weeks post-biomaterial treatment 

(6 weeks post-myocardial infarction), cardiac tissue was harvested and stained with Hematoxylin 

and Eosin. A greater amount of PG910 biomaterial can be appreciated in the myocardium, at 

multiple degradation time points (A. 4X magnification). Bundles of nearly degraded biomaterial 

can be appreciated as opaque filaments cut in the short and long axis, while less degraded 

biomaterial can be appreciated in three discrete foci with septa of myocardial tissue, including 

the foci in the second magnified panel (B. 40X magnification). 
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Figure 24. Cardiac Histopathology of Biomaterial-treated HFrEF Rat, Gomori’s Trichrome 
 

 
 
Fig 24. After the terminal cardiac electrophysiology study at 3 weeks post-biomaterial treatment 

(6 weeks post-myocardial infarction), cardiac tissue was harvested and stained with Gomori’s 

Trichrome. Myocardial tissue and red blood cells stain red in color while collagen bundles and 

connective tissue stain blue in color. As expected, this representative biomaterial-treated HFrEF 

rat heart exhibits a large transmural infarct with dense connective tissue presence (A.4X 

magnification). A thin streak of surviving cardiomyocytes can be observed near the 

endocardium. Interestingly, foci of residual biomaterial at various degradation time points with 

septa of myocardial encasements can be observed throughout the infarcted myocardium (B. 40X 

magnification). 
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Figure 25. Cardiac Histopathology of Biomaterial-treated HFrEF Rat, Movat’s Pentachrome 
 

 
 
Fig 25. After the terminal cardiac electrophysiology study at 3 weeks post-biomaterial treatment 

(6 weeks post-myocardial infarction), cardiac tissue was harvested and stained with Movat’s 

Pentachrome stain. Myocardial tissue stains red and red blood cells stain orange in color while 

connective tissue stains light blue in color. Multiple epicardial foci of residual biomaterial with 

septa of connective tissue can be easily seen, as they stained intensely light blue. A muscular 

artery with internal elastic lamina and thick tunica media can be appreciated above a thin 

endocardial strip of surviving cardiomyocytes cut in cross-section. Biomaterial foci are 

surrounded by blood vessels and circular nucleated cells, which potentially could be 

macrophages or another immune cell type (20X magnification). 
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Analysis of the membrane-bound proteins and their corresponding message ribonucleic acids 

corresponded to the known electrical remodeling phenomenon described in HFrEF. No 

significant change in protein abundance for cardiomyocytes located in the left ventricular free 

wall was detected using the semi-quantitative immunohistochemical analysis. Cohorts SHAM, 6 

week HFrEF, 6 week graft-treated HFrEF, and 6 week biomaterial-treated HFrEF rats exhibited 

comparable protein abundance, measured using florescence intensity (Figure 26), but elicited a 

general decrease in message abundance, measured using quantitative polymerase chain 

reaction (Figure 27). This decrease was maintained in the graft-treated cohort, but interestingly 

was reversed to normal SHAM levels or even beyond SHAM levels with the PG910 graft 

treatment (Figure 27). 

 
 
Figure 26. Immunohistochemical Quantification of Membrane Channel Abundance 
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Fig 26. Monoclonal antibody immunohistochemistry (Novus Biologicals, Centennial, CO) on 

paraffin-embedded cardiac tissue was used to semi-quantify membrane-bound protein 

channel/pump relative abundance in a confocal high-powered field (60X magnification; Leica 

Aperio VERSA, Buffalo Grove, IL) representing the entire infarcted myocardium. Potential 

confounders for this optical technique include the auto-florescence of cardiomyocyte 

sarcomeres. 

