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Abstract of Thesis 

 

Spectral Analysis of Electrophysiological & Metabolic Function in Healthy 

and Diseased Perfused Hearts 

 

 

Heart disease is the leading cause of death in the US, with more than half of those 

deaths due to coronary artery disease (CAD), where plaque buildup narrows the arteries 

and may cause myocardial ischemia due to impaired blood flow. Complete arterial 

blockage will cause a myocardial infarction (MI). If not treated within a few hours, MI 

tissue will die and will subsequently be replaced with non-contracting fibrotic scar tissue. 

In the aftermath of an MI, patients can eventually deteriorate into heart failure, and have 

an increased prevalence of deadly arrhythmias. The overall goal of this dissertation was to 

study how myocardial hypoxia and MI scar formation alter cardiac function, and increase 

the incidence of arrhythmias. This was accomplished by developing new instrumentation 

that incorporated novel spectral analysis and panoramic imaging to study healthy and 

infarcted rodent hearts. 

A panoramic imaging system was built to image the scar tissue, and 

electrophysiology of hearts with an MI. The system included a camera to image the 

geometry of the heart, a line scan hyperspectral camera, four cameras equally spaced 

around the heart to record cellular depolarizations, and hardware to facilitate the vertical 

and radial positioning of perfused hearts. Using the system, we were able to construct a 3D 

model of the heart, and texture map the recorded data to it in order to directly correlate the 

underlying electrophysiology with the scarred regions of the heart. 
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Using this system a study was performed to investigate the changes in 

electrophysiology after 1-, 2-, and 4-weeks of recovery from an MI. Using the collected, 

and processed data, regions were identified using the spectral data to discern between 

healthy, border, and scar tissue. Within these regions the action potential durations (APD) 

were measured and compared. After analysis we found continued conduction through the 

scar, significant changes in the spectral characteristics of scar tissue, changes in arrhythmia 

incidence, and changes in APD between regions, and through time.  

In our last experiment we investigated demand hypoxia during sudden increases in 

cardiac demand induced by rapid pacing. In healthy hearts we recorded coronary flow, left 

ventricular developed pressure, and NADH fluorescence as an analog for metabolic 

demand to see how an increased oxygenation delivery by higher coronary flow alters this 

response. 

Panoramic hyperspectral imaging of tissue type and electrophysiology provided 

new insights into the location of infarcted tissue and tissue-specific alterations of APD and 

conduction, enabling function and tissue type to be correlated and analyzed at high 

spatiotemporal resolution. Future work will investigate the electrophysiology of patchy 

fibrotic areas in failing myocardium, temporal changes in electrophysiology as heart failure 

progresses, and other molecular signatures that can be identified using hyperspectral 

imaging. 
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Chapter 1 - Introduction 

 

Cardiovascular disease (CVD) remains the No. 1 cause of death in the United States 

with 928,781 deaths in 2020. Between 2017 and 2020 over a third (127.9 mil) of the US 

population had some form of CVD with direct and indirect costs totaling $252.2 billion 

between 2019 and 2020[1]. More specifically coronary heart disease (CHD) accounts for 

41.2% of the deaths. Each year there are 605,000 new heart attacks that occur, and 200,000 

recurrent attacks[1]. With advances in treatments such as percutaneous coronary 

intervention (PCI) to re-perfuse the heart; heart attacks have become more survivable. 

However, damage does remain, and the heart will scar. Additionally over 225,00 catheter 

ablation therapies a year occur in the USA which are used to treat arrhythmias which results 

in scarring of the heart, and nearly 50% of patients have arrythmia recurrence[2], [3], [4]. 

MIs can be fatal immediately or in the following days due to arrhythmias. But, if survived 

leads to a cascade of events changing the structure, and function of the heart. 

 

1.1 Background 

1.2 Cardiac Action Potential 

An action potential (AP) is a change in transmembrane potential driven by ion flux 

that is involved in intercellular communication and the initiation of cellular processes such 

as contraction in myocytes and neurotransmitter release in neurons. Excitable cells typically 

have resting membrane potential (RMP) of -90mV which is maintained, and returned to, by 

active transport of ions such as Na+, K+, Ca2+, and Cl-[5], [6]. The depolarization of the cell 

is what contributes to inter and intracellular communication. The cardiac action potential is 
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broken into five phases which are determined by voltage, and which channels tend to be 

open[6], [7], [8].  

 

Phase 0 - Rapid Depolarization: Phase 0 represents the upstroke of the action potential. 

Once the cell reaches its minimal level of depolarization, the threshold potential (-40 – 

-60mV), voltage-gated sodium channels in the cell membrane rapidly open, allowing a 

massive influx of positively charged sodium ions into the cell. This sudden influx of 

positive ions causes a rapid change in membrane potential from negative to positive, 

resulting in depolarization.  

Phase 1 - Early Repolarization: Shortly after the peak of Phase 0, the voltage-gated sodium 

channels close, reducing the influx of sodium ions. At the same time, voltage-gated 

potassium channels begin to open, allowing some positively charged potassium ions to 

leave the cell. This early outflow of positive ions initiates the beginning of repolarization 

reducing the excess positive potential of the cell. 

Phase 2 - Plateau Phase: During Phase 2, there is a delicate balance between inward and 

outward currents of ions. While some potassium continues to leave the cell, calcium 

channels open, allowing a slow influx of positively charged calcium ions. This inward 

calcium current opposes the outward potassium current, leading to a plateau in the 

membrane potential. The plateau phase is crucial for prolonging the action potential, 

letting Ca2+ flood the cell allowing the heart muscle to contract and pump effectively. 

Phase 3 - Rapid Repolarization: Toward the end of Phase 2, voltage-gated calcium channels 

begin to close, reducing the inward calcium current. At the same time, voltage-gated 

potassium channels fully open allowing a significant outflow of positively charged 
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potassium ions. The increased efflux of potassium leads to rapid repolarization. 

Returning the cell to its -90mV RMP. 

Phase 4 - Resting Membrane Potential: After repolarization is complete, the cell returns to 

its resting membrane potential, ready for the next stimulus. The resting membrane 

potential is maintained by the activity of various ion pumps and ion channels that 

actively transport ions across the cell membrane. 

 

During depolarization the cell experiences a refractory period where the cell is 

unresponsive, or resistive to re-excitation[5]. Firstly, there is the absolute refractory where 

cells are completely unresponsive to any additional electrical stimuli. This occurs during 

phase 1, and 2, of the action potential mainly due to the inactivation of voltage-gated sodium 

channels. Following the absolute refractory period is the relative refractory period during 

phase 3, and late in phase 2 of an AP. During this time the cell can be re-excited, but the 

threshold for excitation is elevated. This is due to the presence of some partially recovered 

voltage-gated sodium channels, and the activation of voltage-gated potassium channels, 

which results in a net outward flow of potassium ions. 

Action potentials primarily propagate from cell to cell through protein channels 

called gap junctions. Gap junctions consist of six connexin (Cx) subunits in two adjacent 

cells. Since one cell only has half of a functional unit they are also referred to 

hemichannels[9]. For a channel to be formed a neighboring cell needs to have the same type 

of hemichannel joined with the others. Once formed these channels provide a pathway of 

relatively high conductance of ions between cells. Several types of gap junctions are found 

in the heart Cx40, Cx43, and Cx45 which can be found in different cell types in the heart. 
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In the adult myocardium the Cx43 is the only gap junction found. While Cx45 is found in 

the AV node and bundle of His and has a very low conductance. Lastly the Purkinje fibers 

express a combination of Cx40, which has an exceptionally high conductance, and Cx43. It 

is thought that the Cx40 allows rapid conduction throughout the Purkinje fibers while Cx43 

facilitates coupling with the myocardium.  

 

 
Figure 1: Regional differences in cardiac action potential configurations. Schematic cross section of the 

heart depicting the corresponding action potential configuration from different regions of the heart indicated 

by arrows. Color-coded sections on the action potentials refer to the corresponding sections on the schematic 

electrocardiogram (ECG). AVN, atrioventricular node; Endo, endocardial; Epi, epicardial; Mid, mid 

myocardial; SAN, sinoatrial node. Originally from A. Varró et al., “Cardiac transmembrane ion channels 

and action potentials: cellular physiology and arrhythmogenic behavior,” Physiol. Rev., vol. 101, no. 3, pp. 

1083–1176 [10]. 

 

In the heart there is an innate variability between AP morphology across tissues as, 

and regions, shown in Figure 1. The RV AP is also different from that of the LV where the 

RV tends to have a larger repolarization in phase 1 of the AP[8]. These variations of the AP 

morphology are thought to be a contributor to arrhythmia maintenance[11], [12]. 
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1.3 Normal Macroscopic Cardiac Conduction  

In normal cardiac conduction the heart rate is driven from the depolarization of 

pacemaker cells in the sinoatrial node of the heart which depolarizes around 60-100 

bpm[13]. The developed action potential propagates through the atria to the atrioventricular 

node, which can also act as a pacemaker, and depolarize at a rate of 40-60 bpm[12], [13]. 

At the AV node the depolarization wave will travel through a slow and fast conduction 

pathway which has a slow conduction velocity and fast repolarization time, and fast 

depolarization and slow repolarization time respectively. Once the AV node depolarizes, 

the depolarization wave travels through the specialized conduction pathways of the Bundle 

of His, Left & Right Bundle Branches, and Purkinje fibers; which can spontaneously 

depolarize at 20-40 bpm, and have conduction velocities of 2-3 m/s[12], [14]. The Purkinje 

fibers have most of their pathways lying in the subendocardial, and branch out through the 

rest of the myocardium starting the depolarization of the cardiomyocytes. From there the 

cardiomyocytes will depolarize their neighbors, at a rate of 0.3 – 0.4 m/s, to produce a 

synchronous ventricular contraction[14].  

 

1.4 Arrhythmogenesis and Tachyarrhythmias 

Cardiac arrhythmias are characterized by abnormal electrical conduction that cause 

asynchronous contractions that reduce the ability of the heart to pump blood, a potentially 

fatal condition. Arrhythmias have many causes, ranging from inherited conditions, 

electrolyte imbalance, aging, structural abnormalities, and damage to the myocardium[15], 

[16]. Inherited conditions tend to be channelopathies where there are mutations in the 

expression of the channel proteins of cardiomyocytes altering electrical conduction across 
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cells[12]. Forms of inherited conditions are channelopathies, such as Long QT, Short QT, 

and Brugada syndrome , as well as accessory pathways such as in Wolff-Parkinson-White 

WPW syndrome[11], [15]. Meanwhile aging, cardiomyopathies, and myocardial infarctions 

lead to fibrosis, and fibrotic regions of the heart which stiffens the muscle, and can slow or 

block electrical conduction between cardiomyocytes creating a substrate that can maintain 

a reentrant arrhythmia[11], [12], [17], [18], [19]. These factors that contribute to the 

incidence, and maintenance of arrhythmias are used to classify arrhythmia types based on 

the mechanisms involved; including reentrant or non-reentrant, or whether they occur on 

the cellular level or to the tissue levels[12]. 

 

1.5 Non-Reentrant Arrhythmias 

Non-reentrant arrhythmias originate from either increased automaticity of 

pacemaker and conduction cells, ectopic foci, or from triggered activity. The arrhythmias 

that typically manifest as singular beat such as a premature ventricular contraction, PVC, or 

a premature atrial contraction, PAC. Ectopic activity typically arises from the Purkinje 

fibers of the specialized conduction system [20], areas of cellular uncoupling and tissue 

heterogeneity [21], and along ischemic border zones [22]. 

Increased automaticity refers to the increased rate of depolarization of the 

specialized pacemaker, and conduction cells of the heart which express HCN channel 

proteins; with the primary isoform being HCN4[23]. This protein group is activated by 

cellular hyperpolarization and allows for an inward current of sodium and outward current 

of potassium which eventually leads to cellular depolarization once the threshold potential 

is reached. This can occur from increased sympathetic tone from exercise in healthy 
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tissue[12], as well as various pathologies such as cardiotoxicity, hypovolemia, and 

ischemia[15].  

Ectopic foci are localized sources of spontaneous electrical activity, aka latent 

pacemaker cells, at areas outside or around the normal conduction pathways. These areas 

can be found around the SAN & AVN, including the vena cava, pulmonary veins, coronary 

sinus, crista terminalis, atrial septum. Typically, the activity in these areas remains 

suppressed during normal cardiac function. However, if the SAN is compromised then 

ectopic foci can become independent pacemakers that may behave sporadically[24], [12]. 

When an ectopic site’s pacing rhythm remains in sync with the SAN it is known as a 

parasystole. Ectopic beats occur when a depolarization wave escapes from an ectopic focus. 

Ectopic activity also includes early after depolarizations (EADs), and delayed 

afterdepolarizations (DADs)[12]. The main difference between EADs and DADs are when 

they appear during an action potential; EADs occur in phase 2 and 3 of the action potential 

while DADs appear during phase 4 of action potential. 

EADs are commonly associated with an increase in APD, or a prolongation of the 

cellular repolarization time[24]. The elongation, and manifestations of EADs have several 

proposed mechanisms: a loss of function of potassium channels, such as IKr, IKs, and IK1, 

increases in the INaL, ICaL, and INCX. One or a combination of the dysfunction of these 

channels increases the odds of EADs. The main driver of these triggered depolarizations is 

the voltage activated ICaL. With the depolarization caused by the previously listed ionic 

currents this can increase the ICaL. The increase in cytosolic calcium has the potential to bind 

to the RyRs flooding the cell with calcium reducing the polarization of the cell reaching the 

cells threshold potential causing the cell to depolarize.  
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DADs are observed in instances of excess calcium in the cytosol of cardiomyocytes. 

This calcium overload can result from hypokalemia, hypercalcemia, hypertrophy, heart 

failure, and again ICaL dysfunction. With the increase in cytosolic calcium there becomes 

and increased probability that the RyRs will activate flooding the cell with the calcium 

stored in the sarcoplasmic reticulum[24]. With the release of calcium, the INCX, and ICl are 

activated, further reducing the cell's polarization, and if the magnitude of the reduction is 

enough INa is activated causing an AP and in effect a DAD.  

EADs, and DADs both occur with partial activation of ICaL, which causes 

intracellular calcium sparks. This increased intracellular calcium elevates metabolic demand 

due to increased activities of SERCA and NCX, in an attempt to sequester calcium and 

maintain homeostasis[17]. However, the main driver of DADs is the pathological decrease 

in the cell’s calcium handling.   

 

1.6 Reentrant Arrhythmias 

Reentrant arrhythmias occur when a depolarization wave re-excites previously 

excited tissue. There are three categories of reentrant arrhythmias: circus type, reflection, 

and phase 2 reentry[11]. Circus type reentry involves the circuitous propagation of a 

depolarization wave around an anatomical, or functional, obstacle leading to the continuous 

excitation of tissue[12]. For this to occur areas of slowed conduction velocity, and 

unidirectional block are needed to establish the reentrant circuit. Examples of anatomical 

blocks are from fibrotic patches, a MI, and heart valves; meanwhile slowing of conduction 

velocity can arise from inflammation, fibrosis, and the reduced expression of connexins[17]. 

This combination of an anatomical block, and slowing of conduction velocity (CV) allows 
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for the tissue behind the depolarization wave to recover from refractoriness and commonly 

manifest as VT, or VF.  

Reflection is a special type of reentry in which an electrical wave front travels in a 

forward direction through tissue that is then re-excited by a wave front that propagates 

backwards[11]. This occurs when the proximal end of a strip of tissue was stimulated a 

wave front propagated toward the central region unexcitable region that could transmit only 

electrotonic currents. These slow currents brought the distal region to threshold and fired an 

action potential, which in turn generated electrotonic currents that propagated in the 

retrograde direction over the same unexcitable gap and re-exited the proximal region after 

it repolarized. 

Phase 2 reentry is initiated during phase two of the action potential. While the 

depolarization wave continues forward, the excited tissue partially recovers to form an 

EAD. The afterdepolarization then proceeds in the opposite direction from the previous 

wave[12]. However, this phenomenon is contested and has primarily been shown in cell 

cultures in specific scenarios and how, or if, it occurs in the whole heart, is unknown. 

 

1.7 Myocardial Infarction 

Myocardial infarction occurs when there is a partial or complete block of an artery 

in the heart. The EKGs of patients who have an MI can present as non-ST-segment elevation 

myocardial infarction (NSTEMI), or ST-segment elevation myocardial infarction (STEMI). 

NSTEMI occurs when there is a partial blockage from arterial plaques, or a short-lived 

thrombosis, in a coronary artery[25]. The resulting ischemia is not enough to present as ST 

elevation in the EKG, however blood tests for cardiac troponin provide evidence of cardiac 
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damage[26]. STEMI is more severe; there is a complete block of the coronary artery causing 

a higher level of ischemia which will lead to a mass of cell deaths. People who have 

preexisting conditions such as atherosclerosis, hypertension, obesity, diabetes, and stress 

have an increased risk of MI[25]. However, some MIs can be somewhat spontaneous 

resulting from coronary spasms, emboli, or dissection which can be seen in patients without 

any form of atherosclerosis.  

When a MI occurs the lack of blood flow causes the distal tissue to become ischemic, 

halting aerobic metabolism. Since anaerobic metabolism’s production of ATP is an order of 

magnitude less than aerobic it is unable to meet cardiac demands. This will lead to the 

depletion of ATP within the infarcted area in 30 minutes and lead to a loss of cellular 

potential, ionic imbalances, relaxation of myofibrils, and swelling of the cardiomyocytes 

and mitochondria. Meanwhile surrounding the infarct, in the peri-infarct zone, there is some 

blood flow from peripheral arterioles that can perfuse the surrounding cardiomyocytes. 

Around 30 minutes after the onset of a MI irreversible damage starts to occur with the 

destruction of the sarcolemma, and mitochondria[27]. About 4 hours after the onset of the 

MI necrosis begins to occur, and at hour 12 there is an influx of neutrophils. This is followed 

by loss of nuclei on days 1 to 3, phagocytosis by macrophages on days 3 to 7, and 

granulation tissue formation at the margins[28]. Fibrosis, or scarring, peaks around 2 weeks, 

and eventually, complete scar formation occurs in 2 months[27], [29], [30], [31].  

 

1.8 Adverse Left Ventricular Remodeling After MI 

Remodeling, in the case of a LV MI, refers to the cellular, and tissue level, changes 

that occur during the recovery[29]. These changes are driven from neurohumoral, and 
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epigenetic regulations that lead to changes that affect the architecture and geometry of not 

only the LV, but both the atria and ventricles as well[32]. The effects can result in further 

dilation of the LV, reduced LV ejection fraction (LVEF), infarct expansion, intraventricular 

desynchrony. While these changes are initially compensatory, they lead to further 

deterioration of the heart and its hemodynamics.  

The main neurohormonal systems that are up regulated after an MI are the 

sympathetic nervous system, SNS, and the renin-angiotensin-aldosterone system, 

RAAS[32]. During a MI the reduced cardiac output will trigger an increase in sympathetic 

activation. The resulting activation increases circulating catecholamines which raises the β-

adrenergic tone which increases heart rate and contractile force. Persistent SNS activation 

is detrimental leading to hypertrophy, impaired excitation-contraction coupling, enhance 

apoptotic pathways, promote fibrosis, induce oxidative stress, and is a critical promoter in 

RAAS activation. 

The RAAS influences the vascular tone by optimizing salt and water homeostasis in 

effect increasing blood volume, increasing the preload, and therefore pressure. In RAAS 

activation the hormone angiotensin II is released which can have a cytotoxic effect on the 

heart leading to acceleration of apoptosis, and the promotion of cell hypertrophy[33]. Also, 

the sustained release of angiotensin II promotes the production of interstitial collagen-I 

through driving the differentiation of fibroblast to myofibroblasts which have an increased 

rate of ECM deposition[34]. 

