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Abstract 

The motivation for this research was to fill gaps in the current understanding of the 

electromechanical interactions in the heart, with the expectation that this improved 

understanding will lead to better treatment for cardiac diseases, specifically cardiac 

arrhythmias and dyssynchronous heart failure (DHF). 

This research was conducted using a computer modeling approach, making it possible 

to analyze the electrical and mechanical activity in the whole heart at a high 

spatiotemporal resolution. First, it was investigated how the recruitment of stretch-

activated channel (SAC) affects scroll wave stability. Second, the predominant 

mechanism underlying stroke work improvement in the acute response of cardiac 

resynchronization therapy (CRT) was determined. Third, the feasibility of optimizing 

CRT pacing locations to achieve maximal hemodynamics improvement while 

simultaneously minimizing ATP consumption heterogeneity throughout the left ventricle 

in the DHF ventricles was demonstrated. 

Regarding the effects of mechano-electric feedback on arrhythmias, It was found that 

recruitment of SAC affects scroll wave stability differently depending on SAC reversal 

potential and channel conductance; the mechanisms are also different. Regarding CRT 
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therapy for DHF patients, the predominant mechanism underlying stroke work 

improvement in the acute response of CRT was found to be efficient preloading of the 

ventricles by a properly timed atrial contraction instead of resynchronization of 

ventricular contraction. Reduction of mitral regurgitation by CRT led to stroke work 

worsening. Lastly, an ATP based method to optimize CRT pacing sites was suggested for 

DHF ventricles. 

This research provides insights into the electromechanical interactions in the heart, 

and will contribute to the development of better treatment for cardiac diseases, 

specifically cardiac arrhythmias and DHF. 

 

Primary Reader: Dr. Natalia A. Trayanova 

Secondary Reader: Dr. Thao Nguyen 

 

 

 

 

 

 

 

 

 

 



IV"

"

 

 

 

 

 

 

 

 

To my parents 

 

 

 

 

 

 

 

 

 



V"

""

 

 

 

Acknowledgments 

This work will not be possible without the support of my advisor, Dr. Natalia 

Trayanova. I thank her for the knowledge she generously imparted to me and the 

resources she provided to maximize my learning experience. I also thank her for the 

freedom she gave me in exploring my academic interests and taking on different projects.  

I thank Dr. Viacheslav Gurev for teaching me cardiac mechanics and providing me 

with the best cardiac mechanics model for my project.  

I thank Dr. Jason Constantino for his help in everything, from polishing academic 

writings to SBE I homework.  

I thank all my lab peers for being my best friends in Baltimore. 

Last but not least, I want to thank my parents, especially my mother, for always 

supporting me, both financially and emotionally. Without their encouragements and 

belief in my abilities, I would not have gone this far. 

 

 



VI"

"

 

 

 

Table of Contents 

ABSTRACT…………………………………………………………………………..….II 

ACKNOWLEDGEMENTS…………………………………………….........................V 

TABLE OF CONTENTS ……………………………………………………………...VI 

LIST OF TABLES………………………………………………………………….......XI 

LIST OF FIGURES………………………………………….......................................XII 

LIST OF ABBREVIATIONS………………………………………………………...XV 

CHAPTER 1………………………………………………………………………….......1 

BACKGROUND AND MOTIVATION……………….…………………………….…1 

1.1 The heart…………………………………………………………………….…….1 

1.1.1 Electrical signal in the heart………………………………………....……1 

1.1.2 Cardiac arrhythmias………………………………………………....……3 

1.1.3 Excitation-contraction coupling and sliding filament mechanism………..5 

1.2 Mechano-electric feedback……………………………………………………......6 

1.3 Cardiac resynchronization therapy………………………………………………..7 

1.4 Motivation………………………………………………………………………...7 



VII"

"

1.4.1 Effects of mechano-electric feedback (recruitment of stretch-activated 

channel) on scroll wave stability………………………………………………8 

1.4.2 Predominant mechanism underlying stroke work improvement in the acute 

response of CRT…………………………………………...………………….8 

1.4.3 Optimizing CRT to minimize ATP consumption heterogeneity throughout 

the left ventricle………………………………………………...……………..9 

1.5 Aims………………………………………………………………………………9 

CHAPTER 2…………………………………………………………………………….11 

OVERARCHING METHODS …………………………..............................................11 

2.1 Electromechanical model……………………………………………………….. 11 

2.2 Modeling cardiac electrophysiology and excitation-contraction coupling………12 

2.3 Modeling cardiac mechanics …………………………………………………….13 

2.3.1 Governing equations……………………………………………………….13 

2.3.2 Finite element interpolation………………………………………………..14 

2.3.3 Boundary conditions and numerical solver………………………………...17 

CHAPTER 3…………………………………………………………………………….18 

EFFECTS OF MECHANO-ELECTRIC FEEDBACK ON SCROLL WAVE 

STABILITY IN HUMAN VENTRICULAR FIBRILLATION …………………….18 

3.1 Introduction……………………………………………………………………...18 

3.2 Materials and methods…………………………………………………………...20 

3.2.1 Electromechanical model…………………………………………………..20 

3.2.2 MEF………………………………………………………………………..24 



VIII"

"

3.2.3 VF induction protocol……………………………………………………...25 

3.2.4 Scroll-wave filaments and pseudo ECGs………………………….............25 

3.3 Results…………………………………………………………………………...26 

3.3.1 VF in the electromechanical model without SAC representation…………27 

3.3.2 Inclusion of SAC with VSAC of -60mV results in partial suppression of scroll 

wave breakup by flattening of the APD restitution curve…………………...27 

3.3.3 Recruitment of SAC with VSAC of -10mV diminishes scroll wave breakup at 

low gSAC, but not at large gSAC………………………………………………30 

3.4 Discussion……………………………………………………………………….34 

3.4.1 The MRI-based electromechanical model of the human ventricles……….34 

3.4.2 Alteration of cellular electrophysiological properties by MEF……………35 

3.4.3 Effects of MEF on CV…………………………………………………….36 

3.4.4 Effect of SAC recruitment on scroll wave stability……………………….37 

3.4.5 Study limitations…………………………………………………………...39 

CHAPTER 4…………………………………………………………………………….41 

EFFICIENT PRELOADING OF THE VENTRICLES BY A PROPERLY TIMED 

ATRIAL CONTRACTION UNDERLIES STROKE WORK IMPROVEMENT IN 

THE ACUTE RESPONSE TO CARDIAC RESYNCHRONIZATION THERAPY 

4.1 Introduction………………………………………………………………………41 

4.2 Methods………………………………………………………………………….43 

4.2.1 MRI-based electromechanical model of the DHF canine ventricles ……...43 

4.2.2 CRT simulation…………………………………………………………….46 



IX"

"

4.3 Results……………………………………………………………………………48 

4.4 Discussion………………………………………………………………………..56 

4.4.1 The acute response to CRT …......................................................................56 

4.4.2 Optimal AV delay………………………………………………………….57 

4.4.3 Mitral regurgitation reduction due to CRT.………………………………..58 

4.4.4 Clinical significance……………………………………………………….59 

4.4.5 Limitations…………………………………………………………………59 

4.5 Conclusion……………………………………………………………………….60 

CHAPTER 5…………………………………………………………………………….61 

OPTIMIZING CRT TO MINIMIZE ATP CONSUMPTION HETEROGENEITY 

THORUHGOUT THE LEFT VENTRICLE: A SIMULATION ANALYSIS USING 

A CANINE HEART FAILURE MODEL 

5.1 Introduction……………………………………………………………………...61 

5.2 Materials and methods…………………………………………………………..63 

5.2.1 CRT simulation protocol ……………………...…………………………..63 

5.2.2 Data analysis………………………………………………………………65 

5.3 Results…………………………………………………………………………...65 

5.4 Discussion……………………………………………………………………….73 

5.4.1 CRT-induced improvement in ATPCTHI and stroke work……….………74 

5.4.2 Clinical significance.………………………………………………………76 

5.4.3 Limitations…………………………………………………………………77 

5.5 Conclusion……………………………………………………………………….78 



X"

""

CHAPTER 6…………………………………………………………………………….79 

OVERARCHING DISCUSSION……………………………………………………...79 

APPENDIX A…………………………………………………………………………...83 

A.1 Supplemental Methods…………………………………………………………..83 

A.1.1 Overview of the MRI-based electromechanical model of the DHF 

ventricles……………………………………………………………………..83 

A.1.2  Myofilament model………………………………………………………84 

A.1.3 Simulating LBBB activation and CRT in the canine ventricles…………..85 

A.1.4 Calculating the degree of heterogeneity in ATP consumption throughout the 

LV……………………………………………………………………………86 

A.1.5 Calculating stroke work improvement…………………………………….88 

A.2 Supplemental Results and Discussion: stroke work improvement in the acute 

response of CRT…………………………………………………………………89 

BIBLIOGRAPHY………………………………………………………………………92 

VITA…………………………………………………………………………………….99 

 

 

 

 

 

 



XI"

"

 

 

 

List of Tables  

CHAPTER 3:  

Table 3.1 Adjusted parameters of the Kerckhoffs et al. circulatory model….......…23 

Table 3.2 The average number of filaments in the VF human ventricular 

electromechanical model with SAC of VSAC of -60mV for different gSAC..……...…..27 

Table 3.3 The average number of filaments in the ventricular model with SAC of 

VSAC of -10mV for different gSAC………………………………………………………31 

CHAPTER 4: 

Table 4.1 Stroke work improvement in simulation protocol III…………………….49 

Table 4.2 Stroke work improvement for various AV delays………………………...51 

Table 4.3 Diminution of mitral regurgitation by CRT led to stroke work 

worsening………………………………………………………………………………..54 

 

 

 



XII"

"

 

 

 

List of Figures 

CHAPTER 3: 
Figure 3.1 MRI-based electromechanical model of the human ventricles.……........22 

Figure 3.2 VF in the electromechanical model without SAC representation......…...26 
Figure 3.3 Recruitment of SAC with VSAC of -60mV flattens the single-cell APD 

restitution curve………………………………………………………………………...28 

Figure 3.4 Recruitment of SAC with VSAC of -60mV diminishes scroll wave  

breakup……………………………………………………………….…………………29 

Figure 3.5 Recruitment of SAC with VSAC of -10mV diminishes scroll wave breakup 

at low gSAC.………………………………………………………………………………31 

Figure 3.6 Recruitment of SAC with VSAC of -10mV results in scroll wave breakup at 

large gSAC. ………………………………………………………………………….........33 

 

CHAPTER 4: 

Figure 4.1 Geometry (left) and fiber orientation (right) of the DHF canine 

ventricular model……………………………………………………………………….43 



XIII"

"

Figure 4.2 Distribution of fiber strain at three different time instants in the failing 

canine ventricular model with simulated LBBB electrical 

activation………………………………………………………………………………...50 

Figure 4.3 Efficient preloading of the ventricles by a properly timed atrial 

contraction underlies stroke work improvement in the acute response to 

CRT……………………………………………………………………………………...53 

Figure 4.4 Reduction of mitral regurgitation associated with CRT caused a 

worsening in stroke work……………………………………………………………....55 

 

CHAPTER 5: 

Figure 5.1 Methods……………………………………………………………………..64 

Figure 5.2 Fiber strain and 3D distribution of ATP_cT in the DHF canine 

ventricular model with simulated LBBB electrical activation……………………….66 

Figure 5.3 Distribution of improvements in both ATPCTHI and stroke work over 

all pacing sites…………………………………………………………………………...67 

Figure 5.4 Electrical activation pattern in the canine ventricles corresponding to 

sinus rhythm, LBBB, and CRT from the optimal epicardial LV pacing 

site………………………………………………………………………………………..69 

Figure 5.5 The number of CRT LV pacing sites that gave rise to improvement above 

a certain level in both stroke work and ATPCTHI as a function of that level……...70 

Figure 5.6 Mechanism by which pacing sites midway between apex and base lead to 

larger improvement in ATPCTHI……………………………………………………..71 



XIV"

"

 

APPENDIX A: 

Figure A.1 The myofilament model reproduces experimentally determined 

relationship between ATP consumption and stress-strain area and the relationship 

between ATP consumption and tension at different temperatures………………….85 

Figure A.2 Pressure-volume loops for the DHF ventricles and the ventricles 

following CRT from the LV site that resulted in maximal stroke work 

improvement…………………………………………………………………………….90 

 

 

 

 

 

 

 

 

 



XV"

"

 

 

 

List of Abbreviations 

APD = action potential duration 

ATP_c = ATP consumption per myosin head 

ATP_cT = total ATP_c over one pacing cycle 

ATPCTHI = ATP_cT heterogeneity index 

AV delay = atrioventricular delay 

CRT = cardiac resynchronization therapy 

CV = conduction velocity 

DHF = dyssynchronous heart failure 

DTMRI = diffusion tensor magnetic resonance image 

ECG = electrocardiogram 

HH = Hodgkin and Huxley 

LA = left atrium 

LBBB = left bundle branch block 

LV = left ventricle 

MEF = mechano-electric feedback 

MRI = magnetic resonance image 



XVI"

"

RA = right atrium 

RV = right ventricle 

SAC = stretch-activated channel 

SR = sarcoplasmic reticulum 

VF = ventricular fibrillation 



 1 

 

 

 

Chapter 1 

Background and Motivation 

1.1 The heart 

The heart is the pump in the cardiovascular system. The human heart has four 

chambers: the left atrium (LA), the right atrium (RA), the left ventricle (LV) and the right 

ventricle (RV). Each has its own unique function. The vena cava delivers deoxygenated 

blood into the RA and then the blood flows into the RV. The RV pumps the blood 

through pulmonary artery into the lungs for gaseous exchange so that the blood can be 

oxygenated. Oxygenated blood returns back into the left side of the heart through 

pulmonary vein. It first goes into the LA and then into the LV, from which it gets 

pumped into the circulatory system through aorta. The mechanical pumping action of the 

heart is controlled by an electrical signal that usually originates from sinoatrial node 

located in the RA of the heart.  The cardiac cycle usually repeats 50 to 120 times per 

minute in humans. 

 

1.1.1 Electrical signal in the heart 
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The electrical signal, in sinus rhythm, originates from the sinoatrial node and 

propagates down the atrium to the atrioventricular node. It then propagates through the 

Purkinje fibers, into the respective bundle branches and finally excites the ventricular 

walls. The heart muscle (myocardium) is made up of coupled electrically excitable cells 

(cardiac myocytes). These cells fire action potentials and are electrically coupled through 

gap junctions, which provide low resistance for the action potential to propagate between 

neighboring cells, thus allowing for the rapid conduction of electrical signal.  