 
 
 
Figure 27 Quantitative Polymerase Chain Reactions for Membrane Channel Message Abundance 
 

 

 
 
Fig 27. Quantitative Polymerase Chain Reaction for amplicons (TaqMan, Thermo Fisher 

Scientific, Waltham, MA) KNCA2 (Kv1.2), KCNA5 (Kv1.5), KCND2 (Kv4.2), and SERCA2a. Cohort 

sizes: SHAM n=4, 6 week HFrEF n=5, 10 week HFrEF n=4, 6 week Graft-treated HFrEF n=3, 6 

week PG910-treated HFrEF n=2. Membrane-bound voltage gated potassium channel Kv1.2 

message (representing the ultrarapid delayed rectifier in the potassium efflux current) was less 

abundant in both time points of HFrEF and in graft-treated HFrEF, but recovered to near normal 

levels with the biomaterial PG910 therapy. Membrane-bound voltage gated potassium channel 

Kv1.5 message abundance (also representing the ultrarapid delayed rectifier in the potassium 

efflux current) did not substantially change with HFrEF nor graft-therapy, but did increase 

beyond SHAM levels with PG910 therapy. Membrane-bound voltage-gated potassium channel 
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Kv4.2 message (representing the transient outward current in the overall potassium efflux 

current) was less abundant in the HFrEF cohorts as well as with graft-therapy, though to a lesser 

extent than Kv1.2. The PG910 biomaterial therapy did increase the Kv4.2 message abundance, 

however, not to SHAM levels. Finally, sarco-endoplasmic reticulum Ca2+ ATPase 2a (SERCA2a) 

pump message was less abundant in the HFrEF cohorts and the graft-treated HFrEF cohort but 

was increased beyond SHAM levels with biomaterial therapy. 

 
 

 
Finally, linear regression comparing the four in vivo study cohorts, SHAM, HFrEF, graft-treated 

HFrEF, and PG910-treated HFrEF revealed a weak coefficient of determination R2 values for 

SHAM when comparing LV diameter (Figure 28) and LV volume (Figure 29) to ventricular ERP. 

The R2 value increased for HFrEF and remained strong for the two treatment cohorts. With 

respect to linear regression for the invasive hemodynamic parameter LV EDP, SHAM had a 

unexpectedly strong coefficient of determination R2 value (Figure 30), and HFrEF had an 

relatively weak R2 value, though the graft-treated HFrEF cohort and the PG910-treated HFrEF 

cohort exhibited strong correlations. Linear regression for LV PDP was consistent in cohort R2 

value trends relative to the afore mentioned echocardiographic indices. However, PG910 

revealed a weak coefficient of determination. 

 

For all dependent variables, including more parameters in the complex stepwise multiple linear 

regression approach significantly improved model fit, except for diastolic LVID from the 

intermediate model to the full model and for EDP where neither the intermediate model nor full 

model improved model fit compared to the reduced model. For most dependent variables, 

modeling multiple cohort regression lines in this complex stepwise manner is a strong approach 

to assess dependent variable effect statistically. 
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Figure 28 Linear Regression correlating Internal Diameter and Refractoriness 
 

 
 
Fig 28. Left ventricular internal diameter; systolic (LVID;s) (vertical axis) obtained via 

transthoracic echocardiography is plotted against effective refractory period (ERP) (horizontal 

axis) obtained via epicardial pacing electrode. The SHAM cohort demonstrated a poor 

correlation with a coefficient of determination R2 value of 0.1223. However, the induced HFrEF 

cohort demonstrated a strong correlation with an R2 value of 0.8958. A strong correlation 

continued to be demonstrated among the treatment groups Graft and PG910 cohorts who 

demonstrated a R2 values of 0.8006 and 0.8885, respectively. Left ventricular internal diameter; 

diastole (LVID;d) (vertical axis) obtained via transthoracic echocardiography is plotted against 

effective refractory period (ERP) (horizontal axis) obtained via epicardial pacing electrode. The 

SHAM cohort demonstrated a poor correlation with an R2 value of 0.0191. However, the 

induced HFrEF cohort demonstrated a strong correlation with an R2 value of 0.8584. A strong 

correlation continued to be demonstrated among the treatment groups Graft and PG910 

cohorts who demonstrated coefficient of determination R2 values of 0.6948 and 0.6368, 

respectively. 
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Figure 29 Linear Regression correlating Volume and Refractoriness 
 