After a MI the loss of muscle mass reduces the force that the heart can generate 

which results in a reduced LVEF. To compensate for this, the rest of the LV, as well as the 

septum, become hypertrophic (eccentric hypertrophy). The extra force that the heart is then 
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able to generate increases the wall stress of the heart affecting the MI scar leading to further 

dilation[29]. While this does not occur in all MIs it is most common in transmural MIs, and 

apical MIs. This pathological hypertrophy is known to increase the likelihood of EADs, and 

DADs from altered intracellular calcium handling and an increase in the late sodium current 

which can induce arrhythmias[17]. 

 

1.9 MI Related Arrhythmias 

In the early stages of a MI arrhythmias are a common occurrence. If a patient 

receives percutaneous coronary intervention, PCI, treatment within 6 hours the incidence 

can be greatly reduced[35], [36]. However, arrhythmias can still manifest, and are 

associated with an increase of morbidity, and mortality in the first 48 hours; especially those 

with a reduced LVEF. The common forms of reentrant arrhythmias, including PVCs, 

occurring during a MI include NSVT, VT, VF, Sinus Tachycardia, AF. 

 After reperfusion a third of patients with STEMI will have accelerated 

idioventricular rhythm, AIVR[37], which is considered benign, and will dissipate over a 

few days without any further treatment. The genesis of this arrhythmia is thought to be 

caused by the increased automaticity, and sympathetic stimulation, in recently perfused 

Purkinje fibers, and myocardium. 

PVCs after a MI are thought to be a marker of electrical instability which can trigger 

a sustained arrhythmia, and are a major risk factor in the instance of sudden cardiac death, 

SCD, after MI. Multiple studies have consistently shown that patients that present 10 or 

more PVCs an hour are up to 4 times the mortality rate of those who do not in a 2 year 

fallow up[37].  
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NSVT is typically defined as the 3 or more consecutive ventricular tachycardia beats 

which self-terminate in less than 30 seconds[38]. The clinical importance of NSVT is still 

debatable.  The main factor of the role of NSVT relating to SCD is when it occurs after a 

NSTEMI, and the implied mechanisms. NSVT that occurs during the first 48 hours, is not 

considered a strong indicator of SCD. It is thought that during this time NSVT is due to 

increased automaticity, and triggered activity in the infarct, and ischemic peri-infarct 

zones[15], [37]. But there is a significantly increased risk of SCD if NSVT episodes of 4 or 

more beats persist a year after MI, where the proposed mechanism of the NSVT is a circus 

type reentry around the scar tissue. 

Approximately 6% of patients hospitalized with an acute MI develop VT or VF in 

the first 48 hours. While PCI has reduced the incidence of these tachyarrhythmias from 

14.3% to 10.5% for VT, and 8.2% to 1.7% for VF, they remain indicators of short- and long-

term mortality. However, in the long-term arrhythmias that develop vary on their indications 

of mortality whether they are NSTEMI, or STEMI. Interestingly, even with interventions 

such as PCI, beta blockers, statins, and ACE-inhibitors which are used to minimize heart 

failure and LV dysfunction, hospitalized patients who developed VT and VF have a 43-45% 

mortality at 2.5 years[31], [37]. 

 

1.10 Ablation Therapy 

Ablation therapies are a treatment for arrythmias where an area of tissue is burned 

(radio-ablation), or frozen (cryo-ablation) destroying the underlying tissue to be replaced 

with scar tissue typically creating a conduction block. This therapy is typically used as a last 
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resort with the use of medicine is not sufficient or if it is not tolerated well by the patient, 

yet it has become a steadily increasingly common treatment over the years.    

The most common arrythmias treated with this method are atrial fibrillation and 

flutter, where ectopic foci or areas of disease tissue are identified using complex fractionated 

atrial electrograms and then ablated.  The junction between the atrial veins and atria are 

often ablated to isolate the atria from the large veins to block ectopic initiators of atrial 

fibrillation. Additionally, a maze pattern may be used to create a pattern of non-conductive 

tissue in the atria to prevent reentry[39], [40]. It is also used to treat reentry arrhythmias 

such as atrioventricular reentry tachycardia (AVRT) and atrioventricular node reentry 

tachycardia (AVNRT), and Wolff-Parkinson-White (WPW) by ablating responsible 

accessory pathways [39], [41]. 

After the ablation therapy there is 3 month “blanking period” where an instance of 

arrythmia is considered due to the treatment. During this period 35% - 65% of patients have 

arrythmias[42]. Patients who experience arrythmias also have 71.4% chance of late 

recurrence of arrythmias compared to patients without 33.3%, and on average 52% of 

patients had recurrence 12 months post op[4], [42].  

 

1.11 Animal LV MI Model  

In the perfusion of the left ventricle, and part of the septum, blood flow is supplied 

by the left coronary artery (LCA). This vessel branches into the left anterior descending 

coronary artery (LAD) and the left circumflex (LCx). MIs that occur in the LAD are 

particularly fatal, and has developed the moniker of “The Widow Maker”. In studying MIs, 
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animal models are typically used such as rats, or mice, and less commonly dogs and pigs 

have been used as larger heart models.  

The animals in these studies undergo a thoracic surgery to ligate LAD to induce an 

infarct. These operations are done by a veterinarian, or a technician that has undergone 

training in aseptic surgical technique by an associated research institution. In the case of 

rats, the animal is anesthetized then intubated, and given preoperative analgesia. Next the 

surgical site is shaved, moved to a heated surgical area, and scrubbed with an antiseptic. A 

fenestrated sterile towel drape is laid on the animal exposing the surgical site. The operator 

then makes an incision through the skin, and muscle layers through an intercostal space to 

the thoracic cavity. The ribs are then spread open, and the lungs are gently moved to gain a 

visual of the heart. The pericardium is then removed, and the operator uses a 6-0 tapered 

silk suture to ligate the LAD. The lungs are then put back in place, reinflated, the chest 

closed, and the remaining muscle and skin sutured back. The animal is allowed to recover 

on the ventilator until it can normally respire and then extubated. After the surgery, animals 

are monitored and provided with more analgesia for at least three days. 

 

1.12 Isolated Heart Preparation 

Isolated heart, or Langendorff, preparation has been a valuable tool for cardiac 

research. This method put forward by Oskar Langendorff in 1895 is still commonly used 

for basic research. The preparation provides retrograde perfusion through the aorta, leading 

to antegrade coronary perfusion, allowing extended controlled experimentation. The 

perfusion provided typically uses a constant pressure model by having a reservoir of the 

solution raised to a set height above the heart. Typical perfusates used are Tyrode’s, and 
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Krebs-Henseleit Solution, which were developed to mimic ionic composition, and pH, of 

extracellular fluids. Perfusate is oxygenated during the experiment and the heart and 

perfusate are maintained at 37℃. This preparation allows for free access to the heart to 

collect multiple parameters such as the EKG, heart rate, coronary flow, left ventricular 

pressure via inserted balloon, NADH fluorescence, as well as voltage and calcium signals 

using fluorescent dyes.   

While this preparation has proven invaluable in cardiac research there are a few 

limitations. The original Langendorff preparation only provides aortic perfusion which 

allows for the left ventricle to beat with minimal work due to the lack of ventricular filling, 

and the heart does not need to perfuse itself. This also removes a physiological phenomenon 

known as the Frank-Starling Law which is that the higher the preload on the heart causes 

the subsequent increase in ventricular filling induces a stretch on the myocardium resulting 

in a higher force production, and cardiac output. Because of this, variations of the 

Langendorff preparation were developed; the left working heart, and the biventricular 

working heart. In the left working heart, the left atria is cannulated as well, and pressurized 

to mimic pulmonary preload allowing for LV filling which lets the heart work, and perfuse 

itself. Furthermore, with the biventricular working heart the RA, and pulmonary artery are 

cannulated letting all four chambers of the heart work; in effect providing a simulated 

peripheral circulatory system. 

 

1.13 Cardiac Optical Mapping 

Cardiac optical mapping uses fluorescence probes to image cellular function, such 

as transmembrane potential and intercellular calcium transients in living hearts. The basis 
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of fluorescence is that the probes absorb light of a specific wavelength and then emit a 

photon at a longer wavelength. The excitation light that is absorbed by the probe excites an 

electron from the ground state of the electron orbitals to a higher one (i.e. S0 → S1). As the 

molecule relaxes, the resulting transition of an electron from S1 → S0 results in the release 

of a photon which is at a lower energy than the photon absorbed. The resulting change in 

photon energy, or wavelength, is known as the Stokes shift. This is the key principle of 

cardiac optical mapping and allows the separation of the excitation light from the fluorescent 

light with the use of optical filters.  

In optical mapping experiments the heart is mechanically arrested, and highspeed 

cameras with optical filters, and excitation lights, are used to capture changes in the 

fluorescence of probes used to transduce cellular processes. RH-237 and di-4-ANEPPS are 

commonly used probes that sense transmembrane potential [43]. RHOD-2am is typically 

used to sense intracellular calcium transients [44], [45]. When these dyes sense changes in 

voltage, or calcium there is a femto- to picosecond change in the dyes’ structure which 

changes the dyes’ emission spectrum into the longer wavelengths (a red shift) which is 

proportional to the cellular voltage or calcium levels. This shift in the spectrum increases 

the amount of light into the range of the emission filter of the camera used to image the 

fluoresced signals (action potentials or calcium transients). 

Typically only one view of the heart, commonly the LV, is imaged during optical 

mapping experiments [44]. This singular view limits the ability optically map the entire 

heart, hampering mapping of arrhythmia pathways, and can skew data when recording 

hearts with a small radius of curvature. Panoramic optical mapping was developed to 

address this. This method uses multiple cameras to virtually reconstruct the heart’s 
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geometry and record voltage signals across the entire surface of the heart. Using this method 

the voltage maps of the heart are projected onto the 3-D model to mitigate the radius of 

curvature artifact, and provide a complete view of the heart for the research of arrhythmias.   

 

1.14 Spectroscopy Measurements 

Spectroscopy is a technique that is used to analyze the interactions of 

electromagnetic radiation and light. This involves measuring the absorption, emission, or 

scattering of light or other forms of electromagnetic radiation as it passes through or 

interacts with a sample. The basic principle is based on the fact that different substances 

absorb and emit electromagnetic radiation at specific wavelengths, or frequencies, creating 

unique spectral signatures. These signatures are characteristic of the molecular, or atomic 

structure of the material, providing information about its composition.  

Spectroscopic methods include absorption, emission, fluorescence, and Raman 

spectroscopy. In absorption spectroscopy, a sample is exposed to a broad range of 

wavelengths of light, and the amount of light absorbed by the sample at each wavelength is 

measured. The resulting absorption spectrum shows peaks and valleys corresponding to the 

specific wavelengths that are absorbed by the sample's molecules or atoms. Emission 

spectroscopy involves exciting a sample with energy, via heat or broad band light, to 

promote its electrons to higher energy levels. When the electrons return to their lower energy 

states, they emit photons of specific wavelengths, resulting in an emission spectrum. 

Fluorescence spectroscopy excites a molecule with a specific wavelength of light and 

measures the intensity of fluorescent light at a longer wavelength (Stoke’s shift). Raman 

spectroscopy measures the inelastic scattering of light when it interacts with a sample. It 
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provides information about molecular vibrations and rotational transitions, allowing the 

identification of chemical compounds and structural analysis. 

Spectroscopy is a valuable tool in many scientific fields. In cardiac research, 

although fluorescent dyes for calcium and voltage sensing have proven to be very valuable, 

proteins within the tissue can also be sensed using different light bands. The molecules that 

are already found in tissue, or the cytosol, that fluoresce are called endogenous fluorophores. 

Once illuminated with the proper wavelength of light the resulting fluorescent intensity can 

be measured, as seen in Figure 2. For example, in the heart NADH is an abundant 

endogenous fluorophore that is indicative of cellular metabolism. NADH can be increased 

in pathological states, fluctuate with work, and is a sensitive indicator mitochondrial 

hypoxia [46], [47]. Collagen, the main component of MI scar tissue, also fluoresces and 

increases in the extracellular matrix in disease and aging. Other endogenous molecules 

related to the mitochondria have absorbance spectra that can be measured.   
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Figure 2: Absorption spectra of collage, elastin, and NADH, and fluorescence spectra of seven key tissue 

fluorophores in aqueous solution (collagen, elastin, NAHD, NAD+, NAD, tryptophan, and tyrosine). The 

fluorescence spectrum of each fluorophore in solution was obtained using the excitation wavelength of 340 

nm. Originally from Y. Pu, W. Wang, G. C. Tang, and R. R. Alfano, “Changes of collagen and nicotinamide 

adenine dinucleotide in human cancerous and normal prostate tissues studied using native fluorescence 

spectroscopy with selective excitation wavelength,” J. Biomed. Opt., vol. 15, no.4 [48] 
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Chapter 2 - Development of a Novel Panoramic Imaging System 

Optical mapping of a voltage sensitive fluorescent probe using a single camera is a 

popular approach to perfused heart electrophysiological studies. These mapping systems are 

restricted to a single view of the heart, most commonly the left ventricle. This single view 

leaves artifacts in the fluorescence signal due to the curvature of the heart and limits the full 

characterization of arrhythmia pathways. To further research the heart on the macro scale, 

and the structural-functional correlation, a system was developed to image the heart’s 

geometry, as well as collagen fluorescence, action potentials, and to acquire hyperspectral 

images of the tissue surface. The system that was built consists of four optical mapping 

cameras, a hyperspectral camera, and a geometry camera. The acquired images are used to 

create a texture-mapped 3D surface model of the heart. Here we describe, and demonstrate, 

the imaging system using rat hearts that have a myocardial infarction (MI). A custom-made 

MATLAB GUI was used to calibrate and control the system, guide imaging protocols, and 

seamlessly texture map imaging data from multiple cameras onto a 3D surface model.  

 

2.1 Introduction 

Mapping of epicardial action potentials using extracellular electrodes attached to the 

heart was reported as early as 1915 [49]. Lewis and Rothschild attached dozens of electrodes 

onto the heart. They would manually measure the distance between the electrodes and were 

able to calculate the conduction velocities of action potential depolarization in the ventricles, 

atria, and Purkinje fibers[49]. With this method researchers could study the whole heart’s 

electrical activity in more detail than an ECG. Arrhythmias, and their chaotic electrical 

activities, were subsequently investigated using electrode mapping. The spatial density of 
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the electrode arrays increased with time but the low spatial resolution of electrode arrays is 

a major limitation for studies that require high spatial resolution mapping.  

In 1976, Salama and Morad reported the first study using optical cardiac mapping. 

Their system used a fluorescent voltage-sensitive dye, a high speed camera, excitation 

lights, and optical filters to record cardiac action potentials while providing higher spatial 

resolution than electrode arrays [50]. With optical mapping, researchers have been better 

able to study arrhythmias, and it remains a common research tool today. It wasn’t until 2000 

that Bray et. al. developed the first panoramic optical mapping system that imaged the entire 

heart, not just the left ventricle[51]. This was accomplished with fiber optic lighting, a single 

camera, and two mirrors used to image the back of the heart. This method was later enhanced 

by Kay et. al in 2004 with the use of a camera to capture geometry, two mapping cameras, 

and a mirror[52]. In 2006 Kay et. al. developed the next iteration of this method, did away 

with the mirror, and used four cameras for optical mapping of the heart [53].  Further studies 

using panoramic imaging of hearts were performed by Ripplinger et al investigating the 

mechanisms of ventricular tachycardia in rabbit hearts with a chronic infarction[54]. 

However, in these studies there was no direct way to correlate the EP with the underlying 

tissue type. 

In 2018 a method for imaging and identifying scar tissue in ablated cardiac tissue 

was developed by Guan et. al. using hyperspectral imaging using[55]. In their studies, 

ablated tissue was imaged under UV light image different wavelengths using a liquid crystal 

tunable filter. With the collected spectra they were then able to identify the ablated regions 

using k-means grouping. 
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With cardiac optical mapping, action potential propagation can be visualized, and 

conduction velocities calculated; however, the substrate tissue type (i.e. collagen, muscle, 

scar) and architecture cannot be completely determined from the action potential signals. 

Typically, after optical mapping studies samples from the heart are processed for histology 

and western blotting to provide insight into the tissue structure and protein content [56]. But 

direct colocalization and comparison of optical mapping data to those results is not possible.  

There are several extracellular matrix proteins that can be directly imaged from the 

heart that affect cardiac conduction, such as collagen, and elastin. These proteins are found 

in higher concentrations in the aorta, pulmonary artery, and heart valves, and at a much 

lower level in the myocardium. However, in cases of heart disease, and aging, the collagen 

content increase throughout the myocardium, and with MIs, and ablation therapies, cause 

localized depositions from scarring [57]. An increased level of these proteins in the 

myocardium disrupts cell-to-cell adhesion via gap junctions which causes the slowing of 

cardiac conduction. Meanwhile MIs, and ablation therapies, initially cause an increase of 

NADH via ischemia, or cell death, which leads to scaring and potential areas of conduction 

block [58], [59]. The two factors of a slowing of cardiac conduction, and areas of conduction 

block, are considered key to increasing the probability of arrhythmogenesis.  

With the typical optical mapping system there is only one camera, limiting the area 

of the heart that is researched primarily to the left ventricle. This limitation also hinders the 

research of arrhythmias which is a phenomenon which affects the whole heart. With the 

developed panoramic imaging system and software, the depolarization sequence across the 

entire epicardial surface can be recorded and registered onto a 3D model for the 

visualization of a contiguous wavefront. Additionally with the use of a hyperspectral 
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camera, we can panoramically image collagen, elastin, and NADH, with UV light and 

register that data onto the 3D model to study their disruption to action potential wavefronts 

[48], [60].  

To study how an MI scar affects cardiac conduction we developed a six-camera 

panoramic imaging system that sequentially maps the fibrotic tissue found in a scar and 

transmembrane potential. MATLAB GUIs were coded to analyze and compile the 

panoramic data, including the 3D surface of the heart, hyperspectral images, and RH237 

fluorescence. We explain the processes used in creating the surface model, the 

reconstruction of panoramic datasets, the analysis to classify correlate different tissue types, 

and the analysis of optically mapped action potentials.  We demonstrate the use of this 

system for the first time to panoramically map perfused rat hearts that have a 4 week MI. 

 

2.2 Methods  

2.2.1 Technical 

2.2.1.1 Modified Langendorff 

A constant pressure Langendorff system set to 70mmHg was modified to allow a 

heart to be positioned in the cameras’ field of view. To achieve this a rotary stage (Newport 

URS50CPP) was mounted on the gantry of the vertically positioned linear actuator (Open 

Builds C-Beam® Linear Actuator Bundle) to allow for vertical, and angular positioning of 

the heart. The stepper motors were controlled by an Arduino Uno with motor drivers 

(Stepperonline DM320T) through a serial communication using a GUI that was developed 

with the Processing 3.0 IDE. The Arduino was also coded to trigger cameras and lights to 
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allow an automated procedure for collecting geometry, collagen fluorescence, and 

hyperspectral data.  

 

2.2.1.2 Imaging & Lighting Devices  

The system consists of six cameras, one for scanning the geometry while imaging 

collagen (Andor IKon-M, Chroma ET 405/40), a line scan hyperspectral camera (Specim 

FX10e), and four voltage mapping cameras (MiCAM CAM-ULT, Chroma ET 655lp). The 

geometry camera was positioned at 0° from the central axis of the rotary stage, the 

hyperspectral camera at 90°, and the four voltage mapping cameras at 45°, 135°, 225°, and 

315°, as shown in Figure 3. The excitation light for voltage mapping was provided by three 

520 nm LED sources (Prizmatix UHP-T-LED-520EP). 