The excitability of cardiac myocytes is facilitated by ionic currents through different 

ion channels located in the cell membrane of the cardiac myocytes. The main ion 

channels involved in the generation of action potentials are sodium channels, potassium 

channels and calcium channels. A typical action potential generated by a ventricular 

myocyte consists of 5 phases. During phase 0 of the action potential, fast depolarization 

of the cardiac myocyte occurs as sodium channels open to allow sodium current to flow 

from the extracellular space into the cytoplasm. Phase 1 of the action potential involves 

inactivation of sodium channels and activation of Ikto, which allows early repolarization 

of the cells and gives the ‘notch’ in action potential morphology. During phase 2, both L-

type calcium channels and delayed rectifier potassium channels are activated and the two 

currents balance out so that the action potential reaches a plateau. In phase 3, which is the 

repolarization phase, calcium channels are inactivated and potassium current dominates 

to allow repolarization of cardiac myocytes back to their resting phase. At the resting 

phase, Ik1, the inward rectifier, is dominant. A myocyte is only excitable when it is non-

refractory, i.e. when excitable channels have fully recovered, which corresponds to late 

repolarization or resting phase. Action potential duration (APD) depends on the duration 
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of the diastolic interval; diastolic interval is the difference between the coupling interval 

between the two stimuli and the APD. The relationship between APD versus diastolic 

interval is termed APD restitution relation, which is an important determinant of scroll 

wave stability (see 1.1.2 Cardiac arrhythmias for definition of scroll waves); a maximal 

APD restitution slope of >1 has been shown to promote scroll wave breakup (1). 

Cardiac myocytes exhibit different action potential morphologies transmurally. 

Action potential in epicardial cells (cells in the outermost layer of the myocardium) has a 

more prominent ‘spike and dome’ morphology compared to that in the endocardium 

(innermost layer of the myocardium) and mid-myocardium (middle layer of the 

myocardium). Action potential in the mid-myocardium is longer than that in the 

epicardium and endocardium. The different action potential morphologies of various cell 

types coordinate the electrical and mechanical activity of the myocardium and thus allow 

proper function of the heart. 

 

1.1.2 Cardiac arrhythmias 

Cardiac arrhythmias are any disturbances of normal cardiac rhythm. Abnormally slow 

rhythms (<60 bpm) are called bradyarrhythmias and abnormally fast rhythms (>100 bpm) 

are called tachyarrhythmias. The most severe type of arrhythmias is fibrillation, which is 

completely disorganized electrical state that mostly degenerates from tachycardia. 

One important mechanism for tachyarrhythmias is reentry. Reentry is characterized 

by an abnormal activation wavefront which reenters a previously-excited region and 

forms a circular electrical loop. Three conditions have to be met for reentry to occur: 1) 

an excitation wave has to encounter conduction block; 2) propagation of the excitation 
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wave along an alternate pathway around area of block is allowed (unidirectional block); 3) 

the propagation wave must always find excitable tissue in the direction of propagation. 

The last requirement implies that the reentry circuit pathway has to be longer than the 

wavelength, which is given by the product of conduction velocity (CV) and effective 

refractory period (a period of time following an action potential during which a new 

action potential cannot be initiated). 

Reentry can be either anatomical or functional. In anatomical reentry, a central 

physical (non-conducting) obstacle such as scar tissue that forces the wave to take a 

detour around it has to be present. In functional reentry, no physical obstacle is required 

as it is created by refractory tissue. Scroll waves are formed in functional reentry and the 

core of reentry is unexcited excitable tissue. 

The re-entrant wave in tachycardia exhibits a relatively stable and repeatable pattern. 

However, tachycardia also degenerates into fibrillation when the activation wavefront 

breaks up into multiple re-entrant circuits and no longer repeats its stable cycle of 

activation. In ventricular fibrillation (VF), activation occurs chaotically throughout the 

ventricular tissue which results in uncoordinated contraction of myocardium, failed 

pumping of blood into the circulatory system and thus sudden cardiac death within 

minutes. Tachycardia and fibrillation can be differentiated on the electrocardiogram 

(ECG): fast and regular ECG is a manifestation of tachycardia, whereas irregular and 

complex ECG demonstrates the existence of fibrillation. 

Scroll wave filaments are the organizing centers of scroll waves. The number of 

filaments throughout the ventricular tissue can be used to assess the stability of scroll 

waves. The larger the number of scroll wave filaments, the more unstable the scroll 
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waves. There are usually very few filaments in tachycardia, but there are multiple 

filaments in fibrillation. 

 

1.1.3 Excitation-contraction coupling and sliding filament mechanism 

The cell membrane has deep invaginations called T-tubules in which most of the L-

type calcium channels are located. During the plateau phase of the action potential, L-

type calcium current flows into the cytoplasm, triggering release of large amount of 

calcium from sarcoplasmic reticulum (SR) into cytoplasm through ryanodine receptor. 

Calcium-induced calcium release is graded with the amount of trigger calcium and the 

amount of calcium in SR. Calcium then activates myofilaments and allows contraction of 

the myocardium.  

Contraction of cardiac myocytes is a result of cyclical interactions between the 

contractile proteins actin and myosin. Actin and myosin are arranged in a regular lattice 

of units called sarcomere. Actin is a thin filament that is arranged as a two-stranded helix 

of actin monomers. Myosin is a thick filament with myosin heads attached. After 

calcium-induced calcium release, calcium first binds to troponin C. Cooperative 

conformational changes then occur in the troponin-tropomyosin system to expose actin 

sites and thus inhibition of actin and myosin interaction is released. The crossbridges of 

myosin heads on the thick filaments then attach to actin filaments. Consequently, tension 

is exerted and the muscle shortens.  

To allow relaxation of the myocardium, calcium is removed mostly through the SR 

Ca2+ ATPase pump into SR. Some of the calcium is removed through sodium-calcium 

exchanger and sarcolemmal Ca-pump. Calcium comes off troponin C as a result of the 
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deficiency of calcium in the fluid around the myofibrils. Troponin-tropomyosin inhibits 

interaction of actin and myosin. As a result, crossbridges are detached from the thin 

filaments. Active tension decreases back to resting value and the rest length is restored. 

 

1.2 Mechano-electric feedback (MEF) 

MEF is the modulation of cardiac electrical activity by cardiac mechanics. 

Mechanical stimulation has long been found to cause electrical activity in the heart (2). 

However, the molecular mechanisms through which mechanical stimulation induces 

electrical activity are still unclear. It has been suggested that stretch-activated channels 

(SACs) are involved in mechanically induced electrical activities. SACs are ion-

conducting channels in the cell membrane that open in response to positive strain (3, 4). 

Many single-channel and whole-cell studies on cardiomyocytes have been conducted and 

the presence of SACs in a wide variety of cardiomyocytes has been proved (5). Many 

different types of ion channels have been identified including the non-selective cation 

SAC and potassium conducting SAC. The reversal potential for a non-selective cation 

SAC has been reported to be halfway between the resting membrane potential and the 

action potential plateau (5-8). Recruitment of non-selective cation SACs results in 

depolarization, possibly ectopic beats during diastole; recruitment of non-selective cation 

SAC during systole speeds up early repolarization and prolongs late repolarization, 

resulting in a crossover of action potentials and prolongation of APD. The reversal 

potential of a potassium-conducting SAC has been reported to be more negative than the 
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resting membrane potential (9-11). Recruitment of potassium-conducting SACs causes 

repolarization during systole and results in shortening of APD. 

 

1.3 Cardiac resynchronization therapy 

Heart failure is a major cause of morbidity and mortality (12), contributing 

significantly to global health expenditure. A large number of heart failure patients exhibit 

a left bundle branch block (LBBB) type of electrical activation. In such patients, the LV 

is activated through the septum from the RV, resulting in a delayed onset of LV 

contraction relative to that of the RV (13). Cardiac resynchronization therapy (CRT), 

which employs bi-ventricular pacing to re-coordinate the contraction of the heart, has 

been demonstrated to be a valuable therapeutic option for such patients (14). CRT 

typically involves implantation of three leads, one into RA, and two in the RV and LV, 

respectively. The two ventricular electrodes provide stimuli simultaneously to elicit a 

synchronous contraction. The pacing time interval between activating the RA and the 

subsequent activation of both ventricles (atrioventricular, AV, delay) is often optimized 

to additionally improve the acute hemodynamic response of the heart.  

 

1.4 Motivation 

The motivation for this research was to fill gaps in the current understanding of the 

electromechanical interactions in the heart, with the expectation that this improved 

understanding will lead to better treatment for cardiac diseases, specifically cardiac 

arrhythmias and dyssynchronous heart failure (DHF). In this study, the effects of MEF on 



 8 

scroll wave stability in human VF were examined. The mechanisms underlying the acute 

response of CRT, specifically stroke work improvement, were explored. Lastly, the 

feasibility of optimizing CRT pacing locations to both improve the hemodynamics and 

result in ATP consumption homogeneity throughout the LV was demonstrated. The 

motivation for these choices is given below. 

 

1.4.1 Effects of MEF (recruitment of SAC) on scroll wave stability 

Opening of SAC has been demonstrated to depolarize the resting membrane and thus 

cause Na channel inactivation (6, 15), which can stabilize scroll waves (16), the waves 

that underlie reentrant arrhythmias. On the other hand, SAC-induced depolarization and 

Na channel inactivation have been shown to give rise to scroll wave breakup (17) that 

increases electrical instability and leads to turbulent behavior underling the most lethal 

arrhythmias. These contradictory results indicate that the conditions under which and the 

mechanisms by which recruitment of SAC alters scroll wave stability remain 

incompletely understood.  

 

1.4.2 Predominant mechanism underlying stroke work improvement in 

the acute response of CRT 

The acute response of the DHF ventricles to CRT is believed to be due to 3 main 

mechanisms:  resynchronization of ventricular contraction, efficient preloading of the 

ventricles by a properly timed atrial contraction, and reduced mitral regurgitation (18). 

The acute response to CRT is manifested by an augmentation in stroke work (19). 

However, the contribution of each of the three mechanisms to stroke work improvement 
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during the acute response to CRT has not been quantified and therefore, the predominant 

mechanism underlying this improvement has not been identified. 

 

1.4.3 Optimizing CRT to minimize ATP consumption heterogeneity 

throughout the LV 

CRT has been demonstrated to lead to the restoration of oxygen consumption 

homogeneity throughout the LV, which is important for long-term reverse remodeling of 

the ventricles. However, research has focused exclusively on identifying the LV pacing 

sites that led to acute hemodynamic improvements. It remains unclear whether there exist 

LV pacing sites that could both improve the hemodynamics and result in ATP 

consumption homogeneity throughout the LV, thus maximizing both CRT short-term and 

long-term benefits.  

 

1.5 Aims 

It was the goal of this study to improve the understanding of the electromechanical 

interactions in the heart and to explore ways to improve therapies for cardiac diseases 

such as cardiac arrhythmias and DHF. 

The three aims for this project were: 

Specific Aim 1: Develop a strongly-coupled model of human ventricular 

electromechanics that incorporated human ventricular geometry and fiber and sheet 

orientation reconstructed from MR and diffusion tensor (DT) MR images, and 

determine the effects of recruitment of SAC with different reversal potential and 
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channel conductance on scroll wave stability and uncover the relevant mechanisms 

underlying the different behaviors. 

Specific Aim 2: Using an magnetic resonance image (MRI)-based anatomically accurate 

3D model of failing canine ventricular electromechanics, quantify the contribution of 

each of the three mechanisms to stroke work improvement and identify the 

predominant mechanisms.  

Specific Aim 3: Using an MRI-based anatomically accurate 3D model of failing canine 

ventricular electromechanics, demonstrate the feasibility of optimizing CRT pacing 

locations to achieve maximal improvement in both ATPCTHI (an ATP consumption 

heterogeneity index) and stroke work.  
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Chapter 2 

Overarching Methods 

Efforts to investigate the electromechanical interactions in the heart are hampered by 

the lack of experimental methodology that can record the 3D electrical and mechanical 

activity simultaneously with high spatiotemporal resolution. Thus, 3D modeling of 

cardiac electromechanics serves as an attractive alternative for analyzing the 

electromechanical interactions in the heart. This chapter presents both the electrical 

model and the mechanical model used in this study with more emphasis on the finite 

element principles used in the mechanical model. 

 

2.1 Electromechanical model 

To represent cardiac tissue in 3D, finite element models were used. The image-based 

3D electromechanical model of the human ventricles (chapter 3) incorporates realistic 

ventricular geometry and fiber-sheet architecture reconstructed from high-resolution MR 

and DTMR images (20). The model consists of an electrical and a mechanical component, 

which are coupled via the intracellular calcium dynamics (21, 22). The ventricular 

geometry and fiber-sheet architecture of the failing canine model (chapter 4 and 5) were 

constructed from high-resolution MR and DTMR images of DHF canine ventricles. For 

computational tractability, the electrical and mechanical components of the 

electromechanical model of the DHF canine ventricles were weakly coupled. 
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2.2 Modeling cardiac electrophysiology and excitation-

contraction coupling 

The first quantitative model of an electrically excitable cell was developed by 

Hodgkin and Huxley (HH) (23). The cell membrane is modeled as a capacitor. The 

different types of ion channels are modeled as resistors, each with its own unique current-

voltage relationship to reflect the selective permeability of each ionic species. The HH 

model forms the basis for all the cardiac myocyte models developed in the following 

decades.  

Cardiac myocyte models have advanced tremendously since the HH model. The more 

recent models include many more types of ionic channels and thus are able to reproduce 

many more properties of cardiac myocytes. The ionic models used in the studies include 

the ten Tusscher et al. ionic model of the human ventricular myocyte (24) and the Luo-

Rudy dynamic model (25). Ca transient from the ionic model (chapter 3) was fed into the 

Rice et al. myofilament model (26), which was used to represent active tension 

generation. 

Monodomain equations were used to describe cardiac electricity, as the extracellular 

field contribution in the studies could be ignored. Intra- and extracellular spaces were 

modeled together as ‘bulk’ tissue, which yields computational savings. The cardiac tissue 

was assumed to be orthotropic, meaning the electrical properties of the cardiac tissue 

were different in different directions.  
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2.3 Modeling cardiac mechanics 

2.3.1 Governing equations  

The governing equation was based on conservation of linear momentum following 

Newton’s laws of motion. For static equilibrium in the absence of body forces, the strong 

form of the governing equation was given by 

!
!"!

!!"!!! = 0……………………….……………………………………..……(2.1) 

where X={Xm} were the coordinates of a material point in the undeformed coordinate 

system and !!! were the components of the deformation gradient tensor given by  

!!! =
!"!
!!!

……………………………………………………………….……..…….…(2.2) 

where x ={xj} were the coordinates of a material point in the deformed coordinate system.  

TMN were the components of the second Piola-Kirchhoff tensor, which represented force 

per unit undeformed area acting on an infinitesimal element of surface in the reference 

configuration. This tensor could be calculated as derivatives of strain energy density 

function W  

!!" = !
!

!"
!!!"

+ !"
!!!"

…………………………………………………………….....(2.3) 

where EMN were the components of Lagrangian Green’s strain tensor given by  

! = !
! (! − !)……………………………………………………………..…………...(2.4) 

where I was the identity matrix and C was the Cauchy-Green deformation tensor given by 

!!! 

The strain energy density function W served as the constitutive law which expressed 

the experimentally observed relationship between a material’s stress and strain tensors. 
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Certain material properties could impose restrictions on the form of W. For isotropic 

materials which exhibited identical material properties in all directions, W could be 

expressed in the form 

! = !! !! − 3 + !!(!! − 3)………………………………………………………...(2.5) 

where b1 and b2 were the material constants with units of stress (kPa); I1 was the trace of 

C (trC) and I2 was !! (!"#)
! − !"!! .  

In this study, cardiac tissue was modeled as an orthotropic, hyperelastic nearly-

incompressible material (21, 27, 28) whose passive properties were defined by an 

exponential strain energy function. Thus W is expressed in the form 

! = !
!!! !