 
 
Fig 29. Left ventricular volume; systolic (LV Vol;s) (vertical axis) obtained via transthoracic 

echocardiography is plotted against effective refractory period (ERP) (horizontal axis) obtained 

via epicardial pacing electrode. The SHAM cohort demonstrated a poor correlation with a 

coefficient of determination R2 value of 0.1309. However, the induced HFrEF cohort 

demonstrated a strong correlation with an R2 value of 0.8955. A strong correlation continued to 

be demonstrated among the treatment groups Graft and PG910 cohorts who demonstrated R2 

values of 0.8415 and 0.8885, respectively. Left ventricular volume; diastole (LV Vol;d) (vertical 

axis) obtained via transthoracic echocardiography is plotted against effective refractory period 

(ERP) (horizontal axis) obtained via epicardial pacing electrode. The SHAM cohort demonstrated 

a poor correlation with an R2 value of 0.0170. However, the induced HFrEF cohort demonstrated 

a strong correlation with an R2 value of 0.8622. A strong correlation continued to be 

demonstrated among the treatment groups Graft and PG910 cohorts who demonstrated 

coefficient of determination R2 values of 0.7287 and 0.6284, respectively. 
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Figure 30 Linear Regression correlating Invasive Hemodynamics and Refractoriness 
 

 
 
Fig 30. Left ventricular end-diastolic pressure (LVEDP) (vertical axis) obtained via invasive 

hemodynamic catheter is plotted against effective refractory period (ERP) (horizontal axis) 

obtained via epicardial pacing electrode. All superimposed cohorts demonstrated a strong 

positive correlation. The SHAM and the induced HFrEF cohort demonstrated a coefficient of 

determination R2 values of 0.6408 and 0.5963, respectively. A stronger correlation was 

demonstrated among the treatment groups Graft and PG910 cohorts with R2 values of 0.8137 

and 0.9136, respectively. Peak-developed pressure (PDP) (vertical axis) obtained via invasive 

hemodynamic catheter is plotted against effective refractory period (ERP) (horizontal axis) 

obtained via epicardial pacing electrode. The SHAM cohort demonstrated a poor correlation 

with a R2 value of 0.0246. However, the induced HFrEF cohort demonstrated a strong negative 

correlation with a R2 value of 0.6613. Among the treatment groups, only the Graft cohort 

demonstrated a strong negative correlation with a R2 value of 0.9347. The PG910 cohort 

demonstrated a poor correlation with a coefficient of determination R2 value of 0.3885. 
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4.4 Discussion and Conclusions 

Atomic and electrical characterization of PG910 (Figures 1-4) supported its description as an 

electrically insulating biomaterial (Figure 6) with a steady degradation profile (Figure 7). 

Application of PG910 in vitro revealed a prolonged time to spontaneous arrhythmogenic death 

(Figures 9, 10) that was not retained after pharmacologic beta adrenergic agonism. 

 

The first in vivo preclinical experiment aimed to evaluate the effects of a fibroblast-containing 

engineered graft on ventricular electrophysiologic properties in a rodent model of ischemic 

cardiomyopathy. After a treatment timeline of three weeks, for a total study timeline of six 

weeks, graft-treated HFrEF rats were found to have an unchanged LV EF compared to HFrEF 

(Figures 11, 13), a comparable percentage scar (Figure 13), an unchanged capture threshold 

(Figure 14), a prolonged ventricular ERP (Figure 14), and no statistically significant change in the 

incidence of inducible mmVT (Figures 16). Histopathology revealed transmural infarcts for all 

rats that underwent permanent left coronary artery ligation and foci of residual biomaterial in 

graft-treated HFrEF rat hearts (Figures 17-19). 