 

     
Figure 3: Diagram of panoramic imaging system. Left: Top view of the panoramic imaging system showing 

the positions of each of the 6 cameras, 7 lights, and the linear actuator and rotary stage used to position the 

heart. Right: Diagram showing the layout of the system, with an approximate footprint of 2.5 ft2. A: 

Hyperspectral camera. B: UV LED spotlights. C: Geometry camera. D: 520nm LED spotlights. E: Voltage 

mapping cameras. F: Rotary stage. G: Linear actuator. 
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2.2.1.3 Calibration 

Each camera was calibrated with a geometric standard to generate a perspective 

camera model for each camera that was registered to a common coordinate frame. The 

standard initializes a coordinate system in a world frame for all cameras. The images of this 

standard are processed to derive parameters for the camera model, which include a scale 

factor, the perspective of depth, and a lens distortion correction.  

The calibration cube used was machined from a black polymer to the dimensions of 

20x16x16mm with a cylindrical nub on the top turned to 5 mm in height, and 3.55mm in 

diameter for mounting. On each of the 20x16mm faces a 7x9 array of 0.75mm diameter 

holes were drilled to a depth of 1.25mm with 2mm separation from each hole and from the 

edges of the cube. After machining the holes were filled with titanium white acrylic paint 

(RGB image shown in right panel of Figure 5). 

Images of the calibration cube are acquired from each camera before each 

experiment. The calibration cube was placed on the perfusion system, and oriented so that 

a face was normal to the geometry camera. This was done by rotating the cube to minimize 

the width of the cube within images acquired from the geometry camera. At this position 

the images were acquired while the voltage mapping cameras were viewing an edge of the 

cube. The cube was then rotated 45° using the rotary stage, and the calibration images for 

the geometry and hyperspectral camera were acquired. 
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Figure 4: Coordinate frames and transformation equations used register image data from each camera to a 

common 3D world frame. Top: The origin of the world frame (X,Y,Z: blue axis) is located at the center of 

the calibration cube. The image frame (purple) defines the axis (u,v) of the 2D projection of a 3D object 

located in the world frame. The principal point (uo,vo) is determined by the orientation of the camera in the 

world frame which ideally would be in the image center. The view frame (x',y',z', yellow axis) defines the 

3D origin and view orientation of a camera pinhole model within the world frame. Bottom: Pinhole camera 

perspective transformation equations for registering image pixels to 3D locations within the world 

frame[52], [61]. M is a matrix that translates positions in the world frame to the view frame. P projects 

locations in the view frame onto the image frame, s and f are the camera's aspect ratio and focal length. 

F=PM is the pinhole camera perspective transformation that provides u' and v', which are then used to 

compute u and v using the camera's distortion characteristics [61]. Α is a scale factor determined by the 

camera calibration procedure 

 

The images were then loaded into the module to find the intrinsic and extrinsic 

parameters which are used to translate the image coordinates into the world coordinate. The 

calibration algorithm by Heikkilä et. al. iteratively solves for the principal point (uo, vo), 

focal length (f), aspect ratio (s), the radial, tangential, and lens distortion coefficients, as 

well as the extrinsic parameters; the view frame, and rotation of the world frame represented 

in Figure 4[61].  



 

 

28 

The camera model has three main components, as shown in Figure 4. The first 

component, M, is a 4x4 transformation matrix which translates the world coordinates from 

the world frame to the view frame. While R in matrix M is a 3x3 orthonormal rotation 

matrix, and t is the translation between these two frames. The second component P, which 

uses the calculated intrinsic parameters, projects the positions on the view frame onto the 

image frame (uv), which is parallel to the X’Y’ plane, and distance f along the Z’ axis. The 

last component is the perspective transformation defined as F = PM transforms the world 

coordinates to the image frame where u’, and v’ are the image coordinates, and α is a scale 

factor.  

A MATLAB application was developed to obtain the parameters for the camera 

model. It allows for contrast adjustment, manual cropping, setting the minimum size for a 

fiducial, selection of camera type, and camera location, as shown in Figure 5. The 

application also automatically locates the centroids of the fiducials, and allows the user to 

alter the parameters for the calibration if a different dimension cube is used. Once all the 

fiducials are found the camera is calibrated using the algorithm developed by Heikkilä et. 

al. (results shown in Figure 5) and then saved for future use. 
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Figure 5: Example of calibration process using the developed MATLAB application. Left: RGB image of 

the vertical edge of calibration cube showing two faces. Middle: A screenshot of the custom MATLAB GUI 

illustrating contrast thresholds to separate background from the calibration points, contrast limits to highlight 

the calibration points, selection of a masking procedure, geometry of the calibration cube and spacing of the 

calibration points, selection of the calibration point locations for angle of the camera view, selection of the 

parameters of the perspective camera model. Right: Example of a processed calibration image for one 

camera view. White dots are the calibration points. Red dots are the centroids of the calibration points 

identified by the calibration algorithm. Cyan dots are the calculated back projection of the ideal 3D 

coordinates that correspond to each calibration point. 

   

Camera resolution was calculated after the calibration protocol was completed. The 

number of pixels between the two middle markers on the two sides of the cube was 

measured and divided by the calculated distance between the two markers. We found that 

the camera recording the surface geometry, hyperspectral data, and voltage mapping had 

resolutions of 35.67mm/pix, 4.09mm/pix, and 32.05mm/pix respectively. 
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2.2.1.4 Panoramic Imaging of Geometry 

Once the heart was on the system it was raised or lowered into full view of the 

cameras. Blebbistatin was then added to mechanically arrest the heart [62]. The panoramic 

imaging protocol sequentially turned on the 365nm excitation lights, opened the camera's 

aperture, closed the aperture, turned off the excitation lights, and rotated the heart 3.6°. This 

sequence was repeated 100 times for a full rotation. A 385-425nm band pass filter (Chroma 

ET 405/40) was used to image the collagen fluorescence to be used as a control to check the 

results and alignment of images from the hyperspectral camera 

 

2.2.1.5 Hyperspectral Imaging 

Typical imaging with a monochrome camera will integrate all wavelengths of light 

to create a black and white image. A hyperspectral camera captures a strip of light and 

separates wavelengths of light using a diffraction grating or a prism (Figure 6). The 

separated wavelengths of light are projected onto a CMOS chip where rows of pixels 

comprise wavelength bins. Using the hyperspectral camera the generated spectra can be 

used to identify different molecular signatures.  

A Specim FX10e line scan hyperspectral camera was used to record the spectra of 

emitted light (reflected and fluoresced) across the epicardial surface. The vertical step size 

of the linear actuator was determined by mounting the hyperspectral camera on the optical 

table and focusing on the calibration cube.  This was done by imagining a circular target 

using a range of step sizes. If, after a vertical scan of the circular target, the image of the 

circle was an ellipse with a vertical long axis then the step size was too large. If the long 

axis of the image of the circle was horizontal then the step size was too short. In this setup, 



 

 

31 

for each line scan the target was raised 0.03mm to provide a non-distorted image. This was 

accomplished using the micro-stepping motor driver set to 800 steps/revolution and 

stepping 3 times (800 steps/rev / 8mm/rev lead screw 100 steps/mm). 

Two 365nm LED light were used to illuminate the epicardial surface of each heart. 

Line spectra of the heart were collected using a 50ms integration time, and then raised with 

the linear actuator. This process was repeated 1024 times while saving the spectral data as 

a *.tiff image upon completing the scan, as shown in Figure 6. The heart was then returned 

to the original height, rotated 90°, then imaged again. This process was repeated until the 

heart completed a full rotation and 4 data cubes were collected.  The tiff images are later 

loaded into MATLAB, parsed into 4 views, and permuted to a 1024x1024x448 matrix (x, 

z, λ) so that it could be viewed as an image. 

 

 
Figure 6: Diagram of line scan camera data acquisition, and data formatting. Hyperspectral data cubes 

(XxZxλ) were comprised of concatenated line scans (Xxλ) acquired using a Specim FX10e. The acquisition 

of one line scan is depicted (Left). Light emitted from the heart passes through a slit (42μm wide and 

10.2mm long), reflects off a diffraction grating, and the separated wavelengths along a line are projected 

onto a CMOS array (X, 1024 pixels and λ, 448 wavelengths) and imaged (Middle). Line scans were then 

concatenated to construct data cubes (XxZxλ, Right). Z: vertical position of each line scan (1024 total) from 

base to apex. 
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The developed application to view this data provides several methods to process and 

probe the collected data. Spatial filtering in each wavelength bin for the entire data cube can 

be performed with an odd sized mean filter. Specular reflection can be removed from the 

data by plotting a normalized histogram of the sum of all wavelengths in a pixel. The user 

then uses the histogram to choose a threshold value. While viewing the data as an image the 

lower and upper wavelength bin is set to show the sum of the photon counts in that band. 

Contrast adjustments are made while viewing the images by setting an upper and lower 

contrast threshold. Doing so increases the dynamic range of the data. Finally, a pixel of the 

image can be selected to view the corresponding spectrum. Spectral comparison maps were 

created using fluorescent intensity, or via Spectral Angle Mapping (SAM), and Normalized 

Spectral Similarity Score (NS3) that compared the data to a reference spectrum. The 

comparison maps were saved with the hyperspectral calibration data for use later. 

 

2.2.1.6 Voltage Mapping 

For the optical recording of action potentials, the three Prizmatix 520 nm LED 

sources were manually turned on to excite the fluorescent dye RH237. The four MiCAM 

cameras (100x100pix) with 655 nm long pass filters (Chroma ET 655lp) sampling at 1kHz 

were then manually triggered. When optically mapping a pacing protocol, the camera were 

triggered using the first pacing spike. LEDs were manually turned off after each mapping 

dataset was stored. 
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2.2.2 Data Processing 

2.2.2.1 Overview 

Five GUIs were coded in MATLAB to create a texture mapped model. The general 

processes to process and compile the data is shown in Figure 7, where each color indicates 

a separate GUI. The minimum data needed to create a model of the epicardial surface with 

texture mapped panoramic data includes: 6 calibration images (one from each camera), 

surface geometry recording (100 images), 4 hyperspectral scans, and 1 voltage mapping 

recording (4 in total, 1 from each camera). 

 

 
Figure 7: Flowchart on data processing and compiling. Colors indicate separate GUIs made. Yellow: 

Camera calibration. Orange: Hyperspectral data processing. Blue: Surface reconstruction. Purple: Voltage 

mapping processing. Green: Data compilation. 
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2.2.2.2 3D Heart Modeling 

The reconstruction application loads the heart geometry image series and camera 

calibration files. The geometry images are then masked to isolate the area of the image that 

contains the heart. Masks were created by contrast thresholding with user guided error 

correction. Next the dimensions of a virtual cubic volume cube are entered to maximize the 

resolution of the model. The volume of the virtual cube was always slightly larger than the 

heart. The reconstruction process began by horizontally shifting the centroid of each mask 

to the origin of the world frame. During trial experiments it was found that mask centroids 

often process around the axis of rotation. If this is not corrected then the motion of the mask 

would cause points to be erroneously removed from the virtual cube, resulting errors in the 

surface geometry. To correct for this the origin of the world frame was projected onto the 

masks, and the centroids of the masks were horizontally shifted to the world frame origin.  

An occluding contours algorithm is then used to generate a triangular surface mesh 

from a 3D point cloud model generated by overlaying each mask with a projection of the 

virtual cube. A virtual volume is first initialized based, as described previously. The 

initialized volume comprises eight voxels containing twenty-seven vertices. This data was 

stored in a vertex matrix (m x 3) and a voxel matrix (m x 8) containing the row indices of 

the vertex matrix. Vertices are then projected onto the masked image. If a vertex lies outside 

the mask then it is removed from the set of vertices. This process repeats by rotating the 

vertices in sync with the angular steps made during imaging until a full rotation is 

completed. Any remaining full voxels are registered in the model. In the next iteration 

incomplete voxels were then subdivided into eight smaller voxels with half the edge length 

as the previous iteration. This was done by scaling eight voxels to each have half the edge 
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length of the previous size and centering the center vertex onto the vertices of the voxels to 

be subdivided. Those voxels and vertices were added to model. Once all subdivisions were 

analyzed in this way, the repeat points in the vertex matrix were removed and the voxel 

matrix was remapped accordingly. After the desired number of iterations, the outermost 

remaining vertices of completed voxels are used to create a tri-mesh of the volume. Finally, 

the model data, calibration data, scales, geometry /images are saved together to be used in 

texture mapping. 

2.2.2.3 Image Processing 

Before texture mapping the data onto the model images voltage mapped and spectral 

data were preprocessed in developed MATLAB applications. The application to process the 

hyperspectral data allows for spatial filtering, viewing spectral bands, contrast adjustment, 

removing specular reflection via thresholding, and retrieving sample spectra. The data can 

be viewed based on the integration of light between two wavelengths, or by methods that 

compare spectra to a sample. One of these methods is Spectral Angle Mapping (SAM, 

Equation 1) which is similar to a person's correlation coefficient [63]. This is useful in 

identifying spectra with similar morphologies, but disregards intensity. The other method is 

Normalized Spectral Similarity Score (NS3, Equation 3) which uses the SAM equation in 

addition to a signal amplitude factor in Equation 2 [64]. 

𝛼 =  𝑐𝑜𝑠−1

(

 
∑ 𝑡𝑖𝑟𝑖
𝐶
𝑖 = 1

√∑ 𝑡𝑖
2𝐶

𝑖 = 1   √∑ 𝑟𝑖
2𝐶

𝑖 = 1   
)

  

Equation 1: Spectral angle mapping (SAM, α). r = reference spectrum. t = sample spectrum. i = 

wavelength bin number. c = maximum number of bins.  
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𝐴𝐸𝑢𝑐𝑙𝑖𝑑𝑒𝑎𝑛  =  √
1

𝐶
∑(𝑡𝑖 − 𝑟𝑖)2
𝐶

𝑖 = 1

 

Equation 2: Euclidean distance between spectra (AEuclidean).  r = reference spectrum. t = sample 

spectrum. i = wavelength bin number. c = maximum number of bins. 
 

 

𝑁S3 =  √𝐴𝐸𝑢𝑐𝑙𝑖𝑑𝑒𝑎𝑛
2 + (1 − 𝑐𝑜𝑠(𝛼))2  

Equation 3: Normalized spectral similarity score (NS3). AEuclidean
 = Euclidean distance between 

spectra (Equation 2). α = SAM (Equation 1). 

 

Toward the end of an experiment, the mechanical uncoupler blebbistatin would wash 

out of the heart resulting in the return of contractile motion, which would introduce motion 

artifacts in the RH237 fluorescence signal. This motion artifact, although generally 

localized to the atria, would result in ventricular motion that would distort the repolarization 

phase of the optical action potentials [65]. In particular, with the heart hanging from the 

cannula, the atrial contractions could cause the heart to swing. In previous studies, Zasadny 

et. al used a nonrigid registration of the raw fluorescence data to remove motion artifact 

from optical action potentials [66]. In the present studies, a similar approach was 

implemented using an image registration algorithm created in MATLAB based on the work 

of Labert et. al. to reduce motion artifact in the RH237 fluorescence signals [67]. 

The voltage mapped images would undergo contrast enhancement followed by a 

calculation of the displacement field of the pixels between the first image taken, and all the 

following images. The displacement fields were then used to apply a geometric transform 

to the images correcting for the movement. This method was effective in reducing artifacts 

from minor twitching of the hearts late in the experiments. In order to normalize data all of 
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the voltage mapping recordings underwent this process even if there were no obvious signs 

of motion.  

 

2.2.2.4 Texture Mapping 

The process of texture mapping is to apply an image, or pattern onto a 3D object. In 

this process, we can show the image data on the 3D model seamlessly and without distortion.  

The texture mapping application developed allows for the compiling of all of the 

data collected.  The first step is determining the tri-faces that are in view of each camera.  

This is done by using the calibration data to calculate the normal vector of the image plane 

in the world coordinate system. Then the cameras’ normal vector is compared to the outward 

pointing normal vectors of the tri-mesh, and if the angle is less than a threshold value the 

face is assigned to that camera. The face assignment for the geometry, and hyperspectral, 

camera is done the same way, however the model is rotated 90°, 180°, and 270° for the 

corresponding images. 

In the face assignments there is an area of overlap between cameras, or views. To 

refine the assignments the overlapping area is separated longitudinally. This is done by 

creating latitudinal intervals along the borders of the overlap, and finding the face in the 

middle. These initially found faces act as markers for an algorithm to connect the faces. 

That line is used to delineate between the two cameras, and assign the faces on the tri-mesh 

accordingly. 

After the faces are assigned to a particular camera the signal to be represented on 

that face is computed. The vertices of a tri-face are back projected onto the images, the area 

of overlap of the tri-face & pixels are calculated, and the signal for the tri-face is calculated 
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as a weighted average based on the pixel contribution to the area of the projected triangle. 

Once texture mapping is complete the textured model can be viewed, or a Hammer 

projection can be made to view the data in 2D. Additionally the voltage maps, or spectral 

data, can be overlaid on to model. 

 

2.2.3 Biological 

2.2.3.1 Surgical Induction of Myocardial Infarction 

Sprague-Dawley rats weighing 325g or more were used to create a MI model. The 

animals were anesthetized with Isoflurane, intubated, transferred to the operating table, and 

put on a ventilator. Buprenorphine, and Meloxicam were administered as preoperative 

analgesics. Four EKG leads were placed on the animal for a continuous measurement of a 

6 lead EKG. The animal was then positioned in the right decubitus position, and the surgical 

area was then shaved, and scrubbed with chlorhexidine. A sterile towel drape was placed 

over the animal, and the sterilize surgical instruments were placed onto a sterile field. 

Incisions were then made through the skin, and musculature to reveal the ribcage. An 

incision was then made through the fourth intercostal space, expanded upon, and a rib 

spreader was inserted. The lungs were gently repositioned to reveal the heart, and a hole in 

the pericardium was made. Using the junction between the pulmonary artery and LA as an 

axial landmark; a ligation ~3 mm distal from the LA during systole using 6-0 taper point 

silk suture a was made. Ligations more proximal to the LA with animals this size would 

tend to be fatal. The lung was repositioned over the heart, and 4-0 absorbable sutures were 

placed to close the chest wall. Before tying off these sutures the lungs were reinflated. The 

rest of the musculature was sutured using 4-0 absorbable, and the skin was sutured using 4-
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0 nonabsorbable. The animal was monitored until it was able to respirate by itself, and the 

intubation tube was removed. Once ambulatory the animal was returned to its cage. The 

animal was then monitored, and given additional analgesia, for at least 3 days post-op. If 

further care was needed additional days of post-op monitoring, and analgesia administration 

were performed. 

Rats were fed standard chow ad libitum with free access to water while in pairs or 

singly housed with a 12-h:12-h light-dark cycle. All animal procedures were approved by 

the George Washington University’s Institutional Animal Care and Use Committee. 

 

2.2.3.2 Cannulation & Perfusion 

The animal model used was a Sprague-Dawley rat which underwent surgery to ligate 

the LAD, and produce an MI. The surgery was performed on animals at least 10 weeks old 

and weighed ~350g. 

For cannulation of a heart the animal is first placed into an induction chamber and 

anesthetized with isoflurane. Once unresponsive the animal is removed from the chamber 

and placed in a supine position and a nose cone is placed on the animal to continue the 

administration of anesthesia. Before a thoracotomy a toe pinch is done to assess depth of 

anesthesia, if there is no response the procedure advances, if there is a response the animal 

remains under anesthesia longer and then reassessed. After the thoracotomy the heart is then 

placed in chilled heparinized Krebs-Henseleit solution to be cleaned and prepped for 

cannulation. The heart is then brought into a clean dish to be cannulated, and cleared with 

the chilled heparinized solution; the whole process should be done in 90 seconds or less to 

minimize the chance of clotting.   
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The heart was then mounted on a modified Langendorff perfusion system, and 

perfused with a Tyrode’s solution (NaCl 118mM, KCl 4.7mM, CaCl2 1.25mM, MgSO4 

0.57mM, KHPO4 1.17mM, NaHCO3 25mM, Glucose 6mM). The heart was then given a 

~8-15min acclimation period on the system before Blebbistatin (12uM, (-)-Blebbistatin 

Apex Bio) was added to the perfusate to mechanically arrest the heart. 