! − 1 …………………………………….………...………...…..…..…..(2.6) 

! = !!!!!!! + !!!!!!! +!!!!!!! +!!"(!!"! + !!"! )+ !!" !!"! + !!"! + !!"(!!"! +

!!"! )…………………………………………………………………...………………(2.7) 

where Eij referred to the local fiber coordinate system consisting of fiber (f), sheet (s) and 

sheet-normal (n) coordinate directions. bff, bss, bnn, bfs, bfn and bns were the material 

constants that scaled the material stiffness in different directions. 

 

2.3.2 Finite element interpolation 

The undeformed and the deformed coordinates were approximated using tricubic 

hermite finite element interpolation 

!! = Ψ!( !! )!!!………………………………..………………………………..….(2.8) 

!! = Ψ!( !! )!!!……………………………………..………………………..……...(2.9) 
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where Ψn({ξk}) were the interpolation function and !!! and !!! were the undeformed and 

deformed coordinates defined at finite element nodes (n).  

Virtual displacement field {v} could be approximated using the same interpolation 

function 

!"! = Ψ!( !! )!"!!…………………………………...…………..…………………(2.10) 

where !"!! were virtual nodal displacements and could be substituted into the weak form 

of the stress equilibrium equation 

!!"!!!
!(!!!)
!!!!! !!! = ! ∙ !"#$!! ……………………….………...………………(2.11) 

where V0 was the undeformed volume and S2 was the portion of the boundary subject to 

external tractions (pressures), s. Both the strong form presented in the previous section 

and the weak form of the stress equilibrium equations could be derived via the principle 

of virtual work. After substituting virtual displacement, the weak form of stress 

equilibrium became 

!!"!!!
!!!
!!!!! !!! = ! ∙Ψ!!!!"!! ……………………...……………..…………(2.12) 

where p was the external force or pressure that acted in the normal direction to the 

surface and {nj} was the normal to the surface. After substituting the variables, the 

equation became 

!!"!!!
!!!
!!!

|!|!!!!!!!!!!
! = ! ∙Ψ!!!!"!! …………………...………….…..(2.13) 

where the Jacobian of the coordinate transformation was defined by 

! = !!!
!"!

……………………………………………………………………………(2.14) 
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For the nodes that did not belong to a surface which had a pressure applied to i.e. there 

was no external nodal traction force 

!!"!!!
!!!
!!!

|!|!!!!!!!!! = 0!
! ………………………………………………...(2.15) 

For the nodes that belonged to surfaces which had pressure applied 

!!"!!!
!!!
!!!

|!|!!!!!!!!! = ! ∙Ψ!!"!!!!!!!
!
! ………………………………(2.16) 

Since Ψn was a function of local finite element coordinates i.e. !Ψ! =

!!!
!!!
!!!
!!!
!!!
!!!

 

Using chain rule, we could express 

 

!!!
!!!

= !!!
!!!!

!!!
!!!

⟹ J!

!!!
!!!
!!!
!!!
!!!
!!!

=

!!!
!!!
!!!
!!!
!!!
!!!

………………..……………………….(2.17) 

 

The integrals could be expressed as   

!!"!!!(!!!)!!Ψ!|!|!!!!!!!!! = ! ∙Ψ!!"!!!!!!!
!
! ………………….…….(2.18) 

The integrals were evaluated using four point Gaussian quadrature in each of the three 

local finite element directions.  

 

2.3.3 Boundary conditions and numerical solver 

Boundary conditions were applied to simulate physiologically realistic constraints. 

For example, the nodal coordinates and their circumferential and transmural derivatives 
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were constrained at the base to approximate the effects of the relatively stiff annuli of the 

valves. 

The program was parallelized and run on a cluster of approximately 100 processors. 
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Chapter 3 

Effects of mechano-electric feedback on Scroll Wave 

Stability in Human Ventricular Fibrillation1 

3.1 Introduction 

Experimental and clinical research has demonstrated that the mechanical environment 

of the heart, in health and disease, is capable of exerting influence on cardiac 

electrophysiology (29). Temporal changes in strain take place during all phases of the 

cardiac cycle. Abnormal electrical propagation during arrhythmias also leads to abnormal 

strain distributions in the heart, which in turn could affect electrical propagation. The 

mechanisms that contribute to strain-dependent modulation of electrical wave 

propagation are termed MEF mechanisms (30).  

There are several MEF mechanisms in the heart, including stretch-induced changes in 

intracellular Ca handling (31), depolarization of cardiac fibroblasts by stretch (via 

mechano-sensitive ion channels) affecting the resting potential and APD of the coupled 

myocyte (32), and most importantly, myocyte sarcolemmal channel activation by 

mechanical stimuli (5, 33). SAC, a type of mechanically activated ionic channels 

identified in cardiac tissue, have been found responsible for the generation of arrhythmias 

                                                        
    1This chapter was published in ref. 27. Hu Y, Gurev V, Constantino J, Bayer JD, Trayanova NA. 
Effects of mechano-electric feedback on scroll wave stability in human ventricular fibrillation. PloS one. 
2013;8(4):e60287. Epub 2013/04/11. 
     Contributions other than the author’s: Dr. Viatcheslav Gurev and Dr. Jason Constantino co-developed 
the model with the author. Dr. Jason Bayer was responsible for part of the data analysis. 
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following an appropriately timed mechanical impact to the heart (commotio cordis) (34, 

35), as well for the termination of ventricular arrhythmias following a precordial thump 

(36). Abnormal deformation associated with the establishment of arrhythmia can also 

affect the progression of the arrhythmia itself; this aspect of MEF has received less 

attention in the literature.   

On one hand, opening of SAC has been demonstrated to depolarize the resting 

membrane and thus cause Na channel inactivation (6, 15), which can stabilize scroll 

waves (16), the waves that underlie reentrant arrhythmias. On the other hand, SAC-

induced depolarization and Na channel inactivation have been shown to give rise to scroll 

wave breakup (17) that increases electrical instability and leads to turbulent behavior 

underling the most lethal arrhythmias. These contradictory results indicate that the 

conditions under which and the mechanisms by which recruitment of SAC alters scroll 

wave stability remain incompletely understood.  

To provide a comprehensive understanding of the mechanisms by which SAC 

opening affects the stability of scroll waves, it is necessary to record, in 3D, both the 

electrical and mechanical activity simultaneously, and at a high spatiotemporal 

resolution. Currently, this is not possible by means of experimentation. In contrast, 

biophysically-detailed computer simulations of electromechanical function at the organ 

scale have the capability to dissect the relationship between stretch and arrhythmia 

maintenance; initial attempts in this direction have already been made (37, 38). The latter 

simulation studies had focused predominantly on the effect of recruitment of SACs with 

large conductances and reversal potentials close to zero on scroll wave stability. However, 

SACs have been demonstrated to exhibit a wide variety of reversal potentials and 
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conductances (5). Opening of SAC with a reversal potential close to the resting 

membrane potential has been shown to shorten APD (9), while opening of SAC with a 

less negative reversal potential has been found to have the opposite effect, resulting in 

APD prolongation (39). The degree of lengthening or shortening of APD is affected by 

SAC conductance as well. Since recruitment of SAC with different reversal potentials 

and conductances leads to different electrophysiological changes in cardiac myocytes, it 

is thus possible that SAC opening could affect scroll wave stability in the 3D heart via 

different mechanisms depending on the channel population characteristics. 

The goal of this study was to conduct a comprehensive analysis of the effects of SAC 

recruitment on scroll wave stability in the fibrillating ventricles. To achieve this goal, a 

strongly-coupled MRI-based biophysically-detailed electromechanics model of the 

human ventricles was developed. We used this model (1) to test the hypothesis that 

recruitment of SAC affects scroll wave stability differently depending on the reversal 

potential and channel conductance of SAC and (2) to uncover the relevant mechanisms 

underlying the different behaviors. 

 

3.2 Materials and Methods 

3.2.1 Electromechanical model 

The image-based 3D electromechanical model of the human ventricles developed for 

this study as shown in Figure 3.1A incorporates realistic ventricular geometry and fiber-

sheet architecture reconstructed from high-resolution MR and DTMR images (20). The 

model consists of an electrical and a mechanical component (Figure 3.1B), which are 

coupled via the intracellular calcium dynamics (21, 22). 
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Mathematical description of the electrical component of the model was based on the 

monodomain representation of cardiac tissue; our group has made extensive use of such 

large-scale electrophysiological models of the heart (40). Membrane kinetics were 

represented by the ten Tusscher et al. ionic model of the human ventricular myocyte (24). 

To make the substrate prone to arrhythmia, the maximum conductances of the IKr, IKs, 

IpCa, and IpK currents and the time constant for the f gate of the L-type calcium current 

were modified throughout the ventricles, as described in (41), producing a steep local 

APD restitution curve with a maximum slope of 1.8. 

The mechanical component incorporated a continuum mechanics model of the 

ventricles and a lumped-parameter model of the circulatory system, both of which have 

been described previously (21). The parameters in the circulatory system model were 

adjusted for the human ventricles using available physiological data (42); parameter 

values are presented in the Table 3.1.  Active tension generation in the mechanics 

component was represented by the Rice et al. model of myofilament dynamics (26). To 

simulate reduced contractility during arrhythmias, the half-activation constant for shift of 

a regulatory unit to a permissive state in the Rice et al. model was increased by 20% to 

decrease the sensitivity of troponin to Ca; this ensured that the maximal pressure during 

VF matched that observed clinically (43).  
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Figure 3.1: MRI-based electromechanical model of the human ventricles. (A): The mechanical 

mesh, fiber orientation and sheet structure of the human ventricular model. (B): The schematic 

diagram of the electromechanical model.   

 

The electrical mesh consisted of 4274379 elements with a spatial resolution of 500µm; 

our electrical meshes are always tested for convergence (for the specific solvers we used; 

descriptions can be found in (44)). Description of the electrical mesh generation 

procedure can be found in Prassl et al. (45) The mechanical mesh (21) was a nonlinear 

mesh with 230 hexahedral elements. The spatial resolution for the mechanical mesh was 

10mm. The methodology for the generation of the mechanical mesh is described in Gurev 

et al (21). 
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Table 3.1: Adjusted parameters of the Kerckhoffs et al. circulatory model. 
 

Time-varying elastance 

atrial model 

Systemic circulation Pulmonic circulation 

ELA,max 0.0782 kPa/ml Rmitral 1*10-4 kPa*s/ml Rtricus 1*10-4 kPa*s/ml 

ELA,min 0.0711 kPa/ml Rao 0.007 kPa*s/ml Rpa 0.004 kPa*s/ml 

VLA,rd 64.6 ml Ras 0.124 kPa*s/ml Rap 0.011 kPa*s/ml 

VLA,rs 60 ml Rvs 0.02 kPa*s/ml Rvp 0.011 kPa*s/ml 

ERA,max 0.03 kPa/ml Cas 97.8 ml/kPa Cap 125.1 ml/kPa 

ERA,min 0.0273 kPa/ml Cvs 1299 ml/kPa Cvp 150.0 ml/kPa 

VRA,rd 64.6 ml     

VRA,rs 60 ml     

 
 

The electrical and mechanical components of the model were strongly coupled. A 

mechanical solution step (500µs) followed every five electrical solution steps (100µs). 

During electrical propagation, the spatial distribution of intracellular Ca concentration 

throughout the ventricles was calculated from the ionic model at each node in the 

electrical component computational mesh and then, at every fifth solution step, mapped 

onto the Gaussian points in the mechanical computational mesh. At every Gaussian point, 

the local intracellular Ca concentration was inputted into the myofilament model to 

generate the local active tension. After solving for the mechanical deformation of the 

ventricles arising from the active tension, strain tensors were mapped back onto the nodes 
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in the electrical computational mesh. From the strain tensor at each node, the local stretch 

ratio in the fiber direction was determined and used to calculate the local SAC current 

(see below for formulation) at that node, which in turn affected global propagation. The 

electromechanical model detailed above has been extensively validated by our group 

using electromechanical wave imaging (46). Numerical approaches to solving the 

equations of the electromechanical model used methodologies described elsewhere (21, 

47). This state-of-the-art human electromechanical model is of broad applicability and 

can be used in a wide range of studies in cardiac electromechanics. 

 

3.2.2 MEF 

Consistent with the goal of the study, SACs were incorporated in the 

electromechanical model of the human ventricles; opening of SAC was the mechanism 

by which mechanical deformation provided feedback into the electrical activity of the 

heart. The possible effect of mechanical deformation on geometry was not incorporated 

into the model to decrease model complexity and because it has been demonstrated to not 

affect scroll wave stability (38). Since the current through SAC, ISAC, has been shown to 

increase linearly with stretch (39), ISAC was formulated as being linearly proportional to 

the stretch ratio in the fiber direction, λf: 

ISAC = gSAC (λf -1)(Vm-VSAC) if λf >1; ISAC = 0 if λf ≤1……...…………………………(3.1) 

where Vm is the transmembrane potential, and VSAC is the reversal potential of SAC. 

SACs were assumed to conduct only when λf was larger than 1 (48); thus, ISAC was zero 

during myofiber shortening. Since ISAC is the total current through both non-selective 

cation and potassium-conducting SACs, the value of VSAC depends on the degree of the 
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relative expressions of non-selective cation and potassium-conducting channels in 

myocardial tissue. Given that non-selective cation SACs have been reported to have a 

reversal potential of 0mV (7) and potassium-conducting SACs operate with a reversal 

potential of -90mV (11), VSAC can range between -90mV and 0mV. In this study, we 

used two values of VSAC that spanned that range, one close to the membrane resting 

potential (-60mV (49)) and another less negative (-10mV (39)). The SAC conductance 

gSAC was varied between 0 and 0.07mS/µF (29, 50, 51) to fully investigate the effects of 

SAC recruitment on scroll wave stability.  

 

3.2.3 VF induction protocol 

To induce VF, the ventricles were first paced seven times from the apex at a 700ms 

basic cycle length to achieve steady-state propagation. Then, at 500ms following the last 

pacing beat, a cross-field stimulation was applied to the posterior side of the ventricles, 

inducing reentry. Reentrant waves broke up due to the restitution properties of the 

myocardium, leading to VF. Simulations were run for 5 seconds post-VF induction to 

ensure that VF was sustained. 

  

3.2.4 Scroll-wave Filaments and Pseudo ECGs 

To analyze the stability of the scroll waves, the number of scroll-wave filaments (the 

organizing centers of reentry) throughout the ventricular volume was determined at time 

instants 200ms apart during 4 seconds of simulation using an algorithm based on phase 

angle maps, as described previously (52).  

Pseudo ECGs were computed as follows (53):  
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ECG = V
D∇Vm ⋅r



r3
dV∫ ………………………………………………………...…….. (3.2) 

where V is the ventricular volume,  is the vector from each point in the ventricular 

volume to the recording electrode, the latter placed 10cm from the center of the anterior 

wall of the ventricles in the anterior direction of the transverse plane, as done previously 

(37), and r is the distance from each point in the ventricular volume to the recording 

electrode.  

 

 

Figure 3.2: VF in the electromechanical model without SAC representation. (A): Epicardial 

transmembrane potential distribution maps on the posterior wall from the simulation without SAC 

representation. Pink dots indicate the locations of the phase singularities. (B): Posterior semi-

transparent view of the ventricles shows the filament distribution (blue). (C): Pseudo-ECG. 

