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ABSTRACT OF THE DISSERTATION 

 

Effects of Pacing Site on Global and Regional Left Ventricular Function in the Setting 
of Dyssynchronous Heart Failure 

 

by 

Elliot Jacob Howard 

 

Doctor of Philosophy in Bioengineering 

University of California, San Diego, 2011 

Professor Jeffrey H. Omens, Chair  

Professor Andrew D. McCulloch, Co-Chair 

 

Regional estimates of left ventricular function are important for understanding 

normal cardiac function. In the presence of electrical dyssynchrony and heart failure, 

substantial remodeling of left ventricular geometry and cellular function occurs, 

resulting in discoordinate mechanical contraction. However, the determinants of 

regional left ventricular function during altered electrical activation in the failing heart 

are unclear. Thus, we sought to investigate the effects of ventricular activation on left 

ventricular function in dyssynchronously failing hearts.   



 

xvii 

 Regional mechanics were measured in the anterolateral left ventricle in open-

chest canine hearts. We found that the transmural location of the left ventricular pacing 

lead and its position in relation to the baseline activation sequence were important 

determinants of cardiac function. Specifically, improvements in hemodynamic function 

increased with activation time at the pacing site during endocardial, but not epicardial, 

biventricular pacing. At the inner wall, radial strain was increased during local 

endocardial pacing compared with epicardial pacing. In paced failing ventricles, 

regional differences in myofiber shortening were observed. End-systolic strains were 

significantly correlated with peak fiber prestretch. Additionally, the onset of sub-

endocardial fiber relengthening and fiber shortening duration increased with local 

activation time, which may be due differences in fiber length. In model simulations, the 

effects of fiber length and shortening velocity on differences in fiber shortening 

magnitude, relengthening onset, and shortening duration were investigated. Removing 

both length and velocity dependence from the active stress model attenuated these 

differences, compared to baseline. Finally, we studied the effects of sheet structure and 

transmural activation sequence on regional function. Sheet angle was less radially 

oriented in failing hearts, compared with control, resulting in a reduced contribution of 

sheet extension. In failing hearts, reversal of the transmural activation sequence reduced 

the absolute magnitudes of sheet thickening and shearing at the inner wall, and altered 

the relative contributions to end-systolic wall thickening compared with normal. 

Overall, these findings provide insights into the mechanisms by which the amount of 

electrical dyssynchrony determines left ventricular function in the failing heart. 



 

 

1 Introduction 

The cardiovascular system, comprised of the heart’s chambers and an extensive 

network of vessels, is responsible for the circulation of the blood in order to meet the 

metabolic demands of the body’s tissues. At the basis of cardiovascular physiology is 

the inherit pumping ability of the heart to contract and generate sufficient cavity 

pressure necessary for ejecting blood outward against the impending load of the 

vasculature. The left ventricle, which supplies the systemic circulation, contracts against 

greater load (i.e. systolic pressure) and relies on the coordinated contraction of billions 

of cardiac cells to increase pressure by 60 - 80 mmHg within one tenth of a second. 

Thus, estimates of regional and global mechanics of the left ventricle are of primary 

importance in describing normal cardiac function.  

Global hemodynamic measurements are useful in describing overall loading 

conditions (i.e. end-diastolic and end-systolic pressure/volume), contractility (i.e. force 

generating capacity or rate of LV pressure increase over time), lusitropy (i.e. force 

relaxation or rate LV pressure decline over time), and pump function (stroke volume, 

and ejection fraction). These parameters are sensitive to heart rate, and can be regulated 

by both extrinsic (e.g. sympathetic and parasympathetic activity) and intrinsic (e.g. 

Frank-Starling relation) pathways. Additionally, global estimates of cardiac function are 

sensitive to abnormalities in loading conditions (e.g. elevated systolic pressures with 

hypertension), structural changes (e.g. scar formation after acute myocardial infarction), 

and altered electrical conduction (e.g. left bundle branch block or ventricular pacing). 

Measurements of regional function serve to relate the inherent contractile function of 
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the ventricles to the underlying tissue structure, primarily consisting of a complex 

arrangement of cardiomyocytes, or cardiac fibers, and extracellular matrix components. 