 

2.2.3.3 Voltage Mapping 

Cell to cell communication in the heart uses ionic gradients across the cellular 

membrane to create a voltage potential. To create a synchronous contraction of the heat the 

depolarization wave propagates throughout the myocardium. The morphology of the signal, 

rate of propagation, and or propagation pathway can be altered in diseased states. Therefore, 

imaging this process using voltage sensitive fluorescent dyes can provide valuable insight 

into the health of the organ.  

During voltage mapping hearts undergo pacing protocols to assess how the heart 

responses to faster heart rates, or to induce an arrhythmia. Both types of protocols were 

performed in these studies. The former is known as a restitution protocol where we provided 

20, 2ms pulses providing 4mA with cycle lengths from 200ms to 90ms in 10 ms decrements. 

Then in attempt to induce an arrhythmia S1S2 pacing protocols were performed with S1 

having 10, 2ms pulses with a 150ms cycle pulse providing 4mA followed by a single S2 

with a 3.5ms pulse delivered to a different area of the epicardium with various cycle lengths 

providing 4mA. 
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2.2.3.4 Concise Experimental Procedure 

Once the heart is excised, and on the system, it is raised in view of the geometry 

camera, and allowed to acclimate for ~8-15 minutes. After that time blebbistatin is delivered 

to the heart in a bolus dose. After ~3-5 minutes when the heart is completely mechanically 

arrested the automated protocol to capture the heart’s geometry is run; this is accomplished 

in less than 2 minutes. Once completed, the protocol to collect the spectral data is run taking 

~4 min to complete.   

Next RH237 is delivered to the heart in a bolus dose. The heart is then optically 

mapped undergoing a pacing protocol which provides 20, 2ms pulses providing 4mA with 

cycle lengths from 200ms to 90ms in 10 ms decrements. After the restitution protocol S1S2 

pacing protocols were performed with S1 having 10, 2ms pulses with a 150ms cycle pulse 

providing 4mA followed by a single S2 with a 3.5ms pulse with various cycle lengths 

providing 4mA in an attempt to produce arrhythmias. 
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Figure 8: Flow chart of the steps taken during the experiment 

 

2.2.3.5 Histology 

At the end of the study the hearts were perfused with, and stored in, 10% formalin. 

Later hearts were sent to Histoserv Inc. to be stained with Masson trichrome, and Movat 

Pentachrome. Masson Trichrome is commonly used to identify muscle connective tissue, 

and nuclei. However, elastin and collagen are both connective tissues with similar spectra, 

but different fluorescence intensities. Therefore, the hearts were also stained with Movat 

Pentachrome which could differentiate the two. 
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Hearts were sectioned with a transverse cut through the middle of the infarct and 

embedded in paraffin with the infarcted portions on the top. Histological slides then 

provided slices from the base and apex portions of the heart.   

 

2.5 Results 

2.5.1 Geometry Verification 

To test the accuracy of the 3D reconstruction, a model was created using an image 

series taken of a sphere with a diameter of 19mm. The results from the tests can be seen in 

Table 1. The reconstruction was found to have very small errors with regards to diameter 

and volume. These errors can be attributed to the accuracy of the masks of the object, and 

the resolution of the voxels.  

 

 
Figure 9: Surface reconstructions of a 19mm diameter sphere using an initial bounding volume of 

25x25x25mm. Surface resolution was dependent upon the number of subdivisions of the bounding volume. 

Left: Sphere surface for 6 subdivisions. Right: Sphere surface for 7 subdivisions. Seven subdivisions were 

used for all panoramic mapping of perfused rat hearts. 
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# of Sub-

divisions 

# of 

Faces  

Voxel Edge 

Length (mm) 

Computation 

Time 

(min) 

Maximum 

Reconstruction 

Diameter (mm) 

Diameter % 

Error 

Volume % 

Error 

 6 22492 0.1953125 0.64 19.1406 0.74% 3.71% 

7 90128 0.09765625 14.35 19.3359 1.77% 3.88% 

8 366028 0.048828125 336.28 19.2383 1.25% 3.74% 

Table 1: Geometry controls of a reconstructed sphere. Outputs done use the same data set using a sphere 

with a 19mm diameter, and a volume of 3591.364mm3. The initialized volume used was set to 25 mm3 

which consisted of 8 voxel volumes of 12.5 mm3. 

 

In Table 1 while using 6 subdivisions may yield slightly smaller errors, the 

resolution of the tri-mesh model is much less leading to a rougher model than using more 

subdivisions as seen in Figure 7. After the 8th division there was no reduction in error and 

a substantial increase in computation time. The increase in processing of more subdivisions 

is due to the exponential increase in data points that need to be processed after each iteration 

leading to a Big O of O(2n). Additionally, artifacts and errors are very pronounced in models 

produced with 8 subdivisions from minute differences in masking between two images, and 

the angular resolution limitation can be very pronounced in the model. Furthermore, the 

higher resolution would lead to much longer computation times for texture mapping.  For 

our studies starting with an initial volume of 25mm3, and preforming 7 subdivisions 

provided a good balance between model resolution and computation time. These models 

had an average spacing between the centroids of the triangles comprising the model of 

0.1035mm with a standard deviation of 0.0213mm.  
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2.5.2 Heart Geometry and Texture 

Using the methods described, data taken of a rat heart with a 4-week-old MI was 

used for this study. After contrast masking any errors were manually corrected, and the top 

was cropped off, as well as the bottom because of artifacts produced by the dripping 

perfusate. Using the resulting mask the model was made with a 25mm3 initial volume and 

by performing 7 subdivisions. The texture mapped model can be seen in Figure 10. 

 

 

 
Figure 10: Example of texture mapping of images on multiple views of a heart model from a single camera. 

A: RGB image of a heart at the end of an experiment showing the infarct and coronary ligature. B: Side view 

and top view of the 3D model of the epicardial surface. C, D, E, F: Images of four orientations of a perfused 

heart at 90° intervals. Top: geometry image showing collagen fluorescence at each orientation. Middle: side 

view of texture mapped collagen fluorescence at each orientation. Bottom: Top view of texture mapped 

collagen fluorescence at each orientation. 

 

After creation of the model, texture mapping was performed. In Figure 10 we can 

see the texture mapping of an image onto the model (Figure 10 B) with the image that was 
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used in (Figure 10 C). The resulting texture mapping maintains the integrity of the image 

that was used with only slight blunting of sharpness due to the resolution of the tri-mesh 

model, and the resulting spatial averaging.  

The data collected from the hyperspectral camera, and voltage mapping cameras 

were texture mapped in the same manner. Additionally, we found that after the acclimation 

period when the heart was first put on the system (~8-15min), and the following addition of 

blebbistatin, that there was minimal further dilation of the heart. Where the silhouettes from 

the voltage mapping late in the study lined-up with the outline of the model.    

To make viewing of the 3D data easier the models can be projected in 2D space 

using a Hammer projection[68]. In Figure 11 the complete texture mapping of the heart that 

has been Hammer projected is shown. The texture mapping the seams line up very well 

providing a good continuity of features from image to image across the whole heart.   

 

 
Figure 11: A Hammer projection of panoramically mapped collagen fluorescence imaged using the 

geometry camera. High fluorescence is white and low fluorescence is black. Major anatomic landmarks are 

annotated. 
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2.5.3 Spectral Analysis 

Data collected using the line scan hyper spectral camera can be seen in Figure 12 

after a 3x3 mean filter was applied within the wavelength bins. The data in Figure 12 A 

show spectra of healthy, border, and infarcted tissue taken from manually selected points 

from an image created from spectral integral between 400-435nm. Additionally, two other 

methods were tested; Spectral Angle Mapping (SAM, Figure 12 C), and the Normalize 

Spectral Similarity Score (NS3, Figure 12 D). Both methods require the use of a reference 

spectra, in this case the spectra from the infarcted tissue shown in Figure 12 A was used as 

a reference. It was found that the SAM is much more susceptible to noise compared to the 

spectral integral and NS3. Additionally, the results from the SAM are more useful in 

identifying the spectra based solely on morphology as opposed to the spectral integral and 

NS3 which factor in the intensity of the spectra which is more useful in quantifying 

fluorescence.  

 



 

 

48 

 
Figure 12: Sample spectra, and comparison of images using different hyperspectral analysis methods. A: 

Spectra from 400 to 600nm measured at sample points in panel B. The shaded regions indicate the spectral 

band (400 to 435nm) over which intensities were integrated. Such intensities for every pixel located on the 

epicardium were normalized and are shown as an image in panel B. B: Image of integrated spectral 

intensities and a line indicating the location of spectral intensities and similar measurements plotted in panel 

C of Figure 12. C: Image of SAM values using a spectral band of 400 to 435nm computed for every pixel 

located on the epicardium. The infarct spectrum shown in panel A was used as the reference spectrum. D: 

Image of NS3 values using a spectral band of 400 to 435nm computed for every pixel located on the 

epicardium. The infarct spectrum shown in panel A was used as the reference spectrum. 

 

In a further comparison between the spectral integral, SAM, and NS3, we analyzed 

the normalized data between the three over four different hearts with a 4-week-old infarct. 

Sample points were taken in the infarct, border zone, and healthy tissue similar to the points 

in Figure 12. The results are shown in Figure 13 showing that the measurements of tissue 

types are consistent across all three methods.  
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Figure 13: Comparison of normalized data from sample points in healthy tissue, the border zone, and the 

infarction using different analyses. Central red line indicates the media, upper and lower box limits indicate 

the 75th, and 25th percentiles, and the whiskers show the most extreme cases in the data set. Contains data 

from sample points in Figure 10, and from 3 additional hearts (n=4). 

 

Histology samples were taken of the hearts that were used to confirm transmural 

infarcts. Two stains were used: Masson Trichrome, and Movat Pentachrome. Masson 

Trichrome is commonly used to identify connected tissue, muscular tissue, and nuclei. 

However, Masson Trichrome does not differentiate between collagen and elastin which can 

be found in scar tissue, and have a similar excitation & emission spectrum[69]. To identify 

whether there is an increase in elastin in the border and infarct, Movat Pentachrome was 

used. However, in our studies only minor amounts of elastin were found primarily in the 

border zone in the mid myocardium.  
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The data in Figure 14C shows spectral data, using the methods previously stated, 

from a normalized section of data represented by the line in Figure 12B. We can see that 

data are similar in morphology except for the SAM results which are broader than the 

spectral integral, and NS3. This might indicate that the SAM is more sensitive to spectral 

morphology than the other two methods yielding a better measure of the presence of 

collagen, and elastin. However, in fluorescence spectroscopy the intensity is relative to the 

quantity of the fluorophore, and this may play a role in future experiments.    
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Figure 14: Histology of transmural infarct, and spectral analysis comparison. A: LV free wall section of an 

infarct stained with Masson Trichrome. Blue: connective tissue. Red: cytoplasm. B: LV free wall section 

immediately below that of the section in panel A stained with Movat Pentachrome. Black: nuclei and elastin. 

Yellow: collagen fibers and reticular fibers. Red: muscle. C: Normalized spectral intensity and similarity 

measurements (SAM and NS3) at each spectral pixel along the line drawn across the infarct shown in panel 

B of Figure 10. 
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2.5.4 Correlative Mapping 

The electrophysiological data was collected via voltage mapping with a voltage 

sensitive dye. Using this we could image the depolarization wave across the epicardium of 

the tissue and were able to quantify characteristics of the action potential. Using the camera 

modeling, the 3D model, collection of spectral data, and electrophysiological data all of the 

data could be compiled into an overlayed data set to assess the effects of tissue type on the 

cardiac electrophysiological data.   

The data shown in Figure 15 is a representation of the compiling of the data, and 

some of the electrophysiological data from a regularly paced heart.  In Figure 15 B & C is 

the activation map, and the overlay of the activation map and spectral integral of tissue 

fluorescence respectively, showing the progression of the cellular depolarization. Next to 

those images in Figure 15 E & F are sample optically recorded action potentials, and the 

derivative of the second action potentials respectively, from points labeled in Figure 13 B.  

From this data the depolarization wave can be seen traveling slowly in the border zone of 

the infarct, and faster in the healthy tissue around the infarct. 
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Figure 15: Panoramically mapped paced beat. A: A Hammer projection of panoramically mapped spectral 

intensity integrated from 400 to 435nm and normalized. B: A Hammer projection of an activation map 

computed for the second paced beat shown in the shaded region of panel D. C: An overlay of the Hammer 

projection maps shown in panels A and B. Colors represent activation time (color bar on the left) and 

greyscale represents integrated spectral intensity (color bar on the right). D: Bipolar electrogram indicating 

global electrical activity during a paced cycle length of (150msec). E: Optical action potentials from the 

shaded area of panel D at the epicardial locations shown in panel B. Blue optical action potentials are from 

healthy tissue while red optical action potentials are from infarcted tissue. F: Derivative of the second 

optical action potential shown in panel E indicating the progression of activation from location 1 to 6. 

Locations 7 and 8 appear to activate simultaneously. 
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Figure 16: Panoramically mapped reentrant beat for the same heart shown in Figure 13. A: A Hammer 

projection of panoramically mapped spectral intensity integrated from 400 to 435nm and normalized. B: A 

Hammer projection of an activation map computed for the first premature beat after the S2 beat shown in the 

shaded region of panel D. C: An overlay of the Hammer projection maps shown in panels A and B. Colors 

represent activation time (color bar on the left) and greyscale represents integrated spectral intensity (color 

bar on the right). D: Bipolar electrogram indicating global electrical activity during S1-S2 pacing with an S2 

of 110msec. Two premature beats followed the S2. E: Optical action potentials from the shaded area of 

panel D at the epicardial locations shown in panel B. Blue optical action potentials are from healthy tissue 

while red optical action potentials are from infarcted tissue. F: Derivative of the second optical action 

potential shown in panel E indicating the progression of activation from location 1 to 6. Locations 7 and 8 

appear to activate simultaneously. 
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In addition to regularly paced data an example of data collected during a reentrant 

arrhythmia induced by an S1S2 protocol is shown in Figure 16. The activation maps in 

Figure 16 B & C were created from the first reentrant beat after the S2 pace. In that 

activation map we can see the origin of the beat emerging from the infarct near the apex of 

the heart while the infarcted tissue showed a relatively uniform and instantaneous 

depolarization.  

Along with being able to visualize action potential propagation around scar tissue 

the spectral data can be used to discern healthy tissue, infarct border zone, and infarcted 

tissue. This was done using k-means++ clustering [70] on a local area around the infarct 

[55]. The algorithm uses a heuristic approach to find centroids of a ‘k’ number of clusters. 

The algorithm randomly chooses a centroid across the data set, and calculates the distance 

to every observation in the data set ‘k’ times. Each observation is then assigned to the closest 

cluster centroid. In the area of each cluster a new centroid chosen, then the distance to all 

points in the dataset are calculated, and data points are reassigned to the closest cluster 

centroid. This process iterates until a minimum distance is found in clusters.  

While reentrant activity can be qualitatively visualized occurring around the infarct 

discerning between infarct, border, and healthy tissue required further analysis. To make 

these direct comparisons a region of interest was selected encompassing the infarct, and the 

data from the hyperspectral camera were clustered using k-means++ categorize tissue into 

three groups healthy, border, and infarct. While these were the three groups we were 

interested the algorithm was run to create four groups to handle 'nan' or '0' data values so 

that those regions could be excluded from further analysis.   
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Once the tissue areas were determined the voltage mapped data was also grouped 

using the k-means++ algorithm within healthy tissue, border zone, and infarct areas. The 

action potential activation times were time aligned, and three clusters were used to separate 

signal based on their morphologies to determine signal quality and remove outliers. The 

resulting clusters were selected based on signal morphology, number of samples in the 

group, and relative dispersion in the tissue regions. Typically, the largest group was used 

for APD analysis. In other cases, two groups were used because of their similar morphology, 

group size, and homogeneous dispersion in the tissue region.  

The action potentials in each region of the heart had their mean, and 95% confidence 

interval calculated and used to calculate APD 80, and its 95% confidence interval, across 

each region. From the data collected there are major differences in action potential 

amplitude, and APD80, between the healthy LV tissue, border zone, and infarcted tissue 

which can be seen in Figure 17. 
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Figure 17: Optical action potential analysis using k-means to separate optical action potential morphologies 

within each of the three tissue type zones. Zone images are shown in the left column of panel A, where dark 

grey indicates healthy tissue (LV), grey indicates infarcted tissue (MI), and light grey indicates border zone 

tissue (BZ).  A: Three types of optical action potential morphologies identified by k-means are plotted for 

each zone. The locations of optical action potentials of each morphology are indicated in column 1 by one of 

three colors associated with each k-means group: K1 (green), K2 (cyan), K3 (red). The 95% confidence 

interval for optical action potentials in each group is plotted in columns 2-4. Optical action potentials in 

groups K2 and K3 had significant artifact. The confidence interval for optical action potentials in group K1 

were used to compute the mean and confidence interval of APD80 associated with each zone for each 

animal (plotted in panel D). D: A Hammer projection of zone locations for one heart: LV (dark grey), MI 

(grey), BZ (light grey). E: The 95% confidence interval for optical action potentials of the K1 group for each 

zone. The locations of the K1 groups are plotted in panel B: LV (yellow), BZ (orange), MI (red). F: A plot 

of APD80 mean (circle) and confidence interval for the K1 group of each zone for one heart. 
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2.6 Discussion 

Here we present a novel system for panoramic imaging of the heart using a variety 

of cameras. The system combines the use of multiple cameras, hyperspectral imaging, and 

custom software developed in MATLAB to create an accurate 3D model of the heart that 

integrates geometry, collagen fluorescence, and optically recorded action potentials. The 

images taken can then be texture mapped onto the generated model to provide a 

proportionally scaled, and seamless image.  This comprehensive imaging allows for a 

complete view of the heart allowing for the collection of data from all four chambers, and a 

better visualization of arrhythmia dynamics.  

With the addition of a hyperspectral camera, we are able to record collagen and 

elastin fluorescence panoramically as well allowing for structural functional correlative 

analysis. By using k-means++ algorithm to group similar spectral scores we were able to 

discern between healthy, border zone, and infarcted tissues in hearts with a MI. The 

electrophysiological data extracted from those regions showed statistically significant 

differences.  

By providing a complete view of the heart, and correlating tissue properties with 

electrophysiology, researchers can gain a deeper understanding of arrhythmias and other 

cardiac disorders. This technology has the potential to advance our knowledge of cardiac 

function and contribute to the development of new treatments and therapies.  

With the successful integration of a hyperspectral camera there is the potential to 

perform a more extensive level of spectroscopy on the heart using a broadband light source, 

or other specific excitation light bands, to measure intrinsic fluorophores such as NADH, 

myoglobin, cytochrome-c [59], [71], [72], [73]. 
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For example, studies performed by Buer et. al. and Femnou et. al. performed 

absorbance spectroscopy on perfused hearts to investigate mitochondrial function[74], [75]. 

To perform this a white light LED was shown through the ventricle of the heart, and the 

spectra of the light through the ventricles were collected. Using this data the absorbance 

spectra then calculated, and by using previously collected control spectra spectral 

uncoupling could be performed to provide estimates of the oxidative states of various 

chromophores in the heart.  

The combination of panoramic imaging, and spectroscopy can be a powerful tool to 

investigate the correlation of cardiac EP, and tissue type. With the addition of hyperspectral 

imaging, additional characteristics of tissue could be collected in the future.  
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Chapter 3 - Myocardial Infarction Healing, Changes in Conduction, and 

Arrhythmogenesis 

 

3.1 Introduction 

In the United States there are about 805,000 MIs a year with 200,000 of them 

occurring in people who have already had a myocardial infarction (MI)[1]. The damage 

triggers the deposition of extracellular matrix proteins collagen I, collagen III, and elastin 

creating a scar. These proteins also integrate themselves into the tissue surrounding the scar 

disrupting excitation contraction coupling, and slow action potential propagation. 