 

3.3 Results 

r
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3.3.1 VF in the electromechanical model without SAC representation 

Figure 3.2 presents the epicardial transmembrane potential distribution maps of 

sustained VF (Figure 3.2A) in the model without SAC representation; scroll waves break 

up continuously, maintaining VF. There are multiple scroll wave filaments present in the 

ventricles during the simulation (Figure 3.2B). The irregular and complex pseudo-ECG 

(Figure 3.2C) is a manifestation of the numerous meandering reentrant waves sustaining 

VF.  

 

Table 3.2: The average number of filaments in the VF human ventricular electromechanical 
model with SAC of VSAC of -60mV for different gSAC.  
 

  
Average No. 
of filaments 

Without SAC 7.6±2.2 
gSAC (mS/µF)   

0.03 2.9±1.0* 
0.05 3.1±1.7* 
0.07 4.1±1.7* 

 
The symbol * indicates that the average number of filaments is significantly smaller than that in 
the model without SAC representation (p<0.05).  
 

3.3.2 Inclusion of SAC with VSAC of -60mV results in partial suppression 

of scroll wave breakup by flattening of the APD restitution curve 
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Figure 3.3: Recruitment of SAC with VSAC of -60mV flattens the single-cell APD restitution 

curve. Changes in the single-cell APD restitution curves due to SAC opening for different values 

of λf. (A): gSAC=0.03mS/µF, (B): gSAC=0.05mS/µF and (C): gSAC=0.07mS/µF. 

 

Comparing the number of filaments in the model with and without SAC (VSAC of -

60mV) revealed that SAC activation partially suppressed (but did not eliminate) scroll 

wave breakup for all values of gSAC. Indeed, for the model with SAC, the average number 

of filaments decreased by 46-62%, depending on the value of gSAC, as compared to the 

model without SAC (Table 3.2).  

To understand the mechanisms by which recruitment of SAC with VSAC of -60mV 

decreased the likelihood of scroll wave breakup, we first investigated an important 

determinant of dynamic instability, the single cell APD restitution relation and its 

modification by MEF. Single cell APD restitution relations with SAC recruitment were 

calculated for the three values of gSAC examined; results are presented in Figure 3.3. The 

strain map of the fibrillating human heart at each time instant during the simulation was 

analyzed (a representative strain map is shown in Figure 3.4A) and the maximum λf was 

found to be 1.5. Single-cell APD restitution curves were thus constructed for different 

degrees of SAC opening corresponding to λf values from 1.0 to 1.5. As shown in Figure 
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3.3, current through SAC leads to flattening of the single-cell APD restitution curve for 

all values of λf and gSAC. The larger the value of λf or gSAC, the flatter the resulting APD 

restitution curve.  

 

 

Figure 3.4: Recruitment of SAC with VSAC of -60mV diminishes scroll wave breakup. (A): 

Snapshot of the heterogeneous λf distribution at 2.3s after arrhythmia induction for the ventricular 

model with VSAC of -60mV; gSAC=0.07mS/µF. In plotting the λf distribution, the range 1.0 to 1.2 

was chosen for visual purposes, as 90% of the data points fell within this range. (B): Maximum 

APD restitution slope distribution for the same model and time instant as in (A). In plotting of 

maximum APD restitution slopes, the range 0.2 to 1.5 was chosen for visual purposes, as 97% of 

the data points fell within this range. (C): Epicardial transmembrane potential distribution map on 

the anterior wall for VSAC of -60mV and gSAC of 0.07mS/µF when λf was assumed constant and 

equal to 1.2. Pink dot indicates the location of the phase singularity.  

 

At any time instant during VF, the distribution of λf in the ventricles was 

heterogeneous, as illustrated by the snapshot map in Figure 3.4A. This led to non-uniform 

ISAC throughout the ventricles, which in turn gave rise to varying degrees of APD 
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restitution flattening in the ventricular model with SAC. A map of the distribution of 

maximum restitution slope in the ventricles for gSAC of 0.07 mS/µF is presented in Figure 

3.4B. Regions of large λf had maximum restitution slopes smaller than 1, whereas regions 

of small λf had maximum restitution slopes larger than 1 but less than the original value 

of 1.8. These regional differences in the restitution-flattening effect of SAC opening are 

the reason why scroll waves continued to break up (albeit much less frequently). Should 

λf have been homogeneous and of value 1.2 or above, recruitment of SAC with VSAC of -

60mV would have led to the conversion of VF into ventricular tachycardia, as our 

simulations found; Figure 3.4C shows a stable scroll-wave with a single filament 

throughout the simulation in this case (for λf =1.2 everywhere). 

 

3.3.3 Recruitment of SAC with VSAC of -10mV diminishes scroll wave 

breakup at low gSAC, but not at large gSAC. 

Comparing the number of filaments that sustain VF in the ventricular model with and 

without SAC demonstrated that recruitment of SAC with VSAC of -10mV had a different 

effect on the stability of scroll waves depending on the value of gSAC. For low values of 

gSAC (from 0.02 mS/µF to 0.04 mS/µF), the average number of filaments for the model 

with SAC decreased by 32-51% compared to that in the model without SAC (Table 3.3), 

indicating less frequent scroll wave breakup. For large values of gSAC (0.05 mS/µF and 

above), the average number of filaments for the model with SAC was not significantly 

different from that in the model without SAC (Table 3.3), demonstrating that scroll wave 

breakup was not suppressed. 
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Table 3.3: The average number of filaments in the ventricular model with SAC of VSAC of -

10mV for different gSAC.  

 

  
Average No. of 

filaments 
Without SAC 7.6±2.2 
gSAC (mS/µF)   

0.01 7.3±3.1 
0.02 4.4±1.6* 
0.03 3.7±1.0* 
0.04 5.2±2.1* 
0.05 7.4±1.3 
0.06 8.0±2.8 
0.07 8.9±2.4 

 
The symbol * indicates that the average number of filaments is significantly smaller than that in 
the model without SAC representation (p<0.05).  

 

 

Figure 3.5: Recruitment of SAC with VSAC of -10mV diminishes scroll wave breakup at low gSAC. 

Changes in the CV restitution curves due to SAC opening for different values of λf. (A): 

gSAC=0.02mS/µF, (B): gSAC=0.04mS/µF and (C): gSAC=0.07mS/µF. (D): Epicardial 

transmembrane potential distribution map on the anterior wall for VSAC of -10mV and 

gSAC=0.04mS/µF when λf was assumed constant and equal to 1.2. Pink dot indicates the location 

of the phase singularity.  
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To understand the mechanisms by which opening of SAC with VSAC of -10mV 

diminishes scroll wave breakup at low gSAC, we first determined the single cell APD 

restitution curves with SAC recruitment in this case and found that opening of SAC with 

VSAC of -10mV does not change the single cell APD restitution curves. Since previous 

studies have shown that flattening of CV restitution curves also leads to stabilization of 

scroll waves (54, 55), we next determined the CV restitution curves with SAC 

recruitment for all gSAC values using a model of a slab of human ventricular tissue as 

done previously (56). The results for three representative gSAC values, 0.02, 0.04 and 0.07 

mS/µF, are shown in Figure 3.5. Analysis of the ventricular strain maps for all time 

instants showed that in this case the maximum λf was also 1.5, despite the differences in 

the spatial distribution of strain. Thus, CV restitution curves were constructed for 

different degrees of SAC opening corresponding to λf of 1.0, 1.2, 1.4 and 1.5. As 

demonstrated in Figure 3.5A-C, current through SAC leads to flattening of the CV 

restitution curves for all values of λf and gSAC. The larger the value of λf or gSAC, the 

flatter the CV restitution curve.   

Heterogeneous distribution of λf throughout the ventricles as demonstrated in Figure 

3.4A gave rise to different degrees of SAC opening and thus CV restitution curve 

flattening. The flatter CV restitution curve in regions of substantial stretch resulted in 

suppression of scroll wave breakup there; the still-steep CV restitution curve in regions of 

minimal stretch continued to promote scroll wave breakup. As a result, the degree of 

spiral wave breakup and thus the number of filaments in the ventricles diminished. If the 

distribution of λf (of value 1.2 or above) were homogeneous, opening of SAC with VSAC 
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of -10mV would have completely suppressed scroll wave breakup, as shown by the stable 

scroll waves throughout the simulation in Figure 3.5D (for λf =1.2 everywhere). 

 

 

Figure 3.6: Recruitment of SAC with VSAC of -10mV results in scroll wave breakup at large gSAC. 

(A): Distribution of λf at 0.9s after arrhythmia induction for the ventricular model with VSAC of -

10mV; gSAC=0.07mS/µF. (B): Scroll wave breakup in the region of large stretch (indicated by 

arrow). (C), (D) and (E) are plots of ISAC , INa and Vm , respectively from the node indicated by the 

arrow in (B). The arrow denotes in (C): the large inward ISAC during repolarization, in (D): 

inactivation of Na channels, (E): conduction block.  

 

For large values of gSAC, opening of SAC with VSAC of -10mV in regions of 

substantial stretch (Figure 3.6A) resulted in a large inward ISAC during repolarization 

(Figure 3.6C), which elevated the resting membrane potential from -85mV in the model 

without SAC to -77mV in the ventricles with SAC (Figure 3.6E) and thus inactivated the 

Na channels in the latter model (Figure 3.6D). As a result, conduction block occurred in 

regions of substantial stretch (Figure 3.6E) causing scroll wave breakup there (Figure 

3.6B). The scroll wave breakup in regions of substantial stretch counteracted the 

increased scroll wave stability due to a flatter CV restitution there (Figure 3.5C), 
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explaining why the number of scroll wave filaments in the model with SAC was not 

significantly different from that in the model without SAC at large values of gSAC. 

 

3.4 Discussion 

This study investigated the effects of SAC opening on scroll wave stability in the 

fibrillating ventricles by employing a strongly-coupled MRI-based anatomically accurate 

3D model of human ventricular electromechanics. A comprehensive analysis of how 

recruitment of SAC influences scroll wave breakup was performed for different SAC 

reversal potentials and channel conductances. We discovered that recruitment of SAC 

affects scroll wave stability via different mechanisms depending on the reversal potential 

and channel conductance of SAC.  

1. Opening of SAC with VSAC of -60mV decreases the likelihood of scroll wave 

breakup for all values of gSAC. The underlying mechanism is flattening of the APD 

restitution curve in regions of high strain. 

2. Opening of SAC with VSAC of -10mV partially inhibits scroll wave breakup at low 

values of gSAC by flattening the CV restitution relation in regions of high stretch. 

For large values of gSAC, recruitment of SAC with VSAC of -10mV did not 

diminish the likelihood of scroll wave breakup because Na channel inactivation in 

regions of large stretch (as a result of SAC opening) led to conduction block and 

thus scroll wave breakup, which counteracted the increased scroll wave stability 

due to a flatter CV restitution. 

  

3.4.1 The MRI-based electromechanical model of the human ventricles 
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In this study, we present a strongly-coupled MRI-based model of human cardiac 

electromechanics. This new model incorporates reconstructions of human ventricular 

geometry and fiber orientation from MR and DTMR images, which allows for simulation 

of realistic ventricular deformation during arrhythmias. The circulatory model to which it 

is coupled is adapted for the human ventricles, enabling accurate representation of 

hemodynamic changes during arrhythmia. The implementation of strong coupling in our 

electromechanical model allows for the dynamic inclusion of the effect of MEF in the 

electrical component since a mechanical solution step was performed following every 

fifth electrical solution step; this allows for a more accurate simulation of the effect of 

MEF compared to what has been done previously, where a mechanical solution step 

followed every 100 electrical solution steps (37). This is the first electromechanical 

model to incorporate MEF in this manner. The simulations performed using this model in 

the present study represent a comprehensive evaluation of the electromechanical behavior 

of the human ventricles in VF and of the effect of SAC opening on arrhythmia stability.  

 

3.4.2 Alteration of cellular electrophysiological properties by MEF 

Recruitment of non-selective cation SAC results in prolongation of APD with a 

crossover during systole, where the early phase of repolarization is shortened and the late 

phase prolonged (6, 7). Opening of potassium-conducting SAC causes repolarization 

during systole and results in APD shortening (9). Thus, the combined 

electrophysiological effect of the opening of the two different SACs can vary depending 

on the degree of expression of non-selective cation SAC and potassium-conducting SAC 
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in myocardial tissue; experimental observations have shown both prolongation (7, 39, 57) 

and shortening of APD or monophasic action potential (58, 59).  

Single cell behavior in our models is consistent with this experimental data, as SAC 

opening with VSAC at -60mV, which represented a higher degree of expression of 

potassium-conducting SAC, produced shortening of APD. SAC opening with VSAC at -

10mV, which represented a higher degree of expression of non-selective cation SAC, 

resulted in APD prolongation with a crossover and elevation of resting potential. 

Different conductances have been reported for SAC as well (5); we showed that the 

degree of lengthening or shortening of APD is affected by SAC conductance. Since 

recruitment of SAC with different reversal potentials and conductances leads to different 

electrophysiological changes in cardiac myocytes, it was important to incorporate 

different degrees of expression of the two types of SAC when examining the whole-heart 

behavior, extending the findings of an earlier study (37). 

  

3.4.3 Effects of MEF on CV 

While examining the dependence of CV on strain was not the subject of this study, 

this relationship affected the dependence of the CV restitution on MEF, and thus 

indirectly spiral wave behavior in the model. Previous studies have shown that for a wide 

range of pacing cycle lengths, the CV can exhibit biphasic; constant; increasing; and 

decreasing relationship with respect to strain (see review (15)). Our results are consistent 

with these seemingly disparate findings: we found that CV displays different 

relationships with respect to stretch depending on pacing cycle length, gSAC, and VSAC. 

Opening of SAC with VSAC of -10mV resulted in independence of CV on stretch for low 
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values of gSAC and in a decrease in CV with the increase in stretch for large values of 

gSAC at all pacing cycle lengths. For low values of gSAC, opening of SAC with VSAC of -

10mV produced a small inward ISAC during repolarization, which did not lead to large 

elevation in the resting membrane potential and thus did not inactivate Na channels and 

reduce CV. For large values of gSAC, recruitment of SAC with VSAC of -10mV resulted in 

a larger ISAC, which was sufficient to inactivate Na channels and thus slow conduction. 

Recruitment of SAC with VSAC of -60mV resulted in the increase in CV with increasing 

stretch at short pacing cycle lengths (400ms and below) and in a CV unaltered with 

stretch at long pacing cycle lengths (between 400 and 1000ms) for all values of gSAC. 

Opening of SAC with VSAC of -60mV shortened APD and thus increased DI. At short 

pacing cycle lengths, the increase in DI led to a better recovery from refractoriness and 

thus increased CV, whereas at large pacing cycle lengths, there was already a full 

recovery from refractoriness without SAC opening and thus the increase in DI did not 

increase CV.  