 

Though LV EF decreases as expected between the SHAM study arm and the HFrEF study arm, 

the maintenance of a low EF with the graft treatment was anticipated as the grafts did not 

contain any contractile cells such as ventricular cardiomyocytes. This finding is also consistent 

with a 2010 study using the same engineered graft. Interestingly, the only echocardiographic 

parameter found to change with graft treatment was LV posterior wall thickness in diastole 

(Figure 11). I postulate that the angiogenic effect of this graft therapy (20) may have increased 

retention of hibernating myocardium and thus decreased global compensatory hypertrophy. 

 

Capture threshold, also known as diastolic threshold, can be viewed as a measurement of the 

myocardium’s content of repolarized excitable cardiomyocytes, assuming stable electrode 

contact with the myocardium. A low capture threshold correlates with the presence of 

cardiomyocytes that are repolarized and excitable. There were no significant changes in capture 

threshold between the three study arms (Figure 14), suggesting either a lack of sufficient assay 

sensitivity to detect any changes in resistance between the groups or possibly no difference in 

the aforementioned fibroblast parameters that are likely to modulate electrical resistance. 
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Finally, graft-treated HFrEF rats exhibit no statistically significant change in the incidence of 

inducible mmVT (Figure 16). Prolongation of the left ventricular ERP (Figure 14) at local 

epicardial sites could theoretically lead to elimination of the excitable gap necessary for the 

reentry circuit of mmVT, similar to what is accomplished with ablation (14). Though the graft 

treatment resulted in no significant change in the incidence of VT, previous investigators have 

cautioned the sole reliance on p values to define physiologic significance (21). It is on this basis 

that the physiological relevance of a 30-point decrease in the incidence of inducible mmVT in 

graft-treated HFrEF rats is emphasized. This finding is hypothesis-generating regarding 

reproducibility and clinical feasibility. 

 

However it is equally important to note that ERP prolongation can also be a negative prognostic 

factor, predisposing to malignant ventricular tachyarrhythmias by way of action potential 

duration heterogeneity between the endocardium and epicardium, or action potential duration 

prolongation leading to triggered activity or Torsades de Pointes. Nonetheless, I did not observe 

any afterdepolarization-related ectopy, Torsades de Pointes, nor ventricular fibrillation. The 

graft may be antiarrhythmic by locally prolonging ERP and thus providing a physiologic block to 

reentrant VT. This could be accomplished locally without global myocardial effects.  

 

A previous study investigated whether a cardiac graft consisting of human induced pluripotent 

stem cell-derived cardiomyocytes, in addition to the fibroblasts and biomaterial described in this 

present study, had any electrophysiologic effect on the infarcted ventricle (22). The study found 

a decrease in the incidence of inducible VT; however, no mechanism was revealed. This present 

study was designed as a follow-up ‘sufficiency’ study, where I sought to evaluate if the 

fibroblast-biomaterial graft alone was sufficient to reproduce the same electrophysiologic 

effect. Furthermore, in addition to reporting a physiologically relevant difference in the 

incidence of inducible mmVT with this fibroblast-biomaterial graft, evidence of the potential 

mechanism is revealed: local prolongation of ventricular effective refractory period, disrupting 

the reentrant circuit necessary for mmVT propagation.  

 

Interestingly, the synthetic PG910 biomaterial utilized in this graft preparation has never been 

evaluated alone for its electrical effects on the cardiac system. This degree of electrical 

insulation provided by PG910 would likely overcome any natural cardiac electrophysiologic 
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process. Thus, theoretically it is possible that the effects described in this study could be due, at 

least in part, to the biomaterial alone. To date, no synthetic biomaterial has been shown to 

decrease arrhythmia generation in the clinical setting, though biomaterial investigators have 

shown enhanced conduction through infarcted myocardium using carbon nanotubes (10) and 

created electroconductive injectable hydrogels using gold nanorods (11). 

 

Messenger ribonucleic acid (mRNA) and/or expressed protein levels of KNCA2 (Kv1.2), KCNA5 

(Kv1.5), KCND2 (Kv4.2), and SERCA2a were assessed in SHAM rats, the 6 week HF cohort, the 10 

week HF cohort, the graft-treated HF cohort, and the PG910-treated HF cohort (Figures 26, 27). 