Furthermore, recent research has shown various non-myocytes can couple with 

cardiomyocytes altering the underlying electrophysiology. The resulting area of conduction-

block from the scar, and slowing cardiac conduction, are two main factors for arrhythmia 

genesis. The only thing needed for a reentrant arrhythmia to occur is a block in cardiac 

conduction, and triggered activity such as an ectopic focus, early after depolarization 

(EAD), or delayed after depolarization (DAD). 

To study the changes of the electrophysiology of hearts with a MI, LAD ligations 

were performed on Sprague-Dawley rats. At 1-, 2-, and 4-weeks post MI the hearts were 

excised, and panoramically imaged to record the hearts geometry, spectral characteristics, 

and cardiac conduction using a voltage sensitive dye. 

 

3.2 Background 

3.2.1 Systemic Neural Hormonal 

The loss of cardiac output from the lost muscle tissue triggers a systemic 

compensatory response which leads to adverse remodeling. In the case of a MI this refers 
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to the cellular, and tissue level, changes that occur during the recovery[29]. These changes 

are driven from neurohumoral, and epigenetic regulations that lead to changes that affect 

the architecture and geometry of not only the LV, but both the atria and ventricles as 

well[32]. The effects can result in further dilation of the LV, reduced LV ejection fraction 

(LVEF), infarct expansion, intraventricular desynchrony. While these changes are initially 

compensatory, they lead to further deterioration of the heart and hemodynamics.  

The main neurohormonal systems that are up regulated after a MI are the 

sympathetic nervous system (SNS) and renin-angiotensin-aldosterone system (RAAS)[32]. 

During a MI the reduced cardiac output will trigger an increase in sympathetic activation. 

The resulting activation increases circulating catecholamines which raises the β-adrenergic 

tone which increases heart rate, and contractile force. Persistent SNS activation is 

detrimental leading to hypertrophy, impair excitation-contraction coupling, enhance 

apoptotic pathways, promote fibrosis, induce oxidative stress, and is a critical promoter in 

RAAS activation.  

The RAAS influences the vascular tone by optimizing salt and water homeostasis in 

effect increasing blood volume, increasing the preload on the heart, and increasing the 

pressure the heart produces. In RAAS activation the hormone angiotensin II is released 

which can have a cytotoxic effect on the heart leading to acceleration of apoptosis, and the 

promotion of cell hypertrophy[33]. Also, the sustained release of angiotensin II promotes 

the production of interstitial collagen I through driving differentiation of fibroblasts to 

myofibroblasts which have an increased rate of collagen deposition[34]. 

Additionally, the resulting loss of muscle mass from the MI reduces the force that 

the heart can generate which results in a reduced LVEF. Over time to compensate for the 
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rest of the LV, as well as the septum, become hypertrophic (eccentric hypertrophy). The 

extra force that the heart is then able to generate increases the wall stress of the heart 

affecting the MI scar leading to further dilation[29]. While this does not occur in all MIs it 

is most common in transmural MIs, and apical MIs.  

The compensatory hypertrophy gained after the MI can proceed to become 

pathological. Pathological hypertrophy is known to increase the likelihood of EADs, and 

DADs from altered intracellular calcium handling increases APD and an increase in the late 

sodium current which can induce arrhythmias[17]. 

 

3.2.2 Electrically Active Non-myocytes 

Recent publications over the past six years have shown instances of hetero-cellular 

coupling, or ephaptic coupling, between cardio myocytes, and macrophages, or fibroblasts, 

which may provide an explanation for conduction in the infarct[76], [77], [78], [79], [80], 

[81], [82].  

The composition of a healthy heart as a number of cells has been found to be roughly 

50% endothelial cells, 30% cardiomyocytes, 10% fibroblasts, and 8% other immune 

cells[83], [84], [85]. Furthermore, evidence has been found that cardiac macrophages, and 

fibroblasts, express a number of ion channels which in effect produce a membrane potential. 

Macrophages have been found having a resting membrane potential (RMP) of -39.6 ± 0.3 

mV[76], and express voltage-gated K+, inward rectifying K+, and Ca2+ activated K+ 

channels[86], [87]. Additionally, macrophages have been found expressing Cx43 and 

coupling with myocytes facilitating conduction through the mouse, and human AV 

node[88], [89]. 
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On the other hand, cardiac fibroblast RMP measurements have varied from -37 ± 3 

mV with in situ with a patch-clamp in isolated rat atrial fibroblasts[90], and -65 ± 5mV in 

freshly dissociated rat ventricular fibroblasts[91]. Furthermore, studies performed by 

Kamkin et al found that fibroblasts isolated from the RA of rats with a LV MI have a positive 

correlation between MI size and fibroblast RMP [92]. Additionally, fibroblasts are known 

to be depolarized by stimuli such as cell stretch, hypoxia, and slow cardiac conduction[93], 

[94]. Similar to cardiac macrophages cardiac fibroblasts have been found to contain Cx43, 

and Cx45, in vivo and in cell culture, coupling with cardiomyocytes[95], [96], [97], [98], 

[99]. Furthermore, excitation of fibroblast with the use of channelrhodopsi-2 has been 

shown to relay that signal to cardiomyocytes[77], [100]. However, research done by Wang 

et. al. used a transgenic mouse which did not express Cx43 in fibroblasts, and were showed 

conduction between fibroblast & fibroblast, as well as fibroblast & cardiomyocytes 

proposing ephaptic coupling as an explanation[77]. Furthermore, Jia et. al. found in cell 

culture that even non-excitable cells can transduce signals between excitable cells when 

connected with Cx43[101].   

As research continues, in studying fibroblast their electrical properties have become 

more evident.  Examples of these ion channels include voltage activated inward / outward 

rectifying potassium (K+) channels, large conductance calcium (Ca2+) activated K+ 

channels, voltage dependent Na+ & Ca2+, Piezo 1, Ca2+ release-activated Ca2+ (CRAC), 

numerous TRP channels, [76], [102], [103], [104], [105], [106]. 

Examples of evolution of the understanding of fibroblasts’ electrophysiological 

properties are shown in Table 3. Where in the 1980s’ the seemingly general conscious was 

that fibroblasts are electrical insulators to now, where evidence shows otherwise. With the 
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RMP of fibroblasts in the range ~-40 - -70mV and the threshold potentials of 

cardiomyocytes existing between ~-40 - -60mV; fibroblasts could very well influence 

cardiac conduction. 

 

Author Title Take-aways 

Rook et. al. 1992 Differences in Gap 

Junction Channels 

Between Cardiac 

Myocytes, Fibroblasts, 

and Heterologous Pairs 

In conclusion, our results clearly 

show that cardiac fibroblast and 

myocyte gap junction channels 

exhibit a very cell-specific 

distribution. [107] 

Kohl et. al. 1994 Mechanosensitive 

Fibroblasts in The Sino-

Atrial Node Region of Rat 

Heart: Interaction with 

Cardiomyocytes and 

Possible Role 

The results of this study show that 

mechanosensitive fibroblasts, 

abundant in the sino-atrial node 

region, may play an important role 

in the positive chronotropic 

response of the heart to mechanical 

stretch of the wall of the right 

atrium. The main supposition for 

this hypothesis is that atrial 

fibroblasts are electrically coupled 

to sino-atrial node myocytes. [108] 

Gaudesius et. al. 

2003 

Coupling of Cardiac 

Electrical Activity Over 

Extended Distances by 

Fibroblasts of Cardiac 

Origin 

Cardiac fibroblasts inserted 

between isolated cardiomyocytes 

can facilitated electrical 

conduction. [80] 
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Rubart et. al. 2018 Electrical Coupling 

Between Ventricular 

Myocytes and 

Myofibroblasts in the 

Infarcted Mouse Heart 

Myofibroblasts contribute to the 

population of electrically coupled 

nonmyocytes in the infarct border 

zone. The slower kinetics of 

myofibroblast voltage responses 

may reflect low electrical 

conductivity across hetero-cellular 

junctions, in accordance with the 

paucity of connexin expression at 

myofibroblast-cardiomyocyte 

contacts. [78] 

Funken et. al. 2020 Selective Optogenetic 

Stimulation of Fibroblasts 

Enables Quantification of 

Hetero-Cellular Coupling 

to Cardiomyocytes in a 

Three-Dimensional Model 

of Heart Tissue 

Transforming growth factor-β1-

stimulation leads to increased 

hetero-cellular coupling and 

optogenetic hyperpolarization of 

fibroblasts reduces TGF-β1 

induced effects on cardiomyocyte 

spontaneous activity. Optogenetic 

membrane potential manipulation 

selectively in fibroblasts in a new 

hetero-cellular cardiac body model 

allows direct quantification of 

fibroblast-cardiomyocyte coupling 

in vitro.[109] 

Wang et. al. 2023 Fibroblasts in Heart Scar 

Tissue Directly Regulate 

Cardiac Excitability and 

Arrhythmogenesis 

 

Fibroblast-myocyte coupling in 

scar tissue was robust enough to 

elicit cardiac excitation and 

arrhythmogenesis in vivo after 

fibroblast depolarization. [77] 

 

Table 2: Selected publications highlighting hetero-cellular cross talk between cardiomyocytes and 

fibroblasts. 

 

3.2.3 Local Immune Response 

The immune response is a complex system consisting of a myriad of cytokines, 

chemokines, and phenotypes of immune cells with a nuanced level of similarity and 

uniqueness of origin and function. Here what we consider the key take aways in the immune 
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response relating to the progression of MI healing, and factors along that timeline that have 

evidence of affecting cardiac EP such as cytokines, excitable noncardiomyocytes like 

fibroblasts, and macrophages. Selected articles in Table 2 can provide deeper insight into 

the immune response and function. 

 

Author Title 

Nahrendorf et. al. 2007 The Healing Myocardium Sequentially Mobilizes Two 

Monocyte Subsets with Divergent and Complementary 

Functions [110] 

 

Epelman et al 2014 Embryonic and Adult- Derived Resident Cardiac 

Macrophages Are Maintained through Distinct Mechanisms 

at Steady State and during Inflammation [111]  

 

Prabhu et. al. 2016 The Biological Basis for Cardiac Repair After Myocardial 

Infarction : From Inflammation to Fibrosis [112] 

 

Bejjani et. al 2020 Spatiotemporal Dynamics of Immune Cells in Early Left 

Ventricular Remodeling After Acute Myocardial Infarction 

in Mice [113] 

 

Lafuse et. al. 2020 Role of Cardiac Macrophages on Cardiac Inflammation, 

Fibrosis and Tissue Repair [83] 

 

 

Table 3: Selected publications regarding the immune response to an MI. 

 

In rodents there are several predominantly populations of monocytes (Mo), tissue 

resident cardiac macrophages (MΦ) that are part of homeostasis, and the immune response 

to a MI. The two primary macrophage populations are chemokine receptor type 2 (CCR2-) 

which are derived from embryonic progenitors, and CCR2+ MΦ which are derived by 

monocyte recruitment. Generally, the CCR2- MΦ are maintain homeostasis and anti-
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inflammatory, and can be maintained via in situ proliferation. While CCR2+ MΦ are 

typically considered as pro-inflammatory, and are maintain from spleen, and bone marrow, 

derived monocytes[83]. Furthermore, there some common subpopulations of these 

macrophages which are categorized based on extracellular protein markers such as major 

histocompatibility complex class II (MHCII), CD11c, F4/80, and Ly-C6 if the MΦ was 

derived from that population of monocytes[83], [110], [111], [112]. The markers mentioned 

previously, except F4/80, themselves can either elicit or inhibit the pro-inflammatory 

response and are denoted using a “hi” or “lo” superscript respectively. In the broad, and 

non-descript categorizing macrophages during the immune response they are simply 

referred to M1 (classically activated macrophages, pro-inflammatory), and M2 

(alternatively activated macrophages, anti-inflammatory) macrophages.    

 In the instance of an MI, after the first hour irreversible damage begins to occur to 

the myocardium, and the damaged and necrotic tissues begin to release damage associated 

molecular patterns (DAMPs), reactive oxygen species (ROS)[35], [83], [114], [115]. The 

released DAMPs interact with Toll-like receptors initiating the inflammatory pathways by 

releasing chemokines CCL-2, CCL-5, and CCL-7 to attract leukocytes, as well as 

chemokines CXCL-1, CXCL-2, and CXCL-8 attracting neutrophils[116].  

In the first day neutrophils infiltrate the infarct which phagocytose cellular debris 

while generating ROS, release MMPs to degrade extracellular matrix, and secrete mediators 

for additional inflammatory cell recruitment[117]. Soon after the infiltration of neutrophils, 

T lymphocytes, natural killer cells (NK), and bone marrow and spleen derived LC-6Chi 

monocytes begin to arrive in the infarct[35], [110], [118]. The LC-6Chi monocytes aid in 

phagocytosis, and produce MMP, TNF-α, and small amounts of VEG-f[110]. When the NK 
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arrive they start to produce IFN-γ, TNF-α, and IL-1β, which activates T- lymphocytes, 

monocytes, dendritic cells, and macrophages[35], [119], [120]. Furthermore, the release of 

IL-1β from NK, and release of TNF-α from both NK and LC-6Chi monocytes begin the 

recruitment of fibroblasts[121].  This eventually leads to a sharp increase in the CCR2- 

derived M1 macrophages by the second day post-MI, with elevated levels persisting through 

day 4[122].  

By the third day post MI the LC-6Chi monocyte infiltration peaks with the highest 

recruitment in the MI, and border zone[112], [123]. These monocytes differentiate into 

classically activated macrophages (M1 macrophages) which produce matrix 

metalloproteinase (MMP), as well as  proinflammatory chemokines, and cytokines such as 

: IL-1β, IL-6, IL-12, IL-15, IL-18, and TNF-α[83], [124]. The release of IL-12, IL-15, IL-

18 from macrophages further stimulate the NK to produce more cytokines in a positive 

feedback loop[119], [120]. The cytokines produced by the NK, and LC-6Chi derived 

macrophages (IL-1β, IL-6, TNF-α) further increase recruitment of fibroblasts, and , TGF-β 

increase proliferation, and matrix production[121], [125].  

Starting around fifth day post MI the immune process enters the anti-inflammatory 

phase where the LC-6Chi monocytes, and M1 macrophages, transition into anti-

inflammatory subtypes LC-6Clow monocytes, and M2 macrophages[110], [115], [126]. The 

LC-6Clow monocytes produce VEGF in greater amounts than LC-6Chi, continue 

phagocytosis, but produce less MMP than LC-6Chi. Meanwhile M2 macrophages produce 

IL-10 (which inhibits the proinflammatory response of M1 macrophages), VEG-f, and TGF-

β. Together the LC-6Clow monocytes, and M2 macrophages promote angiogenesis, 

myofibroblast accumulation and increasing the deposition of collagen[126]. The deposition 
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of collagen is produced by myofibroblasts, which express alpha-smooth muscle actin, and 

are differentiated from fibroblasts when exposed to mechanical stress, angiotensin-II, and 

TGF-β[34], [121]. 

The LC-6Clow monocytes and anti-inflammatory phase peaks on day seven post 

MI[112], [115]. However, it has been found that the concentration of the LC-6Clow 

monocytes peaks on day 10 post MI in the remote tissue[123].  

By the second week post MI macrophage and monocyte levels in the MI return to 

levels similar to those of the remote tissue. At this point in the infarct the macrophage and 

monocytes continue to decline, however fibroblasts / myofibroblasts are in peak abundance 

in the infarcted area maturing the scar[110], [115], [127]. Unfortunately, after an MI the 

there is a depletion of CCR2- macrophages which are then replaced with bone marrow 

derived CCR2+ macrophages which tend to be proinflammatory, and this may drive cardiac 

disfunction[115]. 

The immune system is very complex and much of the research focuses on the 

interplay of the immune cells and their communication and regulation using various 

cytokines and the resulting outcome from infection or tissue damage. Without getting into 

too much detail, we aimed to provide a timeline of the key immune cells immune, processes, 

and cytokines relevant potential alterations in cardiac EP following an MI. There are many 

additional cells, and cytokines, that are relevant to the repair process not included in this 

section due to little established evidence affecting cardiac EP. Additionally, specificity in 

the temporal dynamics after an MI are lacking. Many of the major papers used to establish 

the timelines are compiled from blood serum, the spleen, whole heart ventricular tissue 

including the MI, and the MI scar tissue. Furthermore, the markers used to identify the 
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various immune cells can be expressed by multiple cells (i.e. CD11c can be found on 

dendritic cells, and macrophages), and some papers establishing timelines conflate markers 

(i.e. MCH-IIhi/lo, and CCR2+/-) from the source material. Lastly only a few papers explore 

the spatial dynamics of cytokines, and immune cell populations, in the recovery of an MI, 

and is rather generalized as well.  

 

3.3 Methods 

3.3.1 Biological 

3.3.1.1 Surgical Induction of Myocardial Infarction 

For this study adult male Sprague-Dawley rats weighing 325-450g underwent 

aseptic surgery in order to induce a MI. At the start of the surgery animals were anesthetized 

with isoflurane, intubated with a 16-gauge catheter, transferred to the heated operating table, 

attached to a ventilator. Buprenorphine, and Meloxicam were administered as analgesics. 

Electrodes were then placed on the animal to record a 6 lead ECG with a LabChart 

PowerLab throughout the operation.  

The surgical site was then shaved, and then thrice scrubbed with chlorhexidine 

gluconate to disinfect the area. The animal’s legs were secured onto the surgical table, and 

a fenestrated sterile towel drape was placed over the animal. A sterile field was set up on 

the surgical table next to the animal where autoclaved surgical tools, sterile cotton swabs, 

gauze, and suture were placed.  

To begin the operation ~2-2.5cm incision was made through the skin, and muscle 

layers to expose the rib cage at the fourth intercostal space. A small incision was made 

through the intercostal space, expanded laterally, and rib spreaders applied. The lobes of the 
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lungs converting the heart were gently moved away from the heart, and the pericardium was 

opened. Using a 6-0 taper point silk suture a suture was then placed ~3mm down from the 

left atrial appendage. The ends of the suture were then crossed over and tightened to confirm 

ischemia of distal tissue and tied off, if tissue did not become ischemic the suture was 

replaced.  

After the artery was ligated, the lungs were put back in place, and the chest wall 

sutures were thrown using 4-0 absorbable PGA. The lungs were then reinflated, and the 

sutures were tied off. The remaining muscle layers were sutured with 4-0 PGA, and then 

the skin was closed with 4-0 nonabsorbable monofilament suture. The isoflurane was then 

turned off, the animal was extubated when it could breathe on its own, and then was placed 

on a nose cone. When the animal was ambulatory, it was returned to its cage. Animals were 

then monitored and given analgesia for at least three days after surgery and given additional 

analgesia after that time if necessary.  

All animal procedures were approved by the George Washington University’s 

Institutional Animal Care and Use Committee. The animals were fed standard chow ad-

libitum with free access to water while in pairs or singly housed with a 12-h:12-h light-dark 

cycle. 

 

3.3.1.2 Cannulation & Perfusion   

For cannulation the animal is placed into an induction chamber and anesthetized 

with isoflurane. Once unresponsive the animal is removed from the chamber and placed in 

a supine position and a nose cone is placed on the animal to continue the administration of 

anesthesia. Once the animal is unresponsive to a toe pinch, the thoracotomy is done to 
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remove the heart. The heart is then placed in chilled heparinized Tyrode’s solution to be 

cleaned and prepped for cannulation. The heart is then brought into another dish to be 

cannulated, and cleared with the chilled heparinized solution; the whole process should be 

done in 90 seconds or less to minimize the chance of clotting.   