 

3.4.4 Effect of SAC recruitment on scroll wave stability 

There has been a significant body of research on the determinants of scroll wave 

stability. APD and CV restitution relationships have been found to be two main 

determinants of scroll wave stability; a flat APD or CV restitution curve was shown to 

lead to stable scroll waves, whereas a steep APD or CV restitution relation gives rise to 

scroll wave breakup (54, 60, 61). Studies concerning determinants of scroll wave stability 

have mainly been electrophysiological without taking into account the effect of 

mechanical contraction of the ventricles on scroll wave stability. However, heterogeneity 
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in strain throughout the ventricles, especially during VF, leads to heterogeneous MEF via 

SAC opening, which affects scroll wave stability. Since experimental studies require 

contraction to be blocked to reduce movement artifacts from optical mapping recording 

(62), realistic modeling offers a means to explore how mechanical contraction of the 

ventricles affects scroll wave stability via MEF. 

  We showed that opening of SAC with VSAC of -60mV diminished scroll wave 

breakup by flattening the APD restitution curve. Our findings are consistent with 

experimental results on scroll wave stability in the presence of the drug D600 (a calcium 

channel blocker at low concentrations), which caused acceleration of repolarization and 

shortening of APD, effects similar to those of SAC opening with VSAC of -60mV: D600 

similarly promoted scroll wave stability by flattening the APD restitution curve (17). 

 We also demonstrated that opening of SAC with VSAC of -10mV partially inhibits 

scroll wave breakup at low values of gSAC by flattening the CV restitution relation in 

regions of high stretch. Previous studies have shown that slowing of scroll wave rotation 

leads to stabilization of scroll waves (41, 63, 64); the mechanism is that the period of 

rotation and thus the diastolic interval increase, resulting in the operational regime being 

in the less steep part of the APD restitution curve (63, 64). This indirect suppression of 

scroll wave breakup is also present in our simulation results, as Na channels were 

inactivated with opening of SAC with VSAC of -10mV and thus scroll wave rotation was 

slowed.  

 For large values of gSAC, recruitment of SAC with VSAC of -10mV did not diminish 

the likelihood of scroll wave breakup because Na channel inactivation in regions of large 

stretch as a result of SAC opening led to conduction block and thus scroll wave breakup, 
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which counteracted the increased scroll wave stability due to a flatter CV restitution. This 

is consistent with results obtained by Keldermann et al.’s (37). Since Keldermann et al. 

evaluated the effect of large SAC conductances only, the destabilizing effect of SAC 

opening on scroll waves was the dominant mechanism. The study by Kuijpers et al. (65) 

demonstrated that in the atria, Na channel inactivation as a result of SAC opening leads to 

functional block, thereby terminating arrhythmias. The fact that Na channel inactivation 

as a result of SAC opening led to scroll wave breakup in the ventricles, whereas in atria it 

led to termination of arrhythmias might be due to the fact that atria have less tissue for 

propagation compared to the ventricles. Atria, unlike the ventricles, may not be able to 

support an alternative pathway circumventing the conduction block that is long enough, 

compared to the wavelength, to result in the establishment of a sustained reentry.  

 The results of the study demonstrate the possible therapeutic potential of SAC 

recruitment during VF, indicating that clinical strategies could be devised to minimize 

scroll wave breakup. For instance, gene therapy could be designed and tested to increase 

the expression of potassium-conducting SACs, so that gSAC would be increased while 

VSAC is brought closer to the myocyte resting potential. This will bring SACs to a regime 

that maximizes the suppression of scroll wave breakup. 

 

3.4.5 Study limitations 

 Previous experiments have shown that SAC conductance can be a function of strain 

rate (2, 66). However, this limitation would not greatly affect our results since it was 

previously shown that regions with larger strains were associated with larger strain rates 
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(67). SAC was assumed to be uniformly distributed in the ventricles. Such assumption 

was made due to lack of experimental studies on this subject.  
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Chapter 4 

Efficient preloading of the ventricles by a properly 

timed atrial contraction underlies stroke work 

improvement in the acute response to cardiac 

resynchronization therapy2 

4.1 Introduction 

Heart failure is a major cause of morbidity and mortality (12), contributing 

significantly to global health expenditure. A large number of heart failure patients exhibit 

a LBBB type of electrical activation. In such patients, the LV is activated through the 

septum from the RV, resulting in a delayed onset of LV contraction relative to that of the 

RV (13). CRT, which employs bi-ventricular pacing to re-coordinate the contraction of 

the heart, has been demonstrated to be a valuable therapeutic option for such patients (14). 

Even though CRT has been shown to improve heart failure symptoms and reduce 
                                                        
    2This chapter was published in ref. 68. Hu Y, Gurev V, Constantino J, Trayanova N. Efficient 
preloading of the ventricles by a properly timed atrial contraction underlies stroke work improvement in the 
acute response to cardiac resynchronization therapy. Heart Rhythm. 2013;10(12):1800-6. Epub 
2013/08/10.and is reprinted with permission from Elsevier. 
    Contributions other than the author's: Dr. Viatcheslav Gurev and Dr. Jason Constantino co-developed the 
model with the author. 
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hospitalization for most of the patients, one third of them fail to benefit from the therapy 

(14), reflecting an incomplete understanding of the mechanisms underlying the response 

to CRT. Gaining a better understanding of these mechanisms will help optimize the 

delivery of CRT so that the benefit of the therapy is extended to a larger patient 

population.  

CRT typically involves implantation of three leads, one into RA, and two in the RV 

and LV, respectively. The two ventricular electrodes provide stimuli simultaneously to 

elicit a synchronous contraction. Optimization of the pacing time interval between 

activating the RA and the subsequent activation of both ventricles (AV delay) has been 

shown to additionally improve the acute hemodynamic response of the heart (69). Heart 

failure patients often exhibit mitral regurgitation as a result of ventricular dilation and 

increased chamber sphericity (70). CRT has also been shown to acutely reduce mitral 

regurgitation severity in the DHF ventricles (70-72) by increasing the transmitral pressure 

gradient (the systolic LV-LA pressure difference) (70) and diminishing the dyssynchrony 

of papillary muscle contraction (71, 72). Overall, the acute response of the DHF 

ventricles to CRT is thus believed to be due to 3 main mechanisms:  resynchronization of 

ventricular contraction, efficient preloading of the ventricles by a properly timed atrial 

contraction, and reduced mitral regurgitation (18).  

The acute response to CRT is manifested by an augmentation in stroke work (19). 

However, the contribution of each of the three mechanisms to stroke work improvement 

during the acute response to CRT has not been quantified and therefore, the predominant 

mechanism underlying this improvement has not been identified. Currently, it is difficult 

to isolate and quantify the contribution of each of the three mechanisms to CRT-induced 
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electrical component of the model involved the use of the monodomain representation of 

cardiac tissue; the ventricular mechanics component was based on the continuum 

mechanics equations, with the myocardium assumed to be orthotropic, hyperelastic 

nearly-incompressible material (21, 27, 28).  

For computational tractability, the electrical and mechanical components of the 

electromechanical model were weakly coupled. The local electrical activation times 

calculated from the electrical component of the model determined the instants when the 

Ca transient, which served as an input into the Rice et al. myofilament model (26) in the 

mechanics component of the model, was initiated at the Gaussian points of each 

mechanical mesh element. The electrical component of the ventricular electromechanical 

model employed the Luo–Rudy dynamic model, LRd (25) to represent membrane 

kinetics; generic mammalian membrane kinetics models, such as LRd, are often used in 

whole-heart electromechanical models (67, 75), LRd is considered to be of medium-to-

low complexity and is thus a reasonable trade-off in large-scale electromechanical 

simulations.  

The formulation of the Ca transient in the myofilament model was modified to reflect 

abnormal Ca handling associated with DHF (76), namely the peak Ca amplitude was 

reduced by 40% and the time for decay of the Ca transient to its half-maximal value was 

increased by 40% from the corresponding values in the normal canine ventricles; the 

latter values can be found in Provost et al. (46). Modified parameters in the representation 

of the Ca transient in Rice et al. model include: 

τ! = 0.035s 
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τ! = 0.17s 

Ca!"#$%&'() = 1.0"M 

Ca!"#$ = 0.7"M 

The modified formulation of the Ca transient in Rice et al. model is as follows: 

β = (!!!!
!! !!
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!!
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!!!!!! )………………………………………………………..(4.1) 
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!!!!"#$"
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…………………………………………………………………………………………(4.2) 

Furthermore, the values of the scaling factor for tension, of the crossbridge attachment 

rate constant to the first strongly-bound state, and of the scaling factor for all crossbridge 

cycling rates were adjusted to represent behavior in the canine ventricles; these were set 

to 205, 5000s-1 and 0.4, respectively, so that ejection fraction, LV peak pressure, and 

maximal rise in LV pressure matched values observed experimentally in failing canine 

ventricles (77). Additionally, the elastance of the atria in the lumped-parameter model of 

the circulatory system (78) was increased fourfold so that atrial contraction accounted for 

10% of ventricular filling, as reported for the failing canine ventricles (79).  

Mitral regurgitation was represented in the model of the circulatory system by 

allowing for backward flow from LV to the LA when LV pressure was higher than LA 

pressure. Regurgitant flow was formulated as the pressure difference between LV and LA 

divided by the product of mitral valve resistance and the scaling factor for mitral valve 

resistance. 
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where Qmitral is the mitral flow rate, PLA and PLV are the LA and LV pressures, Rmitral is the 

mitral valve resistance, and  MRfactor is the scaling factor for mitral valve resistance   

The scaling factor for mitral valve resistance was set to 500 so that the mitral regurgitant 

fraction, the ratio of the regurgitant volume to mitral inflow volume, was 31% in the 

model of the DHF ventricles, consistent with the mitral regurgitant fraction measured 

experimentally in failing ventricles (71).  

To simulate LBBB activation of the canine ventricles, the RV endocardial surface of 

the ventricles was stimulated at a basic pacing cycle length of 500ms (77) at discrete 

locations as if the electrical activation was emanating from the activation of the 

corresponding branch of the Purkinje network; the locations and timings were based on 

experimental findings (80). LBBB was simulated with an AV delay of 140ms, as 

recorded in DHF canine ventricles (77).  

 

4.2.2 CRT simulation 

The model of the DHF ventricles described above was subjected to CRT, modeled as 

follows: RA pacing was represented by the onset of atrial contraction via initiating the 

activation function for atrial elastance in the model of the circulatory system; at a certain 

AV delay, the ventricles were paced simultaneously from the RV apex and the LV lateral 

wall.  

Stroke work was calculated by integrating the area within the pressure-volume loop. 

Stroke work improvement (or worsening) following CRT was defined as the percentage 
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increase (or decrease) of stroke work as a result of CRT relative to that in the DHF 

ventricles. Previous research has demonstrated that a physiologically meaningful CRT 

response is associated with a minimum of 15% stroke work improvement (19). 

 

Simulation protocol (I): Quantifying stroke work improvement as a result of 

resynchronization of ventricular contraction alone 

Experimental evidence has demonstrated that both ventricular filling following atrial 

contraction and mitral regurgitation reduction affect ventricular hemodynamics (81, 82). 

Therefore, to quantify how much stroke work improvement resulted from CRT-induced 

resynchronization of ventricular contraction alone, DHF ventricular activation and CRT 

were simulated without accounting for atrial contraction and in the absence of mitral 

regurgitation (the DHF model in this case is only that of LBBB activation). This was 

achieved by setting the activation function for atrial elastance and the scaling factor for 

mitral valve resistance to 0 and infinity, respectively, in the lumped-parameter model of 

the circulatory system. The stroke work following CRT was compared to that under 

LBBB activation to determine whether there is a stroke work improvement due to 

resynchronization of ventricular contraction alone. 

 

Simulation protocol (II): Quantifying stroke work improvement as a result of efficient 

preloading of the ventricles by a properly timed atrial contraction 

Clinical and experimental studies have found that varying the pacing time interval 

between RA activation and ventricular activation (AV delay) in CRT affects the 

preloading of the ventricles and thus ventricular hemodynamics performance (69, 81, 83, 
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84). To understand how the duration of the AV delay imposed by the device affects the 

preloading of the ventricles and thus stroke work improvement following CRT, the DHF 

canine ventricular model with mitral regurgitation eliminated from it was employed in 

this protocol; device-imposed AV delays were varied between 0 and 140ms. This allowed 

us to determine the additional CRT stroke work improvement contributed by the 

efficient preloading of the ventricles due to a properly timed atrial contraction, over the 

baseline stroke work improvement resulting from resynchronization of ventricular 

contraction alone.  

 

Simulation protocol (III): Quantifying stroke work improvement as a result of mitral 

regurgitation reduction by CRT 

CRT has been shown to reduce mitral regurgitation to a different extent (71), which 

would then result in different changes in stroke work (85). Accordingly, we employed the 

original DHF canine ventricular model to simulate different degrees of CRT-induced 

mitral regurgitation reduction in this study: the scaling factor for mitral valve resistance 

was chosen (values are presented in Table 4.1) so that mitral regurgitant fraction either 

remained at 31% or was reduced to 15% or 0% as a result of CRT. The AV delay that 

gave rise to the maximal stroke work improvement as determined from simulation 

protocol II was used in the CRT simulations.  

 

4.3 Results 

Figure 4.2 portrays the 3D distribution maps of fiber strain at end-diastole, mid-

systole and late-systole in the DHF canine ventricular model. Dyssynchronous activation  
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is evident by the fact that when the septal wall contracted, the LV lateral wall was pre-

stretched at mid-systole and the lateral wall shortened at late-systole. These 3D 

deformation patterns are consistent with those found experimentally in DHF ventricles 

(86). 

 

Table 4.1: Stroke work improvement in simulation protocol III. 

Stroke work for 
LBBB activation 

(kPa*mL) 

Mitral 
regurgitant 
ratio after 
CRT (%) 

Scaling factor 
for mitral 

valve 
resistance 

Stroke work 
after CRT 
(kPa*mL) 

Stroke work 
improvement 

(%) 

163.2 

31 710 231.6 41.9 

15 1670 209.5 28.4 

0 infinity 190.6 16.8 

  

The results from simulation protocol I show that resynchronization of ventricular 

contraction, which resulted in a reduction of total activation time from 151ms in the DHF 

ventricles to 109ms following CRT, led to only 8.7% stroke work improvement, from 

137.2 to 149.1 kPa*mL. Since stroke work improvement only above 15% is considered 

meaningful (19), our simulations concluded that resynchronization of ventricular 

contraction (i.e. reduction of total activation time) alone does not give rise to meaningful 

stroke work improvement.  

The simulation results from protocol II demonstrated that stroke work improvement 

increased when AV delay decreased from 140ms to 40ms; when AV delay further 

shortened reaching 0ms, stroke work improvement decreased (Table 4.2). The maximum 
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stroke work improvement was 40.5% achieved at an optimal AV delay of 40ms (Table 

4.2). These results demonstrate that optimizing AV delay is critical to achieving a 

significant stroke work improvement. 

 

 

Figure 4.2: Distribution of fiber strain at three different time instants in the failing canine 

ventricular model with simulated LBBB electrical activation.  