The qPCR data was adjusted relative to the expression level of the SHAM cohort, which was a 

higher level than HF cohort levels for all amplicons except for Kv1.5. The graft therapy seemed 

to have no major restorative effect on mRNA abundance, however the PG910 therapy 

consistently increased amplicon levels. This finding is interesting, but likely needs to be repeated 

for rigor and reproducibility before any formal claims can be made. In addition, IHC analysis 

using florescent secondary antibodies revealed no change in relative abundance of the 

molecular targets in matched regions of HF ventricular samples compared to SHAM. This did not 

correspond with the decreased expression of corresponding mRNA levels. Graft-treated HF 

samples and PG910-treated HF samples exhibited no statistical difference in protein expression 

compared to the HF control cohort. However, increased mRNA levels were found in the PG910 

cohort. It is necessary and important to acknowledge that regulation of membrane-bound ion 

channels and pumps includes regulatory subunits (example: phospholamban for SERCA2a), as 

well as post-translational allosteric modulations. In addition, the auto-florescence of 

cardiomyocyte sarcomeres could potential confound the semi-quantitative IHC analysis, though 

the florescent background should be consistent throughout samples. 

 

The linear regression analyses (Figures 28-30) sought to characterize the strength of correlation 

between the structural remodeling process and the electrical remodeling process that both 

occur simultaneously in post-MI HFrEF. For the echocardiographic indices left ventricular 

internal diameter in systole and diastole (Figure 28), and left ventricular volume in systole and 

diastole (Figure 29), weak correlations were observed for the SHAM non-infarcted cohort as 

expected given the relatively low repolarization heterogeneity in a normal heart that does not 

easily produce mmVT. Furthermore, no macroscopic structural remodeling occurred in these 
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hearts, hence their flat slopes.  

 

The HFrEF cohort regression revealed strong positive slopes, suggesting that as the left 

ventricular internal diameter and volume increase, the electrical instability of the left ventricle, 

as measured by ERP, also increases. This finding is somewhat intuitive, but the strength of 

correlation between the two seemingly unrelated findings is novel. In addition, this finding 

would suggest that non-invasive imaging may produce useful prognostic information regarding 

susceptibility to ventricular tachyarrhythmia and sudden death in HFrEF patients. This may assist 

clinicians in better stratifying patients and allocating resources to maximize length and quality of 

life. 

 

This echocardiographic trend between SHAM and HFrEF was mostly reinforced by the 

regressions comparing invasive hemodynamic parameters left ventricular end-diastolic pressure 

and left ventricular peak-developed pressure (Figure 30). SHAM exhibited a surprisingly strong 

linear correlation between end-diastolic pressure and ERP, suggesting that perhaps this 

regression may be useful for characterizing the electrical stability of SHAM hearts as well as 

HFrEF hearts. The peak-developed pressure regression was negative in slope as expected given 

that as the ventricle progressively fails with respect to mechanical function, less pressure can be 

generated and the electrical instability increases. 

 

The two treatment groups, Graft and PG910, revealed echocardiographic and hemodynamic 

regressions that mirrored the HFrEF cohort regressions, except with rightward shifts. This 

suggests that the ERP prolongation facilitated by HFrEF induction was further prolonged with 

these epicardial biomaterials. The rightward displacement for the Graft-treated HFrEF cohort’s 

regression was closer in slope to the HFrEF cohort regression slope, though this is likely due to 

the limited sample size of the PG910 cohort. Importantly, the arithmetic mean of the PG910 

cohort’s ERP is statistically nonsignificant when compared to the ERP of the Graft cohort (Figure 

22) but is statistically significant compared to the previously described HFrEF cohort ERP. 