The heart was mounted on a modified Langendorff perfusion system, and perfused 

with a Tyrode’s solution (NaCl 118mM, KCl 4.7mM, CaCl2 1.25mM, MgSO4 0.57mM, 

KHPO4 1.17mM, NaHCO3 25mM, Glucose 6mM). Blebbistatin (12uM, (-)-Blebbistatin 

Apex Bio) is added to the perfusate to mechanically arrest the heart, and RH237 (1.342uM, 

Invitrogen) was added for voltage mapping. 

 

3.3.1.3 Pacing Protocols 

To study electrophysiological changes hearts were subjected to two different pacing 

protocols. The first pacing protocol was a restitution protocol which provides 20, 2ms pulses 

providing 4mA with cycle lengths from 200ms to 90ms in 10 ms decrements. After the 

restitution protocol several S1S2 protocols were run in an attempt to initiate an arrhythmia.  

 

3.3.1.4 Histology 

At the end of each study hearts were perfused with, and stored in, PFA. After all the 

experiments were complete the hearts were sent to Histoserv Inc, and cross sections of the 

MIs were stained with Masson’s Trichrome. Masson’s Trichrome is a commonly used stain 

to visualize connective tissue, muscle fibers, and nuclei. However, collagen and elastin have 

similar excitation, and emission spectra, and can be found in MI scarring. So, additional 
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histology was performed staining with Movat Pentachrome which differentiates collagen 

and elastin.   

 

3.3.2 Technical 

3.3.2.1 Perfusion system 

A modified gravity feed Langendorff perfusion system set to 80mmHg was used in 

these experiments. The modifications made include the addition of a rotary stage, and linear 

actuator, to facilitate rotational, and vertical positioning to the heart. The motors were each 

driven by a micro stepping motor driver (StepperOnline DM320T), and controlled by an 

Arduino Uno through a GUI developed using Processing 3.0 IDE. The Arduino was also 

coded to perform several imaging sequences for imaging geometry, and hyperspectral data. 

These functions would control the illumination, camera triggering, and changes of position.  

 

3.3.2.2 Imaging & Lighting 

The heart was imaged with three different modalities, and two types of light sources. 

To image the geometry the heart was illuminated with two 365nm UV LEDs light sources 

(MIGHTEX PLS-0365-030-04-S), and was image using a 1024x1024pix Andor IKon-M 

CCD camera with a band pass filter (Chroma ET 405/40). The line scan hyperspectral 

camera (1024 pix across) was placed on a 90° offset from the geometry camera, and 365nm 

UV LEDs were used for illumination. Four MiCAM CAM-ULT cameras with a long pass 

filter (Chroma ET 655lp) were used to image voltage, and placed at 45°, 135°, 225°, and 

315° from the geometry camera, and three 520 nm LED lights were used to excite the 

voltage sensitive dye RH237.    
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3.3.2.3 Camera Calibration 

To create a properly scaled model, and to perform texture mapping, each camera 

needs to be calibrated before experiments. The calibration standard was a cube 

(20x16x16mm) with an array of 9x7 fiducials markers. Each of the markers were spaced 

2mm from each other and the edges of the cube.  

The calibration would be performed by placing the cube on the perfusion system and 

orienting the cube so that the geometry camera would have a parallel image of a face. In 

this orientation the voltage mapping cameras could image two faces along the edge of the 

calibration cube. After images were taken with voltage mapping cameras the cube was 

rotated 45 degrees, and images were taken for geometry and hyperspectral camera.  

 

3.3.2.4 Panoramic Imaging of Geometry 

Once the heart was on the system, the position was vertically adjusted to be in view 

of the cameras and rotated into the desired orientation. Blebbistatin was administered, and 

once the heart was mechanically arrested two automating imaging protocols were run 

controlled by an Arduino. The first protocol was to image the heart’s geometry where 

sequentially the LEDs for the geometry camera will turn on, the camera would be triggered 

to capture a frame, the LEDs turn off, and then the rotary stage will rotate the heart 3.6°. 

This process will then repeat to capture 100 images, returning the heart to its starting 

position.  
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3.3.2.5 Hyperspectral Imaging 

The next protocol was to capture the hyperspectral data. This protocol turns on the 

365nm LEDs for the hyperspectral camera, captures a line scan (5ms integration time), 

raises the heart 0.3mm, and this repeats 1024 times. The LEDs are then turned off, the heart 

is then lowered to its starting position, and rotated 90°. This process repeats three more 

times to capture four hyperspectral data cubes.   

 

3.3.2.6 Voltage Mapping 

The last imaging method used four MiCAM cameras, sampling 1000 frames / sec, 

evenly spaced around the heart, and three 545 nm LEDs, for capturing, and excitation of, 

the voltage sensitive dye RH237. For a recording, the LEDs were manually switched on, 

and a pacing protocol is initiated with the PowerLab which also triggers the cameras to start 

recording. At the end of the recording the lights were manually turned off.   

 

3.3.3 Data Processing 

3.3.3.1 3D Heart Modeling 

In the reconstruction application the heart geometry image series, and camera 

calibration files are loaded in. Masks can then be created by contrast thresholding, and errors 

in the masks can be manually altered. Next the dimensions of a virtual cubic volume that is 

slightly larger than the heart, and number of subdivisions to be performed on the cube are 

entered to maximize the resolution of the model. 

Once the data is entered the reconstruction process can start. First the masks need to 

be horizontally shifted to the origin of the world frame. During trial experiments it was 
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found that this centroid of the heart’s mask tends to process around the axis of rotation, and 

if this is not corrected for the motion of the mask from side to side, it would remove excess 

points from the model which will yield the wrong geometry, and size. To correct for this the 

origin of the world frame was projected onto the masks, and the centroids of the masks were 

horizontally shifted to the world frame origin.  

Next the data is sent to the occluding contours algorithm. Here a virtual volume is 

initialized based on the calibration data. The initialized volume comprises eight voxels 

containing twenty-seven vertices where each voxel is stored in a node data type containing 

the vertices that compose it. Vertices are then projected onto the masked image, and if a 

vertex lies outside the mask it is removed from the data. This process repeats rotating the 

vertices in sync with the angular steps made during imaging until a full rotation is 

completed. If a full voxel remains it is registered in the model. In the next iteration the 

vertices of incomplete voxels are used as an original for a new octree which has half the 

edge length as the previous iteration. After the desired number of iterations, the outermost 

remaining vertices of completed voxels are used to create a tri-mesh of the volume.  

Finally, the model data, calibration data, scales, geometry images are saved together 

to be used in texture mapping. 

 

3.3.3.2 Image Processing 

Before texture mapping the data onto the model images voltage maps and spectral 

data were preprocessed. Due to incomplete mechanical uncoupling with blebbistatin, 

primarily in the atria, and the heart hanging freely on the systema all voltage mapped data 

were processed with an image registration algorithm created in MATLAB based on the work 
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of Labert et. al [67]. The voltage mapped images would undergo contrast enhancement 

followed by a calculation of the displacement field of the pixels between the first image 

taken, and all the following images. The displacement fields were then used to apply a 

geometric transform to the images correcting for the movement.  

Since hyperspectral imaging was one of first processes performed after the addition 

of the mechanical uncoupler motion was minimally existent. However, to reduce noise data 

underwent spatial filtering with a 3x3 mean filter in each wavelength bin.  

 

3.3.3.3 Texture Mapping 

Adding images to the 3D model requires texture mapping process. This process uses 

the camera model to find the faces of the model in view of the camera, and project the 

vertices of the tri-faces onto the image. The data enclosed in the triangle created by the 

vertices of a face was integrated proportionally to the area enclosed and assigned to the tri-

face.  

During imaging there are areas of the heart along the sides that are seen in multiple 

views, and as a result during texture mapping faces of the model could have multiple data 

values. To make texture maps so that each face only had one value assigned an algorithm 

was made to create a border in the overlapping areas. The faces of the model were binned 

according to the location on the Z axis. Then using the angle of the centroids of the tri-faces 

on the XY plane the face with the median angle was labeled as an “anchor”. Next the 

algorithm would link each “anchor” through the shortest path of neighboring faces. After 

the border was created the faces on either side were assigned to their respective camera.     
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3.3.3.4 Spectral Analysis  

For each face on the model the integral of the spectra was taken under the first 27 

spectral bins (400-435 nm) to quantify the fluorescence of extracellular the matrix proteins 

collagen and elastin. The integral values of the spectra were then grouped using k-means++ 

algorithm into 3 groups. The groupings made were to discern areas between low, medium, 

and high fluorescence which then corresponded to healthy ventricular tissue, border zone, 

and infarcted tissue.  

 

3.3.3.5 APD Analysis 

To examine the electrophysiological changes through time in the study APD80 was 

calculated. After the voltage mapped data was texture mapped on the 3D model the data 

was filtered in the time domain with a gaussian window filter. Next an activation map was 

created, and the action potentials were time aligned. Using data collected with the 

hyperspectral camera the voltage data was assigned to the healthy LV tissue, border zone, 

and infarct regions. In each region the time aligned APs were placed into three groups using 

k-means++ to remove data that was exceptionally noisy, or contained an artifact due to 

perfusate dripping, or motion. The APs in each region were then averaged, and the APD80 

of each region was calculated.  

 

3.4 Results 

At the end of studies RGB images of the hearts were taken. Examples of 1-, 2-, and 

4-week-old MIs can be seen in Figure 18. In Figure 18A we can see the infarct progress 

from the patchy white, and yellow, with the beginning of scarring, and necrosis. Progressing 
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to Figure 18B with the expansion of the infarct still undergoing necrosis with more 

established scar, and poorly defined border. Lastly Figure 18C there the MI has a refined 

central scar with a well-defined border between the scar, and healthy tissue. 

 

 
Figure 18: RGB images of infarcted hearts after studies showing the progression of scar formation.        

 A: Week 1. B: Week 2. C: Week 4. 

 

Histology samples were used to confirm transmural MI, and as a control for scar 

development to compare to the hyperspectral data. Samples of Masson Trichrome (Left), 

and Movat Pentachrome (Right) histology can be seen in Figure 19. The samples in Figure 

19B, and C (Week 2 - Week 4) show a large decrease in thickness of the infarcted. 

Throughout Weeks 1, 2, and 4 areas of surviving tissue can still be seen shown in Figure 

19A-C.  
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Figure 19: Histology examples of transmural infarcts from different time points. Scale bars represent 2mm. 

Left: Masson Trichrome. Blue: connective tissue. Red: cytoplasm. Right: Movat Pentachrome. Black: 

nuclei and elastin. Yellow: collagen and reticular fibers. Red: muscle. Blue circles show areas of elastin in 

visible. A: Week 1 post MI. B: Week 2 post MI. C: Week 4 post MI. 

 

The Movat Pentachrome stain was primarily used to identify elastin which has 

similar spectra characteristics to collagen. Throughout Weeks 1, 2, and 4 only relatively 

small areas with a high concentration of elastin were seen. Predominantly these were found 

in the border of the infarct in Week 4 as seen in the blue circles on the right image of Figure 
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19C. Attempts to quantify the amount of elastin were unsuccessful using color thresholding 

on the Movat Pentachrome slides. Additionally, there were no discernable differences in 

interstitial collagen in healthy LV or septum tissue between the time points.  

 

 
Figure 20: Ratio of the number of collagen / muscle pixels in histology images taken from the border region. 

Diamonds denote values significantly less than Week 4. (Week 1: n = 3, Week 2: n = 4, Week 4: n = 3) 

 

Image analysis of histology slides was performed by delineating the transitioning 

area between muscle to scar, and sectioning of equal areas of tissue on both sides. This 

sectioning was performed on both sides of the infarct, and the ratios of fibrosis to muscles 

were calculated then averaged. A one-way ANOVA was performed with a Tukey-Kramer 

post hoc to determine significance between groups. The ratios of fibrosis to muscle at Week 

4 were found to be statistically greater (p < 0.002) than Week 1, and Week 2. While the 

differences between Week 1 and Week 2 were found to be insignificant with a p-value of 

0.06. 
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Statistical analysis for collagen fluorescence, APD, and Histology data were 

preformed using a 2-way ANOVA, with a Bonferroni post hoc analysis to find significance 

between groups.  

 

 
Figure 21: Tissue fluorescence over time normalized to health tissue with standard error bars. Squares 

indicate fluorescence statistical significance (p < 0.05) less than the Infarct in Week 1. Circles indicate 

fluorescence statistical significance (p < 0.05) less than the Infarct in Week 2. Diamonds indicate 

fluorescence statistical significance (p < 0.05) less than the Infarct in Week 4. (Week 1: n = 3, Week 2: n = 

4, Week 4: n = 3) 

 

For each heart the tissue fluorescence was normalized to its healthy tissue. In Figure 

21 trends can been seen of an increase of fluorescence within the border and infarcted tissues 

over time which were found not to be statistically significant within themselves. All 

infarcted tissue fluorescence was significantly greater than healthy tissue. Week 4 Infarcted 

tissue was found to be significantly greater than all border zone time points. While Week 2 

Infarcted tissue was significantly greater than Week 1 & 2 Border zones, and there was no 

significant difference between Week 1 Infarct and any time points in the border zone. 
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Figure 22: Activation maps over normalized collagen fluorescence. A: Week 1 Activation Map. B: Week 2 

Activation Map. C: Week 4 Activation Map. 

 

In the infarcted hearts electrical activity was recorded within the infarcts themselves. 

This was seen during all time points as seen in Figure 22, and during Week 4 the activity in 

the infarct had a uniform activation in 2 of the 3 hearts as seen in Figure 22C. Because of 
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this the collagen fluorescence was grouped using k-means++ algorithm to group tissue into 

healthy, border, and infarcted tissue. The APD80s between the tissue types, and time points 

were compared, and can be seen in Figure 23. 

 

 
Figure 23: Changes in APD over time between health, border, and infarcted tissue with standard error bars. 

Circles indicate APDs significantly (p < 0.05) longer than Healthy tissue during Week 1. Diamonds indicate 

APDs significantly (p < 0.05) shorter than Infarcted tissue during Week 2.  Healthy Week 1 tissue, and 

Border Week 4 tissue was found to have a p-value of 0.0726. (Week 1: n = 3, Week 2: n = 4, Week 4: n = 3) 

 

The APD 80 analysis shown in Figure 23, found that Healthy Week 1 APD was 

significantly (p < 0.05) shorter than Border Week 2, Infarct Week 2, and Infarct Week 4. 

Healthy Week 1 APD, and Border Week 4 APD were not significantly different, and was 

found to have a p-value of 0.0726. Infarcted Week 2 tissue was found to have the longest 

APD of all samples, and was significantly longer than all healthy tissue through time, and 

all APDs for 1 week post MI. The comparison between Week 2 and Week 4 Infarcted tissues 

were found to be non-significant with the Bonferroni post hoc analysis. However, in a direct 
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comparison with a two-way T-test between Week 2 and Week 4 infarcted tissues differences 

were found to be significant with p = 0.480.  

Additionally, control animals the mean APD80 recorded was 63.67ms with a 

standard error of ±1.67ms compared to the mean Healthy Week 1 APD of 65.33ms and a 

standard error of 2.60ms, and had insignificant differences. As well as the RV APD80s were 

found to have a mean length of 65.92ms with a standard error of ±1.848ms, and the results 

were consistent throughout the time points.   

 

 
Figure 24: Incidence of Arrhythmia After S1S2 pacing. Circles represent incidence percentages from each 

heart. Diamonds represent significant differences (p < 0.05) in PVC incidence between Week 2 and Week 1 

 

The percentages of arrhythmia incidences were based off S1S2 pacing with 

successful capture of the heart with a S2. PVCs were defined as a singular reentrant beat, 

and NSVT was defined as 2-4 reentrant beats after the initialize S2 beat. Statistical analysis 

was performed with a one-way ANOVA with a Tukey-Kramer post hoc analysis. The 
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instances of PVCs in Week 2 were significantly greater (p < 0.002) than Week 1, and no 

significant difference was found between Week 2 and Week 4. The incidences of NSVT 

were found to be insignificant through the study, but were only found during Week 2 and 4. 

Only one instance of VT and VF were found in the Week 4 studies leading to a 1.46% 

occurrence rate.  

 

3.5 Discussion 

In these studies, we found electrical activity in the infarct at all the time points. 

Normally this is attributed to the small pathways or patches of surviving cardiomyocytes. 

But voltage data captured shown in Figure 22 showed a more homogeneous electrical 

activity throughout the infarct. Where even at four weeks post MI with a more refined scar 

electrical activity was seen even though the collagen in the scar tissue is typically considered 

an insulator in cardiac conduction. 

Recent research is bringing forward evidence that non-myocytes can contribute to 

cardiac conduction. Two cell types of interest that can conduct are macrophages, and 

fibroblasts[88], [77]. While both cardiac fibroblasts, and macrophages, have been found to 

be electrically active there is little research in their influence on cardiomyocyte 

electrophysiology, or electrical conduction. In cases of MI there is even less research on 

their effect of cardiac conduction, regional populations, and populations through recovery. 

Furthermore, the increased presence of these cells during pathological events, or during 

recovery, could lead to a positive feedback loop of further disfunction via the constant 

presence of proinflammatory autocrine, and paracrine factors.  
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Even though fibroblasts and macrophages can influence cardiac EP, are both present 

in the healthy heart, and recovery of a MI fibroblasts have a large population than 

macrophages, and a greater amount of research has been performed studying their EP 

characteristics for this reason fibroblasts will be the main focus for the remainder of this 

section. 

 

 

Figure 25: Representative simultaneous record of the action potential of a cardiomyocyte (C) and the 

membrane potential of a cardiac fibroblast (F) forming a cell-pair in cultured neonatal rat heart cells. The 

action potential in the cardiomyocyte is triggered by injection of a current pulse of 50 pA for 10 ms. The 

figure and caption are from Kohl, P, Ag Kamkin, Is Kiseleva, and D Noble. “Mechanosensitive Fibroblasts 

in the Sino-Atrial Node Region of Rat Heart: Interaction with Cardiomyocytes and Possible Role.” 

Experimental Physiology 79, no. 6 (1994): 943–56. https://doi.org/10.1113/expphysiol.1994.sp003819.[108] 

 

An example of a neonatal rat cardiomyocyte AP, and fibroblast depolarization can 

be seen in Figure 25 produced by Kohl et. al. in 1994 using microelectrodes[108]. Studies 

performed by Rubart et. al. in 2018 produced similar results using fluorescence microscopy 

to record the cellular depolarization between mouse cardiomyocytes, and myofibroblasts, 
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in a heart with a MI[78]. In Figure 25 it can be seen that fibroblasts have a lower amplitude, 

slower rise time, and a longer duration which was reported by both Kohl, and Rubart[78], 

[108]. However, the amplitude of fibroblast membrane potential has been found to increase 

under certain circumstances. A study by Kiseleva et. al. invested right atrial fibroblast in 

hearts that suffered a varied degree of LV MI[92]. In their results they found that the 

polarization of fibroblasts in the RA increased in relation to size of the infarct in the LV[92].    

A notable publication by Wang et. al. In 2023 produced a mouse expressing CHR2 

in cardiac fibroblasts. In these mice on day four of six of tamoxifen induced Cre-mediated 

recombination were given a permanent LAD ligation to produce an MI[77]. Ten days post 

MI hearts were excise and placed on a Langendorff system, and in the center of the infarct 

a fiberoptic prob was placed. Wang et. al. where then able to optically excite the fibroblasts, 

and pace the heart, and this was repeatable in-vivo. Furthermore, after stimulation ~40% of 

hearts would have some form of arrythmia such as AV block, ventricular bigeminy, and 

ectopic beats. Lastly hearts ~12 weeks post MI were still able to be optically paced in the 

center of the MI, and a subset of the animals would enter asystole after pacing [77].  