 

 Since resynchronization of ventricular contraction did not result in marked stroke work 

improvement, while optimizing AV delay led to a significant stroke work improvement, 

it is possible that marked stroke work could be obtained through optimizing AV delay 

alone, without resynchronization of ventricular contraction (i.e. without reduction in total 

activation time). To test this hypothesis, we employed the DHF model from simulation 

protocol II; instead of pacing from RA and both ventricles for CRT, we only paced from 

RA and varied the time interval between RA pacing and LBBB electrical activation in the 

ventricles from 0 to 140ms. Stroke work improvement peaked at 29.8% when AV delay 

was 40ms (Table 4.2). This demonstrates that optimizing AV delay alone leads to 

significant stroke work improvement. Adding the 29.8% stroke work improvement by 

optimizing AV delay alone to the stroke work improvement resulting solely from 

resynchronization of ventricular contraction (8.7%) amounts to a total stroke  
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Table 4.2: Stroke work improvement for various AV delays. 

AV delay (ms) 140 110 70 40 0 

Stroke work for CRT where only the 

RA was paced (kPa*mL) 135.7* 152.9 170.9 176.2* 167.2* 

Stroke work improvement for CRT 

where only the RA was paced (%) 0.0 12.7 25.9 29.8 23.2 

Stroke work for CRT simulations in 

protocol II (kPa*mL) 156.6 174.1 189.5 190.6 173.4 

Stroke work improvement for CRT 

simulations in protocol II (%) 15.4 28.3 39.6 40.5 27.8 

 

* Cases corresponding to traces presented in Figure 5.3. 

 

work improvement of 38.5%, which is similar to that obtained under simulation protocol 

II with an AV delay of 40ms (40.5%). This shows that resynchronization of ventricular 

contraction (reduction in total activation time) contributed to the increased stroke work 

improvement, but not significantly.   
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To understand how optimizing AV delay alone, without resynchronization of 

ventricular contraction, increases stroke work improvement significantly, we examined 

the pressure and volume changes obtained in simulations in which we only paced the RA 

and changed the time interval between RA pacing and LBBB electrical activation in the 

ventricles (Fig. 4.3). Comparing LV pressures from simulations with AV delays of 40ms 

and 140ms, it can be seen that when AV delay was short, atrial contraction occurred 

when LV pressure was lower. As a result, the pressure against which LV filling by atrial 

contraction occurred was lower with an AV delay of 40ms. This led to an increase in LV 

end-diastolic volume and a larger stroke work improvement when AV delay was 

shortened from 140ms to 40ms (Fig. 4.3B, Table 4.2). However, when AV delay was 

shortened further to 0ms, even though the diastolic LV pressure was lower than that for 

AV delay of 40ms, LV filling time decreased by 20ms (Fig. 4.3A). As a result, the LV 

end-diastolic volume and thus the stroke work improvement were smaller than when AV 

delay was 40ms (Fig. 4.3B, Table 4.2). Therefore, by optimizing AV delay, preloading of 

the ventricles became more efficient and stroke work improvement increased. The 

mechanism underlying significant stroke work improvement following CRT was thus the 

efficient preloading of the ventricles by a properly timed atrial contraction.  

Our simulations found that diminution of mitral regurgitation associated with CRT 

did not lead to additional stroke work improvement; it actually caused a worsening in 

stroke work. Indeed, the results from simulation protocol III showed that if CRT did not 

reduce mitral regurgitation, stroke work improvement was 41.9%. However, if CRT 

reduced mitral regurgitation, stroke work improvement became less than that; decreasing 
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mitral regurgitant ratio from 31% to 15% and 0% by CRT gave rise to only 28.4% and 

16.8% stroke work improvement, respectively (Table 4.1).  

 

 

 

Figure 4.3: (A): LA (broken lines) and LV (solid lines) pressures and (B): pressure-volume loops 

from the simulations in which we only paced the RA and varied the time interval, 140 (black), 40 

(red) and 0 ms (green), between RA pacing and LBBB electrical activation in the ventricles.  

 

As shown in Table 4.3, in the DHF ventricular model from protocol III, 7.6mL and 

16.5mL of blood were ejected by the LV into the LA and aorta, respectively. Stroke work 

for the DHF ventricles was 163.2kPa*mL: the work done by the LV to eject blood into 

the LA and the aorta were -17.3kPa*mL (the reason the work done by the LV to eject 

blood into the LA was negative was due to the fact that the mitral inflow volume was 

more than the regurgitant volume) and 180.5kPa*mL, respectively. If CRT reduced  
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Table 4.3: Diminution of mitral regurgitation by CRT led to stroke work worsening. 

 

Ejection of 

blood by the 

LV into the 

LA (mL) 

Ejection of 

blood by the 

LV into the 

aorta (mL) 

Work done by 

the LV to eject 

blood into the 

LA (mJ) 

Work done by 

the LV to eject 

blood into the 

aorta (mJ) 

Stroke work 

for the DHF 

ventricles 

(mJ) 

DHF 7.6 16.5 -17.3 180.5 163.2 

CRT 0.0 19 -49.7 240.2 190.6 

 

mitral regurgitant ratio to 0%, 19mL of blood was ejected by the LV into the aorta. 

Stroke work for the ventricles following CRT was 190.6kPa*mL: the work done by the 

LV to eject blood into the LA and aorta were -49.7kPa*mL and 240.2kPa*mL, 

respectively. Therefore, the 27.4kPa*mL (190.6kPa*mL-163.2kPa*mL) CRT-induced 

stroke work increase was due to 59.7kPa*mL (240.2kPa*mL-180.5kPa*mL) more work 

done by the LV to eject blood into the aorta but 32.4kPa*mL (-49.7kPa*mL-(-

17.2kPa*mL)) less work done to eject blood into the LA. 
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Figure 4.4: (A): LA (broken line) and LV (solid line) pressures and (B): pressure-volume loops 

from the LBBB and CRT simulations using the model from protocol III with atrial contraction 

eliminated. 

 

Since efficient preloading of the ventricles by a properly timed atrial contraction 

results in significant stroke work changes in the acute response of CRT, atrial contraction 

was eliminated from the DHF model to dissect the mechanism by which mitral 

regurgitation decrease following CRT led to stroke work worsening. The scaling factor 

for mitral valve resistance was set to infinity so that mitral regurgitant ratio was reduced 

to 0% in CRT. LV (solid lines) and LA (broken lines) pressures from both LBBB 

activation (black) and CRT (red) simulations are plotted in Figure 4.4A. Mitral 

regurgitation in the DHF ventricles gave rise to elevation of atrial pressure (Fig. 4.4A) 

due to blood leaking back into the LA during ventricular systole. The elevated atrial 

pressure was then transmitted to the LV during filling so that LV end-diastolic volume 

was increased by 3mL (Fig. 4.4B). The net result was an increase in stroke volume and 

higher atrial 
pressure with 

mitral 
regurgitation
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stroke work with mitral regurgitation (Fig. 4.4B). Thus diminution of mitral regurgitation 

by CRT led to stroke work worsening.  

 

4.4 Discussion  

This study identified the predominant mechanism underlying stroke work 

augmentation in the acute response of CRT by employing an MRI-based anatomically 

accurate 3D model of the DHF canine ventricular electromechanics. For the first time, the 

contribution of each of the three mechanisms, namely resynchronization of ventricular 

contraction, reduction of mitral regurgitation, and efficient preloading of the ventricles by 

a properly timed atrial contraction, to stroke work improvement was quantified and the 

mechanisms identified. Significant findings of this study include: 

1. Resynchronization of ventricular contraction alone did not result in significant 

stroke work improvement. 

2. Efficient preloading of the ventricles by a properly timed atrial contraction was 

the predominant mechanism underlying stroke work improvement.  

3. Stroke work improvement peaked at an intermediate AV delay, as it allowed 

ventricular filling by atrial contraction to occur at a low diastolic LV pressure but 

also provided adequate time for ventricular filling before ventricular contraction. 

4. Diminution of mitral regurgitation by CRT led to stroke work worsening instead 

of improvement. 

 

4.4.1 The acute response to CRT 
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In this paper we demonstrated that resynchronization of ventricular contraction did 

not improve stroke work significantly in our canine model of DHF ventricles, which is 

consistent with the results from previous computational (87) and clinical studies (88). In 

fact, the predominant mechanism underlying stroke work improvement was efficient 

preloading of LV by a properly timed atrial contraction, in agreement with clinical data 

(88). However, other clinical results has demonstrated that resynchronization of 

ventricular contraction led to significant stroke work improvement (89). Since there is 

large interindividual variability in the hemodynamics of the DHF ventricles in CRT 

clinical studies (90), it is possible that resynchronization of ventricular contraction 

contributes to varying degrees of stroke work improvement in different patients.  

Our simulation results demonstrated that when the AV delay was in the intermediate 

range, stroke work improvement was larger than when the AV delay was short or long. If 

mitral regurgitation reduction by CRT was small, stroke work augmentation was more 

than that if mitral regurgitation reduction by CRT was large. Therefore, we surmise that 

the reason why some patients do not respond to CRT, specifically do not register a 

significant stroke work improvement following CRT might be due to the fact that they 

had a non-optimal device-imposed AV delay or/and large degree of mitral regurgitation 

reduction as a result of CRT.  

 

4.4.2 Optimal AV delay 

We demonstrated that the AV delay needed to achieve maximum stroke work 

improvement in the acute response of CRT had an intermediate value (40ms in the tested 
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range of 0-140ms). Clinical and experimental studies have found that the optimal AV 

delay in terms of hemodynamic metrics other than stroke work, such as maximal cardiac 

output (81), maximal rise in LV increase (69, 83, 84), aortic systolic pressure increase (83) 

and pulse pressure improvement (83) also have an intermediate value. The reason why 

these hemodynamic metrics were reduced at short and long AV delays was that with a 

short AV delay, atrial contraction occurred simultaneously with ventricular contraction, 

resulting in inefficient ventricular filling (81), consistent with our analysis; when the AV 

delay was too long, preloading of the LV was impaired due to diastolic mitral 

regurgitation (81). We showed that with a long AV delay, especially at relatively fast 

pacing rates (2Hz), preloading of the LV was impaired due to the high diastolic pressure 

against which atrial contraction occurred, which made ventricular filling by atrial 

contraction inefficient. It is possible that with a longer pacing cycle length, there would 

be more time for ventricular relaxation. Therefore, we expect that the LV pressure against 

which LV filling by atrial contraction occurs would not be significantly higher with a 

longer AV delay (140ms) compared to that at a shorter AV delay (40ms), as found here. 

As a result, preloading of the ventricles would not be as significantly impaired as in this 

study, and therefore, stroke work improvement would be larger at a longer AV delay. The 

contribution of efficient preloading of the ventricles by a properly timed atrial contraction 

to stroke work improvement could thus be less with a larger pacing cycle length.  

 

4.4.3 Mitral regurgitation reduction due to CRT 

CRT has been shown to acutely reduce mitral regurgitation severity in DHF patients 

(70-72). Two mechanisms have been proposed to explain how mitral regurgitation was 
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reduced by CRT: CRT resulted in an increase in transmitral pressure gradient (the 

systolic LV-LA pressure difference), which effectively counteracted the increased 

tethering forces in heart failure that impaired mitral valve competence (70); and CRT 

diminished dyssynchrony of papillary muscle contraction in DHF, which led to reduced 

mitral regurgitation (71, 72). Our results demonstrate that mitral regurgitation gave rise to 

higher LA pressure, end-diastolic volume, stroke volume, and stroke work, in agreement 

with clinical and experimental results (82, 85, 91, 92). Inducing mitral regurgitation in 

dogs has been shown to result in increased LA pressure, end-diastolic volume, stroke 

volume, and stroke work (82, 85). End-diastolic volume, stroke volume and stroke work 

were higher in patients with mitral regurgitation than in the control subjects (91) or in 

patients after surgical treatment of mitral valve disease (92). 

 

4.4.4 Clinical significance 

Our findings indicate that in order to maximize, clinically, the acute CRT 

hemodynamic response in terms of improvement in stroke work, the best strategy would 

be to focus on optimizing device-imposed AV delay. Our simulations indicated that an 

intermediate AV delay (between 0ms and the AV delay in LBBB activation) would be 

optimal.  

 

4.4.5 Limitations 

The model for mitral regurgitation in this study is relatively simple compared to 

existing models (93). However, there is no reason to expect that incorporating a more 

complex model for mitral regurgitation would alter the main conclusions of this 
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simulation study regarding the predominant mechanism underlying stroke work 

improvement in the acute response of CRT.  

 

4.5 Conclusion 

In the present study, we quantified the contribution of each of the three mechanisms 

hypothesized to underlie stroke work improvement in the acute CRT response, namely 

resynchronization of ventricular contraction, improved preloading of the ventricles by a 

properly timed atrial contraction, and mitral regurgitation reduction. The predominant 

mechanism underlying significant stroke work improvement was found to be improved 

preloading of the ventricles by a properly timed atrial contraction. 
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Chapter 5 

Optimizing CRT to minimize ATP consumption 

heterogeneity throughout the left ventricle: A 

simulation analysis using a canine heart failure model3 

5.1 Introduction 

Heart failure is a major cause of morbidity and mortality (12), contributing 

significantly to global health expenditure. A large number of heart failure patients exhibit 

contractile dyssynchrony due to LBBB; in these patients, the contraction of the LV is 

delayed compared to that of the RV (13, 95). CRT, the administering of biventricular 

pacing to the ventricles to re-coordinate contraction, has proven to be an effective therapy 

for DHF patients (14, 96, 97).  

In DHF patients, as a result of contractile dyssynchrony, the myocardial blood flow (a 

measure of myocardial workload) and oxygen consumption is higher in the LV lateral 

wall compared to the septum (98). Over the long term, the LV lateral wall mass increases 

to a greater extent relative to the septal mass, i.e. an asymmetry in the hypertrophic 

response develops (99). CRT has been demonstrated to lead to the restoration of relative 

                                                        
   3 This chapter was published in ref. 94. Hu Y, Gurev V, Constantino J, Trayanova N. Optimizing CRT 
to Minimize ATP Consumption Heterogeneity Throughout the Left Ventricle: A Simulation Analysis 
Using a Canine Heart Failure Model. Ibid. 2014.and is reprinted with permission from Elsevier. 

 Contributions other than the author's: Dr. Viatcheslav Gurev and Dr. Jason Constantino co-developed 
the model with the author. 
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homogeneity in oxygen consumption throughout the LV by increasing the oxygen 

consumption of the septum and decreasing that of the lateral wall (98, 100). 

Homogeneous oxygen consumption, which indicates uniform distribution of myocardial 

workload, throughout the LV is important for long-term reverse remodeling of the 

ventricles as it eliminates the asymmetry in hypertrophy resulting from LBBB (99). 

Consequentially, an important consideration in the quest to improve the long-term 

efficacy of CRT for DHF patients is that oxygen (or ATP) consumption heterogeneity 

throughout the LV be minimized. However, thus far research into CRT has not addressed 

this issue -- previous studies have mainly focused on improving the acute response of 

CRT (19). Indeed, only the optimal LV pacing sites that give rise to acute hemodynamic 

improvements, such as stroke work increase, have been identified (19). It therefore 

remains unclear whether there exist LV pacing sites that could both improve the acute 

hemodynamic response and result in a relatively homogeneity of ATP consumption 

throughout the LV, thus maximizing both short-term and long-term benefits of CRT. 

The goal of the present study was to address this issue. We aimed to demonstrate the 

feasibility of optimizing CRT pacing locations to achieve minimal ATP consumption 

heterogeneity throughout the LV while simultaneously maximizing hemodynamics 

improvement in the DHF canine ventricles. An MRI-based electromechanical model of 

the DHF canine ventricles previously developed by us was augmented and used to 

achieve the study goals. 