Experimentally, these include ex-vivo estimates of passive material properties, in-vivo 

analysis of three-dimensional deformation (i.e. mechanical strain, or shape change), and 

numerical approximation of local stress (i.e. force per unit area). Estimates of regional 

function (e.g. timing and magnitude of fiber strain) are sensitive to alterations that occur 

in disease compared with normal hearts (e.g. variations in chamber geometry, tissue 

structure, and cellular excitation-contraction properties), thus providing additional 

insights into the determinants of overall cardiac function. Measurements of regional left 

ventricular function can also be useful in assessing the response to therapy; for example, 

during ventricular pacing in patients with heart failure and abnormal electrical 

conduction. The use of mechanical indices, for example, derived from the temporal and 

spatial distribution of regional strain, that are sensitive to alterations in electrical 

conduction would potentially allow for better selection of pacing parameters and lead 

sites.  
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1.1 Cardiovascular Disease and Heart Failure 

Cardiovascular disease (CVD) is the leading cause of mortality in the United 

States, responsible for 1 out of every 3 deaths, as reported in a recent survey by the 

American Heart Association (56). A majority of CVD deaths in the US are attributed to 

coronary artery disease, followed by stroke and hypertension. Estimated costs for 

hospitalization (in-patient and out-patient), attributed to CVD in the US, was over $110 

billion for 2010. Since the 1980’s, there has been a steady increase in the population of 

CVD patients that develop heart failure (HF), with a 1 in 5 chance of occurrence in both 

men and women ≥ 40 years of age.  HF represents the end-stage of cardiac disease, and 

in a majority of patients is a direct consequence of hypertension, previous history of 

myocardial infarction, or genetic cardiomyopathies.  

In many instances, HF is associated with depressed cardiac contractility, reduced 

stroke volume, increased end-diastolic volume, and increased heart rate. Reduced stroke 

volume and increased end-diastolic volume together contribute to an ejection fraction 

below 50% (84). Initially, compensatory mechanisms become activated in order to 

restore cardiac output in the mist of reduced contractile state and ventricular 

overloading. A review of these mechanisms is given in detail in a newer edition of 

Braunwald’s Heart Disease (54). Overtime as symptoms worsen, many of these 

overactive compensatory mechanisms contribute to detrimental changes within the 

myocardium (26), (32), termed “ventricular remodeling.” Left ventricular (LV) 

remodeling is associated with altered structural (27) and excitation-contraction 

properties (11), (19) of the cardiac myocytes, as well as changes in LV wall thickness, 
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chamber volume, and shape (57). Collectively, LV remodeling further deteriorates 

global pump function and accelerates end-stage organ failure, in which the pumping 

capacity of heart is insufficient in providing oxygenated blood to meet the metabolic 

demands of the body’s tissues.  

Approximately 30% of HF patients are burdened with electrical dyssynchrony 

(24), a disease affecting the heart’s conduction system, which further compounds their 

condition and promotes the detrimental ventricular remodeling process. Cardiac 

resynchronization therapy (CRT) is used to treat HF patients with reduced ejection 

fraction (<35%) and prolonged electrical conduction (QRSd > 120 ms). During CRT, 

both the right and left ventricles are stimulated following atrial stimulation in order to 

reduce both interventricular (i.e. right to left) and intraventricular (e.g. within the LV) 

conduction delay. Collectively, a substantial benefit has been demonstrated with CRT, 

in which reverse LV remodeling occurs as indicated by increased LV ejection fraction 

and reduced LV end-diastolic volume (2). However, approximately 30% of HF patients 

fail to improve clinically after CRT (58), suggesting a need for a better understanding of 

the effects of dyssynchrony on overall cardiac performance. Exposing the mechanisms 

by which the amount of dyssynchrony determines regional and global function may 

allow for the development of alternative pacing strategies for non-responsive patients. 

Additionally, regional estimates of left ventricular function may provide better tools for 

assessing the degree of dyssynchrony and selecting the pacing site/sites that maximize 

improvement with CRT.   
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1.2 Mammalian Cardiac Anatomy 

At the gross level, the adult mammalian heart consists of the two thin-walled, 

roughly spherical chambers, the right and left atrial, and two thick-walled, elongated 

ellipsoidal chambers, which are the right and left ventricles. The right atrium and right 

ventricle are separated by the tricuspid atrioventricular (AV) valve. Whereas, the left 

atrium and