 

This reinforces the finding of ERP prolongation after treating HFrEF rats with an epicardial graft 

composed of fibroblasts on a synthetic biomaterial, and also reveals that this finding may be 

sufficiently reproduced with the electrical insulation of the PG910 biomaterial alone, without 
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the need for fibroblasts. By modulating repolarization kinetics, this biomaterial should also 

reduce the incidence of inducible of mmVT, potentially serving as a novel therapeutic option for 

managing reentrant arrhythmia in patients with HFrEF.  

 

 

 Limitations 

 

The permanent coronary artery occlusion methodology utilized to create HFrEF often creates 

transmural infarcts in these rats. It is probable that the electrical circuit necessary for the 

reentrant mmVT involves the epicardial surface, given the transmural nature of the scar tissue. 

Thus, the electrophysiologic effects observed three weeks after surgical deployment of the 

engineered graft on the epicardium may require that the electrical circuit reaches the 

epicardium. Should the infarct pattern be subendocardial or intramural and not transmural, as is 

often the case clinically, it is unclear whether this engineered graft would exert an equally 

efficacious effect. 

 

One limitation of this study is the selected animal model. Compared to human cardiomyocytes, 

rat cardiomyocytes are known to express different isoforms and relative abundances of ion 

channels, which gives rise to their shorter action potential durations and increased heart rates, 

ability to withstand large transmural myocardial infarctions, and decreased susceptibility to 

ventricular fibrillation. These differences, and potentially other currently unknown differences, 

may limit future translation of this graft therapy to human patients with HFrEF, and warrant 

comprehensive investigation with respect to discrepancies between rat and human cardiac 

electrophysiology and ischemic remodeling. 

 

Furthermore, the age of rats at surgical infarct is younger than what is observed clinically in 

patients with atherosclerotic acute coronary events. Nonetheless, upon utilizing a rat-to-human 

age converter (23), it becomes apparent that the rats employed in this study were closer to the 

human equivalent of middle age, which is reasonable for modeling structural heart disease.  
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5.1 Hypothesized Mechanism of Action 

 

The central question of this dissertation was: “Can an epicardially deployed synthetic 

biomaterial modulate susceptibility to monomorphic ventricular tachycardia?” The 

corresponding hypothesis was: “A synthetic biomaterial will decrease susceptibility to 

monomorphic ventricular tachycardia (mmVT) via prolonging effective refractory period (ERP) 

through the reentrant circuit.” The hypothesized mechanism of action involves left ventricular 

ERP prolongation, imparted by an electrically insulating biomaterial adhered to an accessible 

portion of the reentrant circuit. This ERP modulation, though extracellular in nature, could cause 

the leading depolarizing head in the monomorphic reentrant circuit to terminate on a quenched 

excitable gap is appropriately positioned within the ventricular myocardium. This would 

decrease the likelihood of mmVT propagation, which infers a decreased risk of other more fatal 

arrhythmias and thus, sudden cardiac death. 

This ERP prolongation does not directly mitigate the aberrant electrical rhythm, but instead 

creates an electrical environment unfavorable for sodium channels to open due to their voltage-

dependent resetting process (81). Therefore, a sufficient number of sodium channels will be 

inactivated or in the closed state such that a local potential-turned action potential will be less 

likely. It is necessary to acknowledge that this hypothesized mechanism of action is based on the 

frequency of sodium cation activation to the open state, which is directly influenced by the 

intrinsic structure of the channel along with any post-translation modifications or allosteric 

modulators (82). Should the sodium channels lose their voltage gating, it likely that ERP 

prolongation would no longer be effective at modulating the kinetics of their open probability.  

 

5.2 Overall Findings 

 

Specific Aim 1 

Establish the clinical relevance of a rodent model of reentrant ventricular tachyarrhythmia in 

the setting of heart failure with reduced ejection fraction (HFrEF) 

This specific aim was set to evaluate the rigor and reproducibility of both the HFrEF-mediated 

electrically stability and also the chronologic incidence of mmVT as HFrEF progresses. I 

hypothesized that all major electrical and hemodynamic prognostic factors found in human 

patients with HFrEF would be successfully recapitulated in this rodent model of HFrEF. The data 

presented in Chapter 2 support this hypothesis, though a degeneration to ventricular fibrillation 

and sudden death was not observed. I also hypothesized a progressive increase in the incidence 

of mmVT as the duration of HFrEF increases. The data did not support this hypothesis, with the 

incidence of inducible VT plateauing between 6 weeks and 10 weeks after permanent left 

coronary artery ligation. 

Specific Aim 2 
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Create a novel electrophysiologic methodology to evaluate arrhythmogenic substrate 

This specific aim set to evaluate the robustness of monophasic action potential amplitude 

(MAPA) to characterize the infarcted myocardium with respect to two-dimensional distribution 

of healthy tissue, border tissue, and scar tissue. The data presented in Chapter 3 revealed that 

MAPA performed to the same degree as the gold standard electrophysiologic parameter bipolar 

voltage electrogram amplitude with respect to ability to statistically distinguish the three sub-

types of tissue found in an infarcted myocardium. However, MAPA was inferior compared to the 

gold standard regarding accuracy in quantifying scar burden, likely due to an increased 

sensitivity to noise and a smaller sampling field-of-view. 

Specific Aim 3 

Evaluate the hypothesized mechanism of a surgical biomaterial intervention for HFrEF-

mediated monomorphic ventricular tachycardia 

Finally, poly(lactic-co-glycolic acid) was identified as a sufficiently non-conductive biomaterial, 

and Polyglactin 910 was evaluated for its in vitro effects of isolated cardiomyocytes and its in 

vivo effects on HFrEF rats undergoing induced arrhythmogenesis. The cellular data presented in 

Chapter 4 suggested a decreased depolarization frequency and corresponding contraction 

frequency with Polyglactin 910 application to the sarcolemma. This decreased 

electromechanical activity facilitated a prolongation in arrhythmogenic death of the 

cardiomyocytes. The in vivo data presented in Chapter 4 supported the in vitro findings, 

revealing a further prolonged ventricular ERP compared to the already prolonged ERP found in 

HFrEF rats. A physiologically relevant decrease in mmVT was found, corresponding to the 

reentrant circuit disruption with ventricular ERP prolongation.  

 

5.3 Feasibility of Clinical Application 

 

It is not routine to collect action potential data or monophasic action potential waveforms 

clinically in patients undergoing cardiac electrophysiology study. The advent of multi-electrode 

catheters for percutaneous endovascular approaches enabled endocardial mapping, in addition 

to sub-xyphoid approaches or thoracotomy/sternotomy approaches for epicardial mapping. The 

microelectrode used in this study consists of a long, insulated shaft with a microscopic tip 

electrode and adjacent ring electrode, separated only by micrometers. While this concentric 

microelectrode could be utilized for epicardial approaches, in its present form it would likely 

damage the vessels traversed towards the endocardium. However, creation of a catheter-based 

version could yield positive results, particularly if created in combination with the voltage 

electrogram catheters used to create modern three-dimensional electroanatomic maps and 

perform radiofrequency ablation. 
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With respect to the use of a poly(lactic-co-glycolic acid) copolymer mesh such as Polyglactin 910 

in human patients suffering from HFrEF-mediated reentrant ventricular tachyarrhythmia, the 

feasibility is moderate. While this Ethicon product is currently utilized for other non-cardiac 

indications with success, its degradation profile on the epicardium and potential to disrupt 

global cardiac motion are currently unknown. Furthermore, it is understood that in this modern 

age, most patients suffering from acute myocardial infarction do not end up with completely 

transmural infarctions, mostly because of percutaneous coronary intervention and stent 

placement at the beginning of infarction.  

I postulate that without the reentrant circuit being exposed to the epicardium via a transmural 

infarct distribution, it is less likely that an epicardially placed insulating biomaterial would affect 

the circuit and thus, no effect on susceptibility to ventricular tachyarrhythmia. Though the 

histopathology data suggest that the Polyglactin 910 implanted on rodent epicardium can be 

found 3 weeks later in the center or even endocardial portion of the scarred ventricle wall, it is 

unclear how reproducible this finding is nor its exact mechanism. 