 

5.2 Materials and Methods 
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We employed an MRI-based electromechanical model of the DHF canine ventricles 

(Fig. 5.1A) developed previously by our group (22, 68). The model, as previously 

published, is briefly described in Appendix A. For the present research, we implemented 

further advancements in the model to enable us to determine the ATP consumption 

throughout the LV at a high spatiotemporal resolution. Detailed description of these new 

model developments is also provided in Appendix A.  

 

5.2.1 CRT Simulation protocol 

Currently, in a routine clinical CRT device implantation procedure, LV pacing sites 

are accessed via the coronary sinus and are thus epicardial (101). Accordingly, the model 

of the DHF ventricles was subjected to bi-ventricular CRT, in which the ventricles were 

paced simultaneously from the RV apex and an epicardial location in the LV. This 

protocol is similar to the CRT protocol described in our recent publication (68). The 

parameters chosen in the CRT model, such as CRT AV delay and pacing rate are  
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detail), were constructed, and a single ATP_cT heterogeneity index heterogeneity index, 

ATPCTHI, calculated (see Appendix A for detail). 

In addition, we also simulated bi-ventricular CRT with endocardial LV placement to 

gain insight into whether it could lead to different improvements in ATPCTHI and stroke 

work as compared to epicardial LV placement. Three LV endocardial pacing sites were 

tested: one basal, one apical and one midway between apex and base (Fig. 5.1B, right). 

Improvements in both ATPCTHI and stroke work were calculated for each of them. In all 

CRT simulations, the position of the RV pacing lead remained the same. 

 

5.2.2 Data analysis 

For each bi-ventricular CRT simulation (corresponding to each of the 34 epicardial 

LV and the 3 endocardial LV pacing locations), the degree of heterogeneity in ATP 

consumption throughout the LV and the improvement in ATPCTHI was determined.  

These novel calculations are described in detail in Appendix A. Additionally, the optimal 

LV pacing site(s), both epicardial (among 34 locations) and endocardial (among 3 

locations) that led to maximal improvement in stroke work were calculated as described 

in our previous publication (68) and briefly presented in Appendix A. Finally, the LV 

pacing sites that achieve maximal improvement in both ATPCTHI and stroke work were 

identified. 

  

5.3 Results 
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all 34 LV CRT locations, ATP_cT maps were constructed. Then, the ATPCTHI values, 

one for each CRT simulation, were determined. The left image of Fig. 5.3A is a summary 

plot of the results of all 34 simulations; it presents the distribution of the improvement in 

ATPCTHI (normalized with respect to the maximal improvement in ATPCTHI, 20%) 

over all pacing sites. Both apical and basal pacing sites gave rise to small (<10%) 

improvement in ATPCTHI (i.e. <50% improvement in ATPCTHI normalized with 

respect to the maximal improvement in ATPCTHI, as seen in Fig. 5.3A, left). The pacing 

site that resulted in maximal improvement in ATPCTHI was located midway between 

apex and base, and is marked by the black triangle. CRT from this LV pacing location 

homogenized ATP_cT between the septum and the lateral wall by increasing septal 

ATP_cT while decreasing that of the lateral wall (Fig. 5.3A, right), resulting in an 

ATPCTHI of 0.259.  

To provide a reference value, we also calculated ATPCTHI for the failing ventricles 

in sinus rhythm; the activation patterns corresponding to sinus rhythm, LBBB, and CRT 

from the optimal pacing site are shown in Figure 5.4. The ATPCTHI in sinus rhythm was 

0.268, slightly larger than that (0.259) following CRT from the LV location that resulted 

in maximal improvement in ATPCTHI.  

Simulations of biventricular CRT were then conducted to determine the epicardial LV 

location that resulted in maximum stroke work improvement. Figure 5.3B is a summary 

plot of the results of all 34 simulations, each corresponding to one LV site; it shows the 

distribution of stroke work improvement (normalized with respect to the maximal stroke 

work improvement, 41%) over all pacing sites. Almost all of the pacing  
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Figure 5.4: Electrical activation pattern in the canine ventricles corresponding to sinus rhythm, 

LBBB, and CRT from the optimal epicardial LV pacing site. 

 

sites (33 out of 34) led to ≥ 33% stroke work improvement (i.e. ≥ 80% stroke work 

improvement normalized with respect to the maximal stroke work improvement as seen 

in Fig. 5.3B). The pacing site that gave rise to the maximal stroke work improvement was 

located midway between apex and base (marked by the black triangle). The 

corresponding pressure-volume loop for this CRT location and its comparison to the 

pressure-volume loop in LBBB are presented in Supplemental Results and Discussion of 

Appendix A. 

The pacing site that resulted in maximal improvement in ATPCTHI was adjacent to 

the one that led to maximal stroke work improvement and thus, CRT from both LV 

pacing sites (optimal sites) resulted in maximal or near maximal improvement in both 

ATPCTHI and stroke work. Figure 5.5 is a plot showing the number of CRT LV pacing 
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sites that gave rise to improvement above a certain level in both ATPCTHI and stroke 

work as a function of that level. It shows how close to the maximal improvements in  

 

Figure 5.5: The number of CRT LV pacing sites that gave rise to improvement above a certain 

level in both ATPCTHI and stroke work as a function of that level. 

 

ATPCTHI (20%) and stroke work (41%) the CRT responses from epicardial pacing sites 

were. For instance, the number of the LV pacing sites that led to improvements in both 

ATPCTHI and stroke work that were above 40% of the maximum possible was 25. In 

other words, 25 of the 34 pacing sites resulted in above 8% improvement in ATPCTHI 

(40% of the maximum 20% improvement in ATPCTHI is 8% improvement) and above 

16% stroke work improvement (40% of the maximum 41% improvement in stroke work 

is 16% stroke work improvement). Similarly, the number of LV pacing sites that led to 

improvements in both ATPCTHI and stroke work above 80% of maximal was only 10; 

i.e. 10 LV pacing sites had above 16% improvement in ATPCTHI (80% of the maximum 

20% improvement in ATPCTHI is 16% improvement) and above 33% stroke work 
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We also examined the mechanisms by which pacing sites midway between apex and 

base lead to larger improvement in ATPCTHI. To conduct this analysis, the 3D 

distributions of ATP_cT in the DHF canine ventricles and following CRT from a basal 

pacing site, an apical site, and the site that resulted in maximal improvement in 

ATPCTHI, were compared (Fig. 5.6). Six sites that were on the same longitudinal cross-

section (3 on the lateral wall and 3 on the septum, indicated by the arrows in the leftmost 

image of the 2nd row in Fig. 5.6) were chosen for strain and ATP_c profile analysis. The 

3rd and 4th rows of Figure 5.6 present the strain and ATP_c profiles over one 

representative pacing cycle at each of the six sites in the DHF ventricles and following 

CRT from the respective LV locations (broken lines are traces from the 3 sites in the 

septum and solid lines are traces from the 3 sites in the lateral wall). Comparing the strain 

profiles from the DHF ventricles and following CRT from the LV site that resulted in 

maximal improvement in ATPCTHI, it can be seen that there is a delay in the lateral wall 

contraction relative to the septal contraction in the DHF ventricles (onsets of lateral wall 

and septal contractions are indicated by the arrows). CRT eliminated this dyssynchrony 

in ventricular contraction, leading to similar ATP_c profiles between septum and lateral 

wall, and thus significant decrease in ATP_cT heterogeneity throughout the LV and 

improvement in ATPCTHI (20%).  

The basal and apical CRT LV pacing sites shown in Fig. 5.6 resulted in an ATPCTHI 

of 0.304 and 0.321, respectively; normalized improvements in ATPCTHI were 34% and 

8%, respectively. Pacing the LV from the base resulted in the apex contracting after the 

base, with the apex being pre-stretched (indicated by the arrow, green solid line in the 2nd 

row panel in Fig. 5.6) while the base was contracting; the pre-stretch was substantial 
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(14%) as the wall of the apex was thinner than that of the base. This led to fast apical 

myofiber shortening during the subsequent contraction, as myofibers at the apex 

shortened to the same degree as those at the base but starting from a fiber pre-stretch of 

14%. Consequently, there was higher ATP_c (4th row, basal pacing column) and ATP_cT 

(2nd row, basal pacing column) at the apex relative to those at the base. Pacing the LV 

from the apex led to the apex contracting ahead of the base, which resulted in dissimilar 

ATP_c profiles throughout the LV (4th row, apical pacing column). 

Finally, we conducted bi-ventricular endocardial LV CRT simulations. The results 

demonstrated that the improvements in ATPCTHI were 13% (basal site), 4% (apical site) 

and 17% (the site midway between apex and base). The maximal improvement in 

ATPCTHI among the three endocardial pacing sites was 17%, which was close to the 

maximal improvement in ATPCTHI among the epicardial pacing sites (20%). Apical and 

basal pacing sites led to smaller improvement in ATPCTHI compared to the pacing site 

midway between apex and base. The improvements in stroke work were 36% (basal site), 

39% (apical site) and 38% (the site midway between apex and base) respectively. Similar 

to the epicardial pacing sites, all endocardial pacing sites gave rise to stroke work 

improvement above 33%. 

 

5.4 Discussion 

Our study demonstrated the feasibility of determining the optimal LV pacing site for bi-

ventricular CRT that achieves simultaneous maximum improvements in ATPCTHI and 
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stroke work. The results were based on the use of an MRI-based electromechanical model 

of the DHF canine ventricles. Major findings of the study include: 

1. The optimal epicardial LV pacing site for biventricular CRT that resulted in 

maximal improvement in ATPCTHI was located midway between apex and base, 

and close to the site that resulted in maximal stroke work improvement.  

2. The further the distance on the epicardium from a given LV pacing site to the 

optimal LV pacing locations, the smaller the improvement in ATPCTHI. 

Improvement in ATPCTHI decreased much more rapidly with this distance as 

compared to stroke work improvement.  

3. CRT from the optimal epicardial LV pacing sites homogenized ATP_cT 

throughout the LV by increasing septal ATP_cT and decreasing that of the lateral 

wall. CRT from epicardial apical or basal sites led to the apex or base contracting 

ahead of the distant myocardium at base or apex. As a result, CRT from both 

apical and basal sites gave rise to dissimilar ATP_c profiles throughout the LV, 

which resulted in heterogeneous ATP_cT in the LV.  

4. The location of the endocardial LV CRT pacing site that resulted in maximal 

improvement in ATPCTHI (among the three sites tested) was in the same general 

region of the ventricle as the optimal epicardial pacing site.  

 

5.4.1 CRT-induced improvement in ATPCTHI and stroke work 

To determine the oxygen consumption throughout the LV, clinical studies had 

employed 11C-acetate positron emission tomography (98, 100). However, these studies 
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provided information with low temporal and spatial resolution: myocardial oxygen 

consumption was measured by the acetate clearance rate at every minute; the LV 

myocardial wall was divided into four 4 regions (anterior, lateral, inferior and septal wall) 

and oxygen consumption was quantified for each of them. By using a computational 

approach to cardiac electromechanics, we were able to evaluate, in 3D and at a high 

spatiotemporal resolution, the metabolic rate throughout the LV following biventricular 

CRT, for both epicardial and endocardial LV pacing locations. Our MRI-based 3D 

electromechanical model of the failing canine ventricles incorporated a myofilament 

model representing ATP consumption, which made it possible to calculate the dynamic 

temporal changes in ATP consumption and its heterogeneous distribution throughout the 

LV. Thus, the LV pacing site that led to maximal improvement in ATPCTHI following 

CRT could be accurately determined; such CRT optimization could not be achieved in 

the clinical studies using 11C-acetate positron emission tomography. Analyzing the 

mechanisms, we found in the present study that the LV pacing site that gave rise to the 

maximal improvement in ATPCTHI was located midway between apex and base. CRT 

from non-optimal sites (apical or basal) led to the apex or base contracting ahead of the 

distant myocardium at base or apex, resulting in dissimilar ATP_c profiles throughout the 

LV and thus heterogeneous ATP_cT in the LV. 

In this study, we demonstrated that stroke work improvement decreased slowly with 

the distance from the optimal pacing location, which is in agreement with experimental 

evidence (19, 68). The slow decrease reflected the fact that our model of CRT was tuned 

to achieve maximum stroke work improvement (see Supplemental Results and 
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Discussion of Appendix A) as the AV delay used here (70ms) was the value shown to 

lead to significant stroke work improvement in a canine DHF model (68).   

 

5.4.2 Clinical significance 

The results of our study could have important implications for optimizing the clinical 

procedure of CRT. Our study demonstrated the feasibility of using an image-based 

simulation approach to determine the optimal LV pacing site for biventricular CRT in the 

DHF ventricles, a site that achieves simultaneous maximum improvements in ATPCTHI 

and stroke work. We demonstrated that in the tachycardia-paced canine DHF ventricles 

(i.e. ventricles without ischemic cardiomyopathy) the optimal LV pacing site was located 

midway between apex and base (based on extensive simulations of epicardial pacing 

CRT and a limited number of endocardial CRT simulations). However, we do not expect 

that in all patients the LV pacing site that maximizes improvements in both ATPCTHI 

and stroke work would necessarily be at that location. Indeed, clinical studies have shown 

that there is a significant interindividual variability in the location of the optimal LV 

pacing site (102-104). The significant interindividual variability in the location of the 

optimal LV pacing sites found in these clinical studies is due to the fact that a significant 

percentage of patients had ischemic cardiomyopathy (25%, 56% and 36% in the studies 

by Asbach et al.(102), Khan et al.(103), and Duckett et al.(104), respectively); the 

location of scar tissue influences the location of the optimal CRT pacing site (103). The 

image-based simulation approach to CRT optimization presented here could be applied to 

each patient heart, building a personalized model (with ischemic cardiomyopathy also 
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accounted for, should there be any) to be used in determining the optimal LV pacing site 

(either epi- or endocardial) in a patient-specific manner. 

A finding with important clinical implication is that acute hemodynamic response 

does not necessarily predict long-term CRT outcome, which is consistent with the results 

from clinical studies (see review(105)). Duckett et al. found that acute response to CRT, 

as measured by maximal rise in LV pressure, is predictive of long-term response (104). 

However, this study defined long-term response only in terms of reduction in LV end-

systolic volume, which is only one component of reverse remodeling. Elimination of 

asymmetry in hypertrophy resulting from LBBB, as examined here, is a different, in fact 

poorly explored, aspect of reverse remodeling by CRT.  

 

5.4.3 Limitations 

A limitation in our model is that because of the weak electromechanical coupling in 

the model we could not represent pacing-induced electro-mechanical remodeling, namely 

the prolongation of APD in the late-activated myocardial segment as compared to the 

early-activated myocardial segment found in experimental studies (106, 107); one 

expects that such electromechanical remodeling might affect the location of the LV 

pacing site that maximizes improvements in ATPCTHI. As more sophisticated 

electromechanical models are implemented in the future, the spatial heterogeneity in 

APD could be taken into account in calculating the optimal pacing site that will result in 

maximal improvements in ATPCTHI and stroke work following the approach developed 
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here. Another limitation is that the electromechanical model did not incorporate papillary 

muscles. It is possible that when modeling advances enough to be able to handle the 

contribution of papillary muscle, the optimal LV pacing site might be found to be closer 

to the apex, as found in some experiments (19).  