In our studies the elongated APDs recorded in the infarcted areas are probably due 

to slower conduction velocity in the region and the integration of surviving cardiomyocytes, 

and fibroblasts, within the pixels recording that area. Research by Ruiz-Villalba et. al. using 

a transgenic mouse with a GFP labeled fibroblasts measured the infiltration of fibroblasts 

into a chronically infarcted mouse heart. Their measurements of fibroblasts in healthy tissue, 

and infarcted tissue at 7, 14, 30 days post MI found that percent of cells in the tissue was 

2.36%, 11.73%, 33.97%, and 12.30% fibroblasts respectively[127]. These results correlate 

well where in our studies the mean APD 80 in infarcted tissue at 1-, 2-, and 4-week post MI 
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were 72ms, 82.25ms, and 76.67ms respectively. Furthermore, in our studies hearts 2-week 

post MI were the most susceptible to arrythmias after S1S2 pacing correlating with peak 

fibroblast infiltration in the infarct.  

The incidence of arrhythmias may also be related to the ratio of scar to surviving 

tissue, or the maturation of the scar as well. During Week 4 in Figure 19 the thickness of 

the infarcted region decreased compared to the earlier time-point. This thinning of the 

infarcted region relates to the scar maturing, and becoming more homogenous. By contrast 

Week 2 does not have this thinning and there may be more tissue, and conduction 

heterogeneities leading to an increased incidence of PVCs. 

Lastly the effects of the immune system & cells on cardiac remodeling relating to 

EP is often overlooked. A link between cardiovascular disease & ablation therapies to higher 

cytokine levels has been clinically established where higher cytokine levels lead to a disease 

worsening, or recurrence of arrhythmia[128], [129], [130]. Some of the more common 

cytokines that have been found to drive alterations in cardiac electrophysiology are TGF-β, 

IL-1β, and IL-6 which also are autocrine and paracrine factors produced by fibroblasts 

[121], [131]. Most notably these cytokines tend to affect cardiomyocyte calcium handling 

which can leading to triggered activity by calcium sparks[129], [129], [131]. With these 

known phenomena Matter et. al. have proposed that chronic high levels of residual 

inflammation are a key factor in patient mortality after MI[129].  

 

3.6 Conclusion 

In this study we were able panoramically image hearts to directly correlate electrical 

activity in hearts with an MI between areas with different levels of collagen deposition 
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relating to the forming scar. Using the hyperspectral camera, we were able the compare the 

collagen content between the healthy, border, and infarcted tissue showing the trend of scar 

refinement infarcted region. The APD80 data collected showed a clear trend in increasing 

the APD between healthy, border, and infarcted tissue in the time points with Week 2 

trending with the longest APDs recorded. Whereas during Week 4 APD80 in border and 

infarcted regions were nearly identical. While with S1S2 pacing it was found that in Week 

2 the hearts were most susceptible to PVCs. 

Conduction throughout the infarcted region was also found at all times. Typically, 

the infarcted region is thought to be electrically inactive, but recent research has found that 

fibroblasts can conduct action potentials through ephaptic coupling. This leads us to believe 

this has a likelihood of contributing to arrhythmogenesis, and conduction through scar 

tissue.  

Lastly the healthy tissue around the LV during Week 2 trended higher than the other 

time points, yet somewhat recovered during Week 4. This leads us to believe that the 

cytokines from the immune response could be causing temporary changes in cardiomyocyte 

EP. This change was found only around the infarct in the LV, and was not noticeable in the 

RV.   

 

3.7 Limitations 

The are several limitations in the study. One is from the collection of action 

potentials using fluorescent dye. Qualitatively we can see in the infarcted region that the 

signal is weaker than that of healthy tissue, but there are still areas of low signal in healthy 

tissue as well.  In healthy tissues this could be due to inhomogeneous staining, or lighting, 
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changing the signal amplitudes which is why it is common practice to normalize the time 

signals. With the introduction of fibroblasts as a variable with a lower RMP than 

cardiomyocytes using amplitude as a data point is unreliable.  

The incidence of arrythmia from S1S2 pacing may be underrepresented. Since the 

hearts were mechanically arrested there is much less metabolic demand than when they are 

beating; this could affect arrythmia dynamics. Furthermore, fibroblasts have been found to 

be sensitive to stretching which can cause a depolarization. Since the heart is not beating 

the stretch activation of fibroblasts is mitigated.  

The imaging of collagen fluorescence also has some of the same problems as the 

voltage recordings. This occurs on the sides of the heart in the frame of the image where 

what is being imaged is further away from the camera, or is being illuminated with less 

power. The result is collecting weaker signals from the sides, and the apex of the heart in 

the image frame. With panoramic imaging this effect can be mitigated when the spectral 

data is texture mapped on the 3D model where the edges of the heart in the image are not 

used, however the artifact may still be visible on the apex. Additionally, UV light can 

typically penetrate only <70μm of tissue compared to longer wavelengths which can reach 

depths in the order of millimeters[132], [133]. With this being the case, the collagen 

fluorescence is only a surface level measurement, and histology should be performed 

afterwards to conform to a transmural infract. 

The spatial resolution of the cameras used in voltage mapping were a limiting factor 

while they had exceptional temporal resolution. In these types of recordings there is 

typically a trade off on spatial and temporal resolution (i.e. higher spatial resolution = lower 
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temporal). The limited spatial resolution could have led to an integration of data in the 

transition from tissue regions.   

A data point that we would have liked to collect was conduction velocity because 

the introduction of collagen is normally thought to slow conduction. However, an 

unfortunate characteristic of this measurement is that it accelerates. While pacing on one 

side of the infarct on the conduction was relatively slow, but on the opposite side of the 

infarct where the conduction wave converges, and terminates the CV measurements were 

extremely high. This variability and imaging of the whole heart led to complication in a 

valid analysis method.  

Lastly during the procedure to induce an MI the NSAID meloxicam was used as 

analgesia. This potentially could have blunted, or delayed the initial inflammatory response 

to the infarct. Where the data we collected collect could have been subjected to a “phase 

delay” or a reduced “impulse magnitude” during the immune response when comparing our 

results to literature with nearly identical timepoints. 

 

3.8 Future Directions 

More studies could be performed using this imaging method. In investigating MIs, 

or ischemia reperfusion injury, the addition of absorbance imaging of myoglobin could be 

done. This could provide information of areas in the scar that may have survived tissue in 

the scar. 

Studies including the use of a transgenic mouse model with green fluorescent protein 

expressed in cardiac fibroblasts (Collagen1α1-GFP+ CF) could be used to measure 

fibroblast population in and around the infarct [127]. Where this could be imaged using the 
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hyperspectral camera with the inclusion of an additional light source. The data collected be 

used to further parse out the fibroblast contribution to the optically recorded action 

potentials. However, mouse hearts are significantly smaller than rat hearts, and the system 

would need to be modified. 

Furthermore, studies covering a longer time period could be done. In later stages of 

cardiomyopathy there is an increase in interstitial fibrosis. Interstitial fibrosis could be 

measured with hyperspectral imaging to identify fibrosis patches, and correlated them to the 

underlying EP. The longer studies could reveal more in diseases that affect the heart in an 

asymmetric manner such as a MI, or pressure overloads, and how disfunction could develop 

in other areas of the heart.  

The role cytokines have in the electrophysiology of the cardiomyocytes, and their 

contribution to disease progression, appears to be understudied. There have been many 

studies that have shown correlation of various cytokine levels, and the outcome of patients 

with cardiomyopathies, heart failure, or MI[134]. As well there have been studies 

investigating the change in mechanical characteristics such as ventricular dilation, and 

reduced contractility with the introduction of TNF-α. These effects occur hours after 

exposure, and those symptoms disappear after TNF-α was no longer administered[135]. 

Furthermore, there is evidence that TNF- α, IL-1β, and IL-6 can alter the calcium handling 

in cardiomyocytes[131], [136]. In addition, it is well known that TFG-β, and MMP, can 

induce cardiomyocyte hypertrophy which can lead to abnormal electrophysiology.        

In the presence of a pathology affecting the heart or somewhere else in the body 

cytokines will circulate through the body and be localized in the diseased area, and there are 
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dynamic changes in the levels of cytokines throughout the immune response and the 

recovery process. 

Future studies should be done to assess the effect of cytokines on cardiomyocytes. 

This could be performed in cell culture incubating the cells with various cytokines in a bolus 

& chronic dosing, recording action potentials & calcium transients, and perform western 

blotting to assess changes in channel protein expression through various time points.  

The data collected from this could provide a “system response” of the 

cardiomyocytes to immune activity and alterations in channel proteins. This could provide 

data that could be used to create a model of changes in cardiomyocyte function to an 

immune response that could provide insights in the progression of disease, and possibly 

critical time points which can express more severe disfunction which treatment could be 

done to mitigate in acute cases. 

Furthermore, after the cytokines that primarily affect cardiac electrophysiology 

more studies could be done to better establish the timeline of the immune response to a MI. 

For this study animal will undergo a LAD ligation to induce a MI. Then with end points at 

1, 4, 8, 12, 16, 20, 28, and 60 days, hearts could be optically mapped to assess the 

electrophysiology, and calcium handling. The hearts would then undergo 

immunohistochemistry to measure pro/anti-inflammatory cytokines, fibroblast, and 

macrophage levels.  This would provide information on the immune response with a high 

temporal resolution during the pro- and anti-inflammatory phases after an MI, the long-term 

levels of cytokines, fibroblast, & macrophages, and macro changes in electrophysiology & 

calcium handling. Additionally, data could be used to verify the model produced from the 

previous study.  
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Lastly, with this data further investigation can be carried out to extract features of 

the action potential propagation through the scar tissue. Using that data a computational 

model can be made where scar density, and conduction velocity could be altered. This model 

of the tissue could then be used to provide insights into arrhythmogenesis and how the 

electrophysiology interacts between tissues.   
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Chapter 4 - Dynamic Cardiac Adjustments During Rapid Increase of Heart Rate 

 

4.1 Introduction 

The heart is a very dynamic organ that relies on intercellular communication to 

synchronously contract the muscle to provide enough force to perfuse the whole body, and 

itself, while requiring a mass amount of energy in the form of ATP which is primarily 

produced by the electron transport chain of mitochondria. If the cell’s mitochondria cannot 

produce enough energy this will lead to slower rates of active transportation affecting ion 

transportation which is responsible for generating APs, calcium cycling, and actin myosin 

cross bridging responsible for muscular contraction. Whether reduced ATP generation is 

due to regional ischemia, or pathology, the reduced levels of ATP lead to alterations of AP 

morphology, and can be a factor in arrhythmogenesis. 

ATP generation starts in the cell’s cytosol with the breakdown of proteins, 

polysaccharides, and, or fats into simpler molecules such as amino acids, glucose, and fatty 

acids respectively. These molecules are then transformed into acetyl coenzyme A (acetyl 

CoA) to enter the Krebs cycle. In the case of glucose, it needs to undergo glycolysis which 

will net 2 ATP, reduce 2 NAD+ to 2 NADH, and create 2 pyruvates[137]. Acetyl CoA 

through the Krebs cycle which produces CoA, 2 CO2, GTP, 3 NADH, 3H+, and 

FADH2[137]. 

 In anaerobic glycolysis pyruvate will be reduced with lactate dehydrogenase and 

NADH creating lactate. Lactate will need to be removed from the cell, reprocessed by the 

liver, and converted back to glucose. Along with glycolysis the breakdown of proteins to 

amino acids can generate pyruvate[137]. Pyruvate will be transported into the mitochondria 
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where pyruvate dehydrogenase will convert it into acetyl CoA while reducing a NAD+ to 

NADH as well as producing a CO2 and a H+.  

The protein ATP synthase is the main producer of ATP, 24 ATP per mole of glucose, 

which is powered by a H+ gradient produced by the electron transport chain (ETC) between 

the intermembrane space and the mitochondrial matrix[137]. In short, the ETC consists of 

four protein complexes on the inner mitochondrial membrane that oxidize NADH, and 

FADH2, at Complexes I, and II respectively, which use the harvest electrons to power proton 

pumps on complexes I, II, and IV to remove H+ from the mitochondrial matrix[137]. At the 

end of the ETC electrons are brought back into the mitochondrial matrix via complex IV 

which bind with ½O2 and 2H+ to create a H2O. 

It is here at the last step of the ETC where the lack of O2 limits, or halts, the rate of 

oxidation of NADH[137]. This results in the mitochondria not being able to maintain its 

proton gradient and minimizing the function of ATP synthase. However, during this time 

glycolysis, and the Krebs cycle can continue which reduces NAD+ to NADH leading to 

higher concentrations of NADH in the cell. 

With an increase in cardiac demand vasodilation occurs which increases coronary 

flow allowing for more oxygen and nutrients to the heart. The increase of flow allows the 

rate of cellular respiration to increase to meet the cell’s energy needs. During the transition 

to a state of increased metabolism, or in brief instances of hypoxia, phosphocreatine (PCr) 

acts as a capacitor of energy donating a phosphate to ADP to create ATP.  

In cardiac research using isolated heart preparations hearts are typically perfused 

with a crystalloid perfusate such as Krebs-Henseleit, or Tyrode's solution. While this type 

of solution is cheaper and cleaner than using blood, or blood substitutes, the crystalloid 



 

 

98 

perfusates do not have the same oxygen carrying capacity as hemoglobin. Thus, the hearts 

are experiencing a form of hypoxia. In order to better understand the dynamic changes and 

relationships that occur rapid increases in cardiac demand, and delivery of oxygen to the 

heart, studies were performed that would capture coronary flow, LVDP, and NADH 

fluorescence at different heart rates with the addition of sodium nitroprusside (NP) to 

increase coronary flow as an analog for increase O2 supply. Additionally, these dynamics 

were recorded in a second set of studies with a solution not containing sodium-L-Lactate.  

 

4.2 Methods 

4.2.1 Left Ventricular Developed Pressure 

A LVDP balloon was inserted through the incision of the LA, through the mitral 

valve into the LV and inflated to 8-10mmHg for the LV diastolic pressure. The balloon was 

part of a closed system filled with water which is practically incompressible, and void of 

any bubbles. This allows for accurate pressure measurements of the heart during isovolumic 

contractions. To calculate the LVDP the maximum recorded pressure was subtracted by the 

minimum pressure for each beat. 

 

4.2.2 Coronary Flow 

Coronary flow was measured with a Transonics ultrasound flow probe that has been 

embedded into the Langendorff setup as close to the aortic cannula as possible. Having the 

probe as close to the heart as possible reduces the amount of signal damping of the pulsatile 

flow from the tubing that will occur. The recorded outputs of the device were the pulsatile 
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flow, and the mean flow which was the pulsatile flow but filtered with a short pass filter 

with a 100Hz cutoff frequency. 

 

4.2.3 NADH Measurement 

To measure NADH, it was excited with 365nm light (Mightex FCS-0365-000) 

powered with 120mA, and its fluorescence is recorded with Ocean Optics QEPRO 

spectrometer with an integration time of 500ms. The data was saved after every sample into 

a timestamped *.txt file which would be uploaded into MATLAB for analysis. 

The excitation light and the fluorescent light travel through a bifurcated fiber optic 

cable where the peripheral fibers illuminate the epicardium, and the central fiber collects 

the NADH fluorescence which travels through long pass filter to dampen the excitation light 

before being recorded. The tip of the cable is placed directly on the side of the heart above 

the LV of the heart in submerged in the perfusate. Having the electrode on the side of the 

heart allows a large degree of freedom preventing the heart from being squeezed by the 

probe, causing ischemia, and an increase in NADH signal. 

This data was processed in MATLAB by loading in the saved text files, parsing out 

the time stamp, spectra, and wavelength data. The spectral data then underwent spectral 

unmixing (Equation 4) to quantify the contribution of NADH to the spectrum. This process 

involves the use of known reference spectra (R(λ)i), and the spectra measured during the 

experiment (λ) to calculate Ci a scalar relating to the contribution of each R(λ)i. The solution 

C was calculated using least-squares curve-fitting in MATLAB. 
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𝜆 =  ∑ 𝐶𝑖 ∗ 𝑅(𝜆)𝑖
𝑖

 

Equation 4: Spectral unmixing. λ = measured spectrum. C = coefficient of reference spectrum. R(λ) = 

reference spectra. 

 

In these studies, three control spectra were used to unmix the spectra collected 

during the experiments. This included a NADH, a light source reflectance, and a base line 

with the baseline being a vector of ones the length of spectral data. Then for further data 

analysis the resulting scalar coefficient for NADH (CNADH) was used. 

 

4.2.4 Sample Preparation 

Hearts used in this study were collected from healthy Sprague-Dawley rats 

anesthetized with isoflurane. Once non-responsive a thoracotomy was performed the heart 

was excised, placed in a bath of chilled heparinized Tyrode’s Solution, canulated, and 

cleared of blood.  Once the heart is excised the cannulation and clearing should be done in 

90 seconds or less to minimize the chance of clotting. Next an incision was made in the 

proximal region of the left atria to visualize the mitral valve, and provide access to the left 

ventricle. The heart was then transferred to a Langendorff gravity perfusion system set to 

80mmHg, and circulating a 150mL of 37°C perfusate. All animal procedures were approved 

by the George Washington University’s Institutional Animal Care and Use Committee. 

 In these studies, two drugs were used, bethanechol, and sodium nitroprusside. 

Additionally, sodium nitroprusside (2μM) was used which is a nitrous oxide doner which 

induces vasodilation. In the earlier preformed studies Bethanechol (10μM) which is a 

muscarinic agonist which increases parasympathetic activity slowing heart rate was used. 
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Several different types of solutions were used during the evolution of this study which 

are listed below:  

• HEPES Free Acid  

o NaCl 115mM, KCl 3.3mM, CaCl2 2.2mM, MgSO4 1.4mM, KHPO4 1mM, 

Glucose 5mM, Na-L-Lactate 1mM, HEPES Free Acid 25mM 

o Gassed with 100% O2 

• HEPES Sodium Salt  

o NaCl 120mM, KCl 3.3mM, CaCl2 2.2mM, MgSO4 1.4mM, KHPO4 1mM, 

Glucose 9mM, Na-L-Lactate 1mM, HEPES Na Salt 25mM 

o Gassed with 100% O2 

• Tyrode’s Solution  

o NaCl 118mM, KCl 4.7mM, CaCl2 2.09mM, MgSO4 0.57mM, KHPO4 

1.17mM, NaHCO3 25mM, Glucose 6mM 

o Gassed with 95% O2 – 5% CO2 

 

4.2.5 Pacing Protocols 

Once the heart is on the perfusion system and had a 5-10min acclimation period 

Bethanechol (10μM) was added to the solution so slow the heart rate. The fiberoptic probe 

was then placed on the LV, and a pacing electrode is placed on the RA of the heart.  

The heart was then paced at a baseline rate of 220bpm (3.67Hz) for 3 minutes. After 

that time the rate was instantaneously increased to 360bpm (6Hz) for 90 seconds. After the 

elevated pacing was complete the heart was returned to 220bpm for at least 3 min to allow 
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the heart to fully recover. After the recovery period this process repeated for 420, and 480 

bpm (7 and 8 Hz). 

After the last recovery period the pacing was turned off and the heart entered normal 

sinus rhythm. While in NSR a sodium nitroprusside aliquot was prepared, a nitrous oxide 

donor which induces vasodilation, and was added to the perfusate to create a 2μM 

concentration. This concentration was previously found to be the smallest concentration that 

provided a maximum effect.  

Once coronary flow increased and reached a steady state the pacing protocol was 

repeated. After the last recovery period, pacing was stopped, and the heart returned to NSR. 

The perfusate was gassed with N2 instead of O2 to put the heart in a state of hypoxia while 

being perfused. After 10-15 min when the NADH recording started to plateau the perfusate 

was gassed again with O2. This measurement will be used to determine the maximum and 

basal levels of NADH in the heart. 