 

5.4 Limitations 

 

In studying the time course of reentrant arrhythmogenesis in a rodent model of HFrEF, studying 

a cohort that goes beyond 10 weeks post permanent left coronary artery ligation would either 

bolster or contradict the claim of no difference in inducible mmVT after the adverse ventricular 

remodeling has completed. In addition, confirming this notion of plateaued arrhythmogenesis in 

a larger animal model of HFrEF that is closer in cardiac function to human electrophysiology 

would be ideal. Furthermore, including female Sprague Dawley rats in this study, rather than 

only using male rats, would improve the validity of the study and reveal potential sex-based 

differences. 

While performing two-dimensional electroanatomic mapping with monophasic action potentials 

on rodent hearts has the advantage of infarct reproducibility, the clinical utility of this mapping 

modality could be reinforced by repeating the study to distinguish healthy myocardium, border 

tissue, and scar tissue in a model with greater heterogeneity in scar distribution. 

Programmed electrical stimulation using a drivetrain of eight equidistant stimuli followed by a 

single extrastimulus has been established as appropriate for studying the induction of 

ventricular arrhythmias clinically. However, adapting these methods to a pre-clinical animal 

model requires the use of academic software platforms which may not perform to the same 

specifications as professional software applications. For example, sensing capabilities are 

difficult to code, particularly when the surface electrocardiogram amplifier is separate from the 

waveform generator. This can lead to initiations of drivetrains in periods other than the 

isoelectric period following complete ventricular repolarization. In addition, slight variations in 

the drivetrain pacing frequency can lead to long-short pacing, which is proarrhythmic in itself. 
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Nonetheless, the methodological criteria used in this body of work aimed to minimize such 

inconsistencies. 

Evaluation of ERP from regions of the left ventricle other than the border region (i.e. the healthy 

region and/or the scar region) could clarify the extent of the regional biomaterial effect 

observed in this study and also serve as a method to compare tissue subtype ERP between 

groups, elucidating absolute and relative ERP changes. 

Finally, repeating the in vivo evaluation of Polyglactin 910 study in a different etiology similar to 

reentrant tachyarrhythmia such as Wolff-Parkinson-White syndrome (fixed accessory pathway) 

or atrial fibrillation (spiral wave rotor activity) would validate the hypothesized mechanism of 

action of circuit disruption via localized ERP prolongation and excitable gap quenching. Similarly, 

repeating the in vivo evaluation of Polyglactin 910 study in a SHAM uninfarcted rodent cohort 

would improve the experimental strength of this study if no change in inducibility of ventricular 

tachyarrhythmia was observed. 

 

5.5 Conclusion 

 

Within heart disease, heart failure with reduced ejection fraction (HFrEF) is an unfortunately 

common diagnosis. Patients with HFrEF are at increased risk of reentrant ventricular 

tachyarrhythmia, specifically monomorphic ventricular tachycardia (mmVT). While four 

treatment options currently exist for HFrEF-mediated mmVT, novel biomaterial therapies may 

fill an unmet niche. Rather than creating an electrically conductive biomaterial to speed 

conduction through the infarcted myocardium, a regulatory approved electrically insulating 

biomaterial may suppress tissue excitability by locally prolonging ventricular effective refractory 

period ERP. This caused self-termination in the reentrant circuit necessary to propagate the 

mmVT and thus decreased the incidence of inducible mmVT. This self-termination caused by 

ERP prolongation and decreased excitable gap presence also the potential to decrease the risk 

of sudden arrhythmogenic death. The three specific aims outlined in this dissertation 

methodically addressed this central hypothesis by characterizing strengths and limitations of the 

animal model used to recapitulate human HFrEF-mediated mmVT, generating a novel high-

sensitivity mapping modality, and finally by generating both in vitro and in vivo data related to 

the biomaterial’s mechanism of action. 
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