 

5.5 Conclusion 

In the present study, we demonstrated the feasibility of determining the optimal LV 

pacing site for biventricular CRT that achieves simultaneous maximum improvements in 

ATPCTHI and stroke work. In the tachycardia-paced DHF canine ventricles these 

optimal CRT LV pacing sites were located midway between apex and base. Our study 

suggests an ATP based method to optimize the location of the LV pacing sites for 

biventricular CRT. Prospective testing would be needed to confirm the feasibility of this 

method in animal models or patients. 
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Chapter 6 

Overarching Discussion 

An in-depth discussion of the specific study finding, implications, and related work is 

provided in Sections 3.4, 4.4, and 5.4. A brief overarching discussion is given here. This 

research explored the electromechanical interactions in the heart. First, it was 

investigated how the recruitment of SAC affects scroll wave stability. Second, the 

predominant mechanism underlying stroke work improvement in the acute response of 

CRT was determined. Third, the feasibility of optimizing CRT pacing locations to 

minimize ATP consumption heterogeneity throughout the LV in the DHF ventricles was 

demonstrated.  

These findings were significant in various ways. Under Specific Aim 1, arrhythmia 

was induced in human ventricles; it was found that recruitment of SAC affects scroll 

wave stability differently depending on SAC reversal potential and channel conductance; 

the mechanisms are also different. The present study was the first comprehensive study to 

examine the effects of recruitment of SAC with different reversal potentials and 

conductances on scroll wave stability. The results of the study demonstrate the possible 

therapeutic potential of SAC recruitment during VF, indicating that clinical strategies 

could be devised to minimize scroll wave breakup. There is still much unknown about the 

expression of SAC in ventricular tissue in different patients. It is possible that expression 

of the two types of SACs, namely non-selective cation SAC and potassium conducting 

SAC, is heterogeneous throughout the ventricles. Such spatial heterogeneity in SAC 
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expression throughout the ventricles would complicate how recruitment of SAC affects 

scroll wave stability. Therefore, it is critical that future studies are conducted to 

determine SAC expression throughout the ventricles.  Under Specific Aim 2, CRT was 

applied to the DHF canine ventricles. The predominant mechanism underlying stroke 

work improvement in the acute response of CRT was found to be efficient preloading of 

the ventricles by a properly timed atrial contraction instead of resynchronization of 

ventricular contraction. Reduction of mitral regurgitation by CRT led to stroke work 

worsening. These results indicate that in order to maximize, clinically, the acute 

hemodynamic response in terms of stroke work, the best strategy would be to focus on 

optimizing device-imposed AV delay; an intermediate AV delay would be optimal. This 

study brings up the possibility that resynchronization of ventricular contraction might not 

be the predominant mechanism underlying stroke work improvement in acute CRT 

response. However, this study was done using an image-based model of canine ventricles. 

It is possible that resynchronization of ventricular contraction contributes to greater 

stroke work improvement in human ventricles given that human ventricles are much 

larger than canine ventricles. The model in this study did not incorporate DHF induced 

spatial heterogeneity in electrical and mechanical remodeling, which could have led to 

greater stroke work improvement as a result of resynchronization of ventricular 

contraction. Therefore, future studies are needed to investigate whether resynchronization 

of ventricular contraction leads to larger stroke work improvement in human ventricles 

compared to canine ventricles and if the spatial heterogeneity in electrical and mechanical 

remodeling as a result of DHF could have influenced the contribution of 

resynchronization of ventricular contraction to stroke work improvement in acute CRT 
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response. It has been shown that there is large interindividual variability in the 

morphology of pressure-volume loops and hemodynamics among DHF patients. 

Therefore, future studies should be conducted to determine whether the contribution of 

resynchronization of ventricular contraction to stroke work improvement in the acute 

response of CRT differs among patients. Lastly, the model of DHF ventricles did not 

incorporate representation of papillary muscles. When computational modeling advances 

enough to incorporate representation of papillary muscles and mitral regurgitation 

reduction can be simulated in a more realistic manner, a more accurate assessment of the 

contribution of mitral regurgitation reduction to stroke work improvement can be done. 

Under Specific Aim 3, CRT was applied to the DHF canine ventricles with the LV pacing 

site varied among 34 locations on the epicardium. The feasibility of using an image-based 

simulation approach to determine the optimal LV pacing site in the DHF ventricles that 

achieves simultaneous maximum improvements in ATPCTHI and stroke work was 

demonstrated. The results of the study suggest an ATP based method to optimize CRT 

pacing sites. The image-based simulation approach to CRT optimization presented in the 

study could be applied to each patient heart, building a personalized model (with 

ischemic cardiomyopathy also accounted for, should there be any) to be used in 

determining the optimal LV pacing site in a patient-specific manner. This image-based 

simulation approach to CRT optimization using an ATP based method needs further 

testing and validation in both experimental and clinical studies. This study has done 

extensive simulation of CRT from epicardial pacing sites. Studies can be conducted to 

optimize endocardial pacing sites, since endocardial pacing has been shown to possibly 

lead to greater hemodynamic improvements compared to epicardial pacing. Futhermore, 
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the ATP heterogeneity index can be further improved to better quantify the spatial 

heterogeneity of ATP consumption throughout the LV by using more advanced statistical 

techniques such as Moran’s I. 

Under Specific Aim I, an advanced strongly-coupled electromechanical model of 

human ventricles was developed. Under Specific Aim II, a sophisticated weakly-coupled 

electromechanical model of DHF canine ventricles was developed and was further 

advanced under Specific Aim III to allow us to determine ATP consumption throughout 

the LV at a high spatiotemporal resolution. Further improvements that can be made to the 

electromechanical model of the DHF ventricles include incorporating DHF induced 

electrical and mechanical remodeling, representation of papillary muscles and ischemic 

cardiomyopathy. These improvements to the electromechanical model of the DHF 

ventricles will allow more realistic simulations and further optimization of CRT 

This research provides insights into the electromechanical interactions in the heart, 

and will contribute to the development of better treatment for cardiac diseases, 

specifically cardiac arrhythmias and DHF. 
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Appendix A 

Supplementary Material for Chapter 54 

A.1 Supplemental Methods 

A. 1.1 Overview of the MRI-based electromechanical model of the DHF 

ventricles 

The ventricular geometry and the three-dimensional arrangement of ventricular 

myofibers were constructed from high-resolution MR and DTMR images of DHF canine 

ventricles. The original experimental studies in which the imaging data have been 

acquired have been previously published (108, 109). The heart failure animal model in 

these experimental studies (108, 109) was that of a tachycardia pacing-induced heart 

failure. The imaging data has since been publicly available 

(http://gforge.icm.jhu.edu/gf/project/dtmri_data_sets). Our electromechanical model 

consisted of coupled electrical and mechanical components, and a representation of the 

circulatory system. In the model of the circulatory system, parts (e.g. pulmonic veins) of 

the system were lumped together and thus compliances were averaged and resistances 

summed over these parts, as described in (78). The electrical component of the model 

involved standard methods of wave propagation in the tissue (44). The ventricular 

                                                        
   4  The corresponding study is being published in ref. 94, which is reprinted in Chapter 5. The 
supplemental material of ref. 94 is reprinted in this appendix. 
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mechanics component was based on the continuum mechanics equations (21, 27, 28), 

which treated the myocardium as a continuous medium. The myocardium deformed 

differently in different directions and it was assumed to be of nearly-incompressible 

material (21, 27, 28). 

To minimize computational effort, the electrical and mechanical components of the 

electromechanical model were weakly coupled: the local electrical activation times 

calculated from the electrical component of the model determined the instants when the 

Ca transient, which served as an input into the Rice et al. myofilament model (26) in the 

mechanics component of the model, was initiated at the Gauss points of each mechanical 

mesh element. The electrical component of the ventricular electromechanical model has 

been extensively described in our previous studies (68, 110).  

 

A.1.2 Myofilament model 

The Rice et al. myofilament model (26), as modified in our previous publication (68), 

was employed in this study. For this study, the myofilament model was further modified 

so that it could reproduce (Fig. A.1) the experimentally determined relationship between 

ATP consumption and stress-strain area (the area under the stress-strain curve) (111) and 

the relationship between ATP consumption and tension at different temperatures (112).  
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Figure A.1: The myofilament model reproduces experimentally determined relationship between 

ATP consumption and stress-strain area and the relationship between ATP consumption and 

tension at different temperatures. 

 

The modifications were implemented by setting the values of the crossbridge detachment 

rate constant to the permissive conformation state of the regulatory protein, of the scaling 

constant for the effects of strain on negative shortening velocities, and of the rate constant 

for Ca binding in the myofilament model to 140s-1, 1 and 30µM-1s-1, respectively. The 

value of the scaling factor for tension in the myofilament model was adjusted to 1230 so 

that ejection fraction, LV peak pressure, and maximal rise in LV pressure matched values 

observed experimentally in failing canine ventricles (77). 

 

A.1.3 Simulating LBBB activation and CRT in the canine ventricles 

To simulate LBBB activation of the canine ventricles, the RV endocardial surface 

was stimulated at discrete locations as if the electrical activation was emanating from the 

activation of the corresponding branch of the Purkinje network; the locations and timings 

were based on experimental findings (80). A pacing cycle length of 500ms was used, 
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consistent with the pacing rate in DHF canine ventricles in CRT experimental studies 

(77). LBBB was simulated with an AV delay of 140ms; this AV delay has been measured 

in the DHF canine ventricles (77). AV delay in the model of LBBB activation was 

defined as the time interval from the onset of atrial contraction until the start of electrical 

activation in the ventricles; atrial contraction was represented in the model of the 

circulatory system using a time-varying elastance model (27, 68). 

In each CRT simulation, an AV delay of 70ms was implemented, consistent with the 

AV delay used in canine CRT protocols (77). CRT AV delay was defined as the time 

interval from the onset of atrial contraction until the start of biventricular pacing.  

 

A.1.4 Calculating the degree of heterogeneity in ATP consumption 

throughout the LV 

The degree of heterogeneity in ATP consumption throughout the LV was determined 

by calculating ATP consumption per myosin head (ATP_c) at every Gauss point in the 

LV mechanical mesh and at every millisecond of the pacing cycle (500ms in duration, 

from end-diastole of a given cardiac cycle to that of the next). ATP_c calculation 

involved multiplying the crossbridge detachment rate by the single-overlap fraction of the 

thick filament and the probability that the crossbridge is in the post-rotated force-

generating state in the myofilament model. At each Gauss point in the LV mechanical 

mesh, ATP_c values calculated at each time instant (every millisecond) of the pacing 

cycle were then added up to obtain the total ATP_c, ATP_cT (i.e. ATP_c over one pacing 
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cycle) at that point. ATP_cT thus represented the number of ATP molecules consumed 

by a single myosin head over one pacing cycle.  

!"#_!" !!, !!, !! = !!"#!"!"#$%!"#$!ℎ!"#(!)!"#!!"#$%&!!"!#$ ……………………(A.1) 

where gxbT is the crossbridge detachment rate; 

XBPostR is the probability that the crossbridge is in the post-rotated force-generating state; 

SOVFthick(x) is the single-overlap function for the thick filament; 

x is the sarcomere length; and  

!"#_!" !!, !!, !!   is the total ATP_c over one pacing cycle at each Gauss point. !!, !! 

and !! are the local coordinates in Gaussian quadrature and they range from 0 to 1. 

For the DHF ventricles and each CRT simulation (corresponding to each of the 34 LV 

pacing sites), we calculated the ATP_cT heterogeneity index (ATPCTHI), a single value, 

defined as the dispersion of the ATP_cT across all Gauss points (from the average 

ATP_cT over all Gauss points) in the LV mechanical mesh.  

!"#$%&#!!"#_!" = !!!!!!!!"#_!"(!!,!!,!!)!!!!!!!!"!!"!#!$%&
!!!!!!!!!!!""!!"!!"!#!$%&

…………………………..(A.2) 

 

!"#$"%& = !!!!!!!(!"#_!"(!!,!!,!!)!!"#$%&#!!!"#_!")!!!!!""!!"!!"!#!$%&
!!!!!!!!!!!""!!"!!"!#!$%&

...……........…(A.3) 
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where J is the determinant of the Jacobian of the transformation matrix from local 

coordinates to global coordinates; 

Wi, Wj and Wk are the weights of the Gauss points in !!, !! and !! directions; and  

ATPCTHI is the ATP_cT heterogeneity index (ATPCTHI). 

Finally, we determined the improvement in ATPCTHI induced by CRT from the 

given LV pacing site. Improvement in ATPCTHI was defined as the percentage decrease 

in ATPCTHI as a result of CRT relative to its value in the DHF ventricles.  

 

!"#$%&'"'()!!"!!"#$"%& = !"#$"%&!!"!!!!"#$%&!!"!!"#!!"#$"%&!!"!!ℎ!!!"#!!"#$%&'(")!
!"#$"%&!!"!!ℎ!!!"#!!"#$%&'(") ………(A.4)'

 

A.1.5 Calculating stroke work improvement 

For the DHF ventricles and each CRT simulation (corresponding to each of the 34 LV 

pacing sites), stroke work was calculated by integrating the area within the pressure-

volume loop, as we have done in our previous publication (68). Stroke work 

improvement for the given pacing site was defined as the percentage increase of stroke 

work as a result of CRT relative to that in the DHF ventricles.  
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A.2 Supplemental Results and Discussion: Stroke work 

improvement in the acute response to CRT 

As presented in the main text, stroke work improvement was determined for each of 

the CRT simulations (34 epicardial LV pacing sites and 3 endocardial LV). Almost all of 

the epicardial pacing sites (33 out of 34) led to significant (≥ 33%) stroke work 

improvement, as seen in Fig. 5.3B and discussed in the main text. The slow decrease 

reflected the fact that our model of CRT was tuned to achieve maximum stroke work 

improvement i.e. significant stroke work improvement was reached by pacing from a 

broad area of the LV lateral wall. This tune up was achieved here by setting the AV delay 

to 70ms, which is the value shown to lead to a significant stroke work improvement in 

the canine DHF model (68). Indeed, our previous work (68) and a recent experimental 

study (88) have demonstrated that AV delay optimization was a very important 

contributor to stroke work improvement following CRT.  

The epicardial LV pacing site that resulted in maximal stroke work improvement is 

marked by the black triangle in Fig. 5.3B. It increased stroke work from 135.7 kPa*mL in 

the DHF ventricles to 191.3 kPa*mL, as documented by the pressure-volume loops in Fig. 

A.2. Since the AV delay was 140ms in the DHF ventricles and the pacing cycle length 

was 500ms (see A.1 Supplementary Methods), atrial contraction occurred when LV was 

in the process of relaxation and therefore ventricular filling started before the complete 

relaxation of the LV. Consequently, the pressure at the end of isovolumic relaxation 

ended up being higher than the end-diastolic pressure. Such pressure-volume relationship 

has been observed in DHF hearts, such as in Patient 4 and 5 in Dekker et al. (90). The 
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in the DHF ventricles and LV preloading became more efficient. Consequently, LV end-

diastolic volume was larger in CRT and a stronger LV contraction resulted according to 

Starling’s Law.  
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