 In later experiments the pacing protocols were altered for consistency and to provide 

a better physiological model. Bethanechol was no longer used, and the base line pacing rate 

was set to 300bpm (5Hz). After 3 minutes at the base pacing the pacing rate would 

exponentially (τ = 2 seconds, ~10 seconds to steady state) increase to 360bpm (6Hz) for 90 

seconds, and then return to the base rate for a 3-minute recovery period. This process 

repeated for rates of 420, and 480bpm (7, and 8Hz).  

 At the end of the recovery period of the set, pacing stop, and the heart went into 

NSR. At this point a sodium nitroprusside aliquot was prepared and added to the perfusate 

for a circulating concentration of 2μM. After the coronary flow stabilized the pacing 
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protocol from above was repeated. Then once the protocol was finished the flow to the heart 

was stopped to put the heart in an ischemic state to find the maximum level of NADH. 

 

4.3 Results 

The perfusate initially used in this study was buffered with HEPES free acid. 

Unfortunately, it was later found that the sodium concentration was ~25mM less than the 

typical sodium concentration of other perfusates. This study was then restarted with using 

HEPES sodium salt as the buffering agent, but this did not work because with the addition 

of the NP it was found that the NP would precipitate out of the solution and obstruct the 

vessels in the heart. The next solution that was used was a Tyrode’s solution which solved 

the NP precipitating, but it was found that the NP would then stick to the tubing and was 

difficult to wash out. The remaining NP in the system then led to an elevated coronary flow 

at the start of the studies that can be seen in the right column of Figure 26 A.   

 Besides the aforementioned, the main difference between the two studies was how 

pacing was applied to the hearts, and that one solution contained sodium-L-lactate which is 

a precursor to pyruvate. The solution that was buffered with HEPES free acid contained 

sodium-L-lactate and was paced instantaneously from base line to the elevated pacing rate. 

While the later studies Tyrode’s solution was used, and the pacing increased at an 

exponential rate to the elevated level instead of an instantaneous increase.     

 



 

 

104 

      

Figure 26:Comparison of coronary flow, LVDP, and NADH between the solution with sodium-L-

lactate (Left Column), and the solution without (Right Column) during 8Hz pacing. Lines are the average 

responses of three animals. Row A: Changes in coronary flow vs time. Row A: Changes in coronary flow vs 

time. Row B: changes in LVDP over time. Row C: Changes in NADH fluorescence coefficient over time. 

Magenta and cyan points on the lines indicate the start and stop of pacing. Dashed line indicates the time of 

peak NADH during packing w/o NP. Dot and Dash line indicates the time of the peak of LVDP during 

pacing w/o NP. 
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The general morphology of the signals aquired are shown in Figure 26. These signals 

are the mean of three different studies for each solution being paced at 8Hz. The most 

notable difference can be seen in Row C of Figure 26 with amplitude of the signals, and 

morphology of NADH signals. Where the solution with sodium-L-lactate there is an 

increase in NADH at the start of pacing where it it then falls below the basline level during 

steady state pacing, and once pacing ends there is a rebound of the signal to the basline level 

or the an overshoot above baseline. In contrast the hearts perfused without the sodium-L-

lactate where there is the iniatial increase, but in the attenuation to steady state the NADH 

signal remains high until after pacing where it returns to baseline. 

In row B of Figure 26 a trend appears betweent the two solutions. Even though the 

calcium content was similart betweent the solutions the solution with sodium-L-lactate had 

a higher peak LVDP, and a lower steady state LVDP than the solution without.  

An additional way of viewing this data is as phase plots in Figure 27. Where instead 

of ploting a dependent variable vs. time, two time-aligned dependent variables are plotted 

against each other, which helps better understand the direct relationship between the 

variables as the heart adjusts to increased work, and we can see the shifts in the response 

when coronary flow is increased. The only pitfall is that the perception of time can be lost.  
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Figure 27: Phase plots of the relationships between Coronary Flow, LVDP, and NADH under three 

pacing rates (6, 7, and 8 Hz), with and without sodium nitroprusside (NP), with a side-by-side comparison of 

the result using a solution with sodium-L-lactate, and a solution without. Each line is the average response 

from 3 animals. Left Column: Solution with sodium-L-lactate. Right Column: Solution without sodium-L-

lactate. Row A: Coronary Flow vs LVPD. Row B: Coronary Flow vs NADH. Row C: LVDP vs. NADH.    

 

 The amplitude response from the work increase with the solution with sodium-L-

lactate are plotted in Figure 28. From these experiments we found the initial increase in 
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LVDP from pacing increased in response to higher pacing rates. The initial change in 

pressure tended to be the same at the 6Hz pacing with and without NP. But, at the 8Hz 

pacing the initial LVDP increase tended to be higher with the addition of NP, as seen in 

Figure 28 A. Conversely there was a decrease in LVDP from baseline that decreased further 

with higher rates. The change in pressure from baseline to steady state, Figure 28 B, tended 

to be lower with the addition of NP especially during 6Hz pacing.  

From the studies using the solution with sodium-L-lactate the mean baseline 

coronary flow was 12.45mL/min, and 22.38mL/min with the addition of NP. Figure 28 C 

& D shows the responses to the increased pacing rates. With the higher rates the initial dip 

in coronary flow increased as well with this exacerbated with the addition of NP.  Steady 

state flow tended to increase with higher pacing rates as well, but with the addition of NP 

the increase in coronary flow was minimal which was expected. 

The metabolic response based on NADH fluorescence for the hearts perfused with 

the solution containing sodium-L-lactate can be seen in Figure 28 E & F.  From the data 

collected we found that the initial rise in NADH fluorescence increased when paced at 

higher rates, and the amplitude of this response decreased with the addition of NP. During 

the steady state pacing the without NP the steady state NADH signals tended to be less than 

the baseline signal at 6 Hz, but at 8 Hz the reduction of NADH fluorescence is negatable. 

Meanwhile the initial peak, and steady state of NADH is much less with the NP.   
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Figure 28: Changes in flow, LVDP, and NADH from baseline during pacing at 6 & 8 Hz before and 

after the addition of NP for tests where the solution contains sodium-L-lactate. Bars are the average of n = 3, 

and whiskers are the standard deviation. The mean base flow before the addition of NP was 12.45 mL/min. 
A: Change in LVDP from baseline to the initial peak LVDP. B: Changes in LVDP from the baseline to the 

steady state LVDP. C: Changes in coronary flow from baseline to the initial dip in coronary flow after pacing. 

D: Changes in coronary flow from baseline to steady state during pacing. E: Changes in NADH from base 

line to peak NADH after pacing, measured as % of baseline value. F: Changes in NADH from base line to 

steady state NADH after pacing, measured as % of baseline value. 
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Figure 29: Time differences between the start of pacing and features in coronary flow, LVDP, and 

NADH during pacing at 6 & 8 Hz before and after the addition of NP for tests where the solution contains 

sodium-L-lactate. Bars are the average of n = 3, and whiskers are the standard deviation. A: Time difference 

from the start of pacing to the minimum of the initial dip in coronary flow. B: Time difference from the 

minimum of the initial coronary flow drop to the maximum coronary flow during pacing. C: Time difference 

from the start of pacing to peak coronary flow. D: Time difference from the start of pacing to the initial peak 

LVDP. E: Time difference from the start of pacing to LVDP returning to baseline. F: Time difference from 

the start of pacing to the peak measurement of NADH.  
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In addition to the initial amplitude responses response of coronary flow, LVDP, and 

NADH to pacing the times from the start of pacing to landmarks in those signals were 

measured which can be found in Figure 29.  Between pacing with and without NP we found 

that for most time points it took longer for landmarks to be reached with NP. This includes 

the time from the start of pacing to the initial dip in flow, the elevated LVDP returning to 

baseline levels, time to peak LVDP, time to maximum coronary flow, and time to peak 

NADH. Additionally, it was found that time from minimum coronary flow to maximum 

flow was consistent with and without the addition of NP. 

 

4.4 Discussion 

From the data collected there were apparent differences in some of the signal 

morphologies between the solutions used. With the addition of sodium-L-lactate the 

baseline signal intensity was much greater[138], [139]. This is due to lactate dehydrogenase 

converting lactate to pyruvate converting a NAD+ to NADH+H+. Also, with the additional 

pyruvate there is an ample substrate to fuel the Krebs cycle which is a large generator of 

NADH.  

The change in NADH signal morphology could also be explained by the addition of 

lactate to the solution. Experiments performed by White et. al. which were similar to ours 

but in cells used a solution with glucose and β-hydroxy butyrate[140]. The β-hydroxy 

butyrate is a fatty acid that can be processed with β-oxidation to produce pyruvate, so in 

essence the solution by White el. al. used two cellular mechanism to produce pyruvate for 

the Krebs cycle[140]. With both fuel sources the NADH signals that they produced with the 

cells were paced at an increased rate were very similar to the signals on the left column of 
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Figure 26 C, except for the initial NADH signal spike. Furthermore, when White et. al. used 

a solution with glucose, β-hydroxy butyrate, and deoxy-glucose, which inhibits glycolysis, 

their NADH signals closely resembled the signals on the right column of Figure 26 C.  

While both β-oxidation, and glycolysis are both active mechanisms, their activity 

compete with each other. It has been found that increased fatty acid oxidation in the heart 

decreases glucose oxidation, while increasing glucose oxidation inhibits fatty acid 

oxidation[141]. However, β-oxidation is typically the predominant contributor of acetyl-

CoA producing 60-90%, meanwhile the oxidation of pyruvate is responsible of 10-40% of 

acetyl-CoA production, and the glycolysis tends to increase in times of increased work, and 

heart failure[142].  

From this, it would seem that the NADH signals in left column of Figure 26 C may 

be more physiologically accurate than right column Figure 26 because the output of 

glycolysis is not enough to sustain the Krebs cycle leaving the heart with a smaller energy 

capacity.  Therefore, the addition of lactate, pyruvate, or a fatty acid in solutions might yield 

more physiological accurate data, especially with working hearts. 

The initial spike in NADH fluorescence is lessened with the addition of NP shown 

in Figure 28 C and Figure 28 E. This initial spike is believed to occur due to the rapid 

increase in pacing causing an increased time is systole, when coronary flow stops, leading 

to reduction in coronary flow, and vasodilation is not quick enough to respond. This can be 

seen in Figure 26 A & D where the time from pacing to minimum flow occurs around the 

same time as the LVDP peak. With the increase in work, and limited oxygen supply, this 

leads to a period of hypoxia where NADH accumulates shown in Figure 26 C. By the time 

the increase in LVDP returns to baseline, and continues to decrease, the peak in NADH 
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tends to occur and continues to decrease as well. Meanwhile coronary flow continues to 

increase to meet the oxygen demand, and oxidative phosphorylation accelerates and pushes 

NADH levels below baseline.  

 Lastly the peak in LVDP after pacing was consistent whether or not NP was in the 

solution shown in Figure 28 A. However, the decreased change in LVPD during steady state 

was less with the addition of NP (Figure 28 B), but the time it took for the LVPD to return 

to baseline was slightly greater with NP as well (Figure 29 E).  

The cause of the decreased steady state LVDP might be explained by a buildup of 

metabolites in the solution because the addition of NP was at last half of the study. Or it 

could be an effect of the NP itself. 

The initial peak in LVPD, and time for LVDP to return to baseline is believed to be 

from energy stored in phosphocreatine (PCr). Additionally, with increased oxygenation with 

NP a slightly higher-level PCr existing before pacing increased the time to return to baseline 

(Figure 29 E). This is believed to be the case because PCr is a very small capacitor of energy, 

and while not an ideal analog Gaitanos et al found in athletes that PCr during high levels of 

anerobic work deplete after 6 seconds which is close to the time it took LVDP to return to 

baseline levels[143]. 

 Additionally, we hypothesize that the increase in rate triggers the increase in 

pressure fueled by phosphocreatine, but this pressure is not maintained because there is no 

system that the heart is working on, or sympathetic nervous system stimulation increasing 

contractility. In the body healthy hearts when experiencing an increase in rate increase 

systemic blood pressure further influencing the hearts contractility through increased 

diastolic blood pressure. The increased diastolic blood pressure increases the volume filling 
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the ventricles, causes stretching of the muscle, and a more forceful contraction; this is 

known as the Frank Starling Effect. Without these systemic functions elevated LVDP in ex 

vivo studies might not be experiences.  

 

4.5 Future Directions 

The data collected showed interesting results with the main factor being the addition 

of sodium-L-lactate which removes the limitations of glycolysis, but the insight on how 

physiologically accurate this is could be improved. Some of the measurements performed 

in this study can be or potentially be done in vivo. In this study the animal would be 

anesthetized, and have a pressure probe catheter inserted into the heart through the right 

common carotid artery. With this LVDP could be measured, and with the right probe 

ventricular volume could also be measured. After the catheter has been inserted the animal 

would then be ventilated and have a thoracotomy preformed to visualize the heart to place 

the fiberoptic probe the measure NADH, and to pace the heart. Unfortunately, coronary flow 

might not be measurable.  

Depending on the results of the previous study a potentially more appropriate 

solution could be used in an updated ex-vivo study. Adding to this study the recording of 

action potential would be good data to have which could be implemented with a monophasic 

action potential (MAP) recording or a with a micro electro array. This provides insight into 

the adaptation in cardiac electrophysiology during increases of increased work, and 

metabolic demand. 

Additionally, instead of using gravity perfusion a constant flow perfusions system 

could be used. Using this method the coronary flow dynamics could be a variable that can 
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be controlled to further modulate oxygen delivery lower or higher. This could model degrees 

of ischemic heart disease and investigate the initial peak in NADH that is seen.    

Another factor that came of interest was cardiac phosphocreatine. Phosphocreatine 

has been extensively studied in sports medicine. However, in regards of the heart the 

contribution of phosphocreatine to metabolic dynamics has more potential for study 

especially since the patients with heart failure have decreased levels of 

phosphocreatine[144], [145], [146].  

 

Chapter 5 - Conclusion 

In the first project we were able to build a panoramic imaging system for perfused 

hearts, providing a method to collect the heart’s surface geometry, tissue fluorescence, and 

to optically recorded action potentials. To process this data custom software was 

implemented into GUIs in MATLAB. With the developed code we could then calibrate our 

cameras, produce a 3D surface reconstruction of the heart, filter optical mapping & spectral 

data, probe & analyze hyperspectral data, and texture-map all the data onto the model to 

correlate the underlying tissue type to the optically recorded action potential. Additionally, 

k-means++ was facilitated in a method to analyze the data. Where k-means++ was used to 

group tissue, regions based on the spectral characteristics, and optically recorded action 

potentials within each of the regions to remove outliers. Using this method, we were able to 

find differences between healthy, border, and infarcted tissue.     

The second project was to use the developed imaging system to study changes in 

electrophysiology at 1-,2-,4-weeks post MI. After the collection and processing data we 
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found that infarct tissue fluorescence increased through time similar to histological results 

indicating scar maturations. Additionally, APD increased from healthy to border to infarcted 

tissue across all timed points, and that APD was the longest during Week 2 in all tissue 

regions. During S1S2 pacing investigating arrhythmia incidence we found that hearts in 

Week 2 had the highest incidence of PVCs. Lastly conduction through the infarct was found 

during all time points, and there were no changes in RV APD.  

Future work using this system includes investigating hearts with a more chronic 

infarct, or other heart failure models, where patches of fibrosis can be found throughout the 

myocardium. Additionally, we believe that fibroblasts and cytokine levels influence the 

changes in optically recorded action potentials, and investigation of their contributions to 

cardiac EP could provide valuable insights.  

In the last study we investigated the dynamic adjustment of coronary flow, NADH 

fluorescence, and contractility during sudden increases in work. We studied how these 

parameters change when there is an increase in oxygenation to the heart provided by an 

increase in coronary flow. We found that vasodilation is slow to respond to sudden increase 

in HR, and coronary flow is reduced due to an increased time in systole. The reduction in 

coronary flow occurred during a peak measurement of LVDP, and led to an increase of 

NADH. Then as coronary flow increases NADH decreases to levels lower than what was 

seen before the increase in pacing. Our primary findings when NP was added to induce 

vasodilation were that the initial dip in coronary flow was greater, LVDP was lower during 

the steady state of pacing, and the peak & steady state NADH levels were lower.  

Work for this study will need to continue in better-powered investigations and by 

varying ionic composition of the solutions better reflecting physiological state. The study 
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could also be performed with a constant flow Langendorff system could be used to better 

control the coronary flow variable. Additionally investigating phosphocreatine’s 

contribution to this response could be valuable because patients with HF have been found 

to have decreased levels.  
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Appendix A: Publications & Presentations, Including Works in Progress 

 

To be submitted: 

• Grant Kowalik et. al. “Panoramic Hyperspectral Optical Mapping of Cardiac 

Membrane Potential and Tissue Type” 

 

In preparation:  

• Grant Kowalik et. al. “Panoramic Imaging of the Recovery of Infarcted Hearts: 

Myocardial Infarction Healing, Changes in Conduction, and Arrhythmogenesis” 

 

Publications contributed to:  

• J. Rodriguez et. al., “Hypothalamic Oxytocin Neuron Activation Attenuates 

Intermittent Hypoxia-Induced Hypertension and Cardiac Dysfunction in an Animal 

Model of Sleep Apnea,” Hypertension, vol. 80, no. 4, pp. 882–894, Apr. 2023, doi: 

10.1161/HYPERTENSIONAHA.122.20149.[147] 

 

• E. C. Cheung et al., “Sex differences in cardiac transcriptomic response to neonatal 

sleep apnea,” Physiological Reports, vol. 12, no. 13, p. e16110, 2024, doi: 

10.14814/phy2.16110.[148] 

 

• K. J. Schunke et. al., “Outcomes of hypothalamic oxytocin neuron-driven 

cardioprotection after acute myocardial infarction,” Basic Res Cardiol, vol. 118, no. 

1, p. 43, Oct. 2023, doi: 10.1007/s00395-023-01013-1.[149] 

 

• W. Li et. al., “High-throughput optical sensing of peri-cellular oxygen in cardiac 

cells: system characterization, calibration, and testing,” Front Bioeng Biotechnol, 

16:11:1214493, 2023, doi: 10.3389/fbioe.2023.1214493.[150] 

 

• R. T. Yin et. al., “Open thoracic surgical implantation of cardiac pacemakers in rats,” 

Nat Protoc, vol. 18, no. 2, pp. 374–395, Feb. 2023, doi: 10.1038/s41596-022-00770-

y.[151] 

 

•  Z. Chen et. al., “Transparent and stretchable metal nanowire composite recording 

microelectrode arrays,” Oct. 14, 2022, bioRxiv. doi: 

10.1101/2022.10.11.511842.[152] 

 

• A. Moreno, G. Kowalik, D. Mendelowitz, and M. W. Kay, “Optogenetic Control of 

Cardiac Autonomic Neurons in Transgenic Mice,” in Channelrhodopsin: Methods 

and Protocols, R. E. Dempski, Ed., New York, NY: Springer US, 2021, pp. 309–

321. doi: 10.1007/978-1-0716-0830-2_18.[153] 
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•  V. Jain et. al., “Intranasal oxytocin increases respiratory rate and reduces 

obstructive event duration and oxygen desaturation in obstructive sleep apnea 

patients: a randomized double blinded placebo controlled study,” Sleep Medicine, 

vol. 74, pp. 242–247, Oct. 2020, doi: 10.1016/j.sleep.2020.05.034.[154] 

 

Abstracts & Presentations:  

• G. Kowalik, M. Loew, E. Entcheva, and M. W. Kay, “MP-470543-008 

PANORAMIC HYPERSPECTRAL OPTICAL MAPPING OF CARDIAC 

MEMBRANE POTENTIAL AND TISSUE TYPE IN INFARCTED HEARTS,” 

Heart Rhythm, vol. 21, no. 5, pp. S55–S56, May 2024, doi: 

10.1016/j.hrthm.2024.03.371.[155] 

 

• G. Kowalik “Multimodal Optical Imaging and 3D Reconstruction of the Heart,” 

BME Day GWU 2023, DC,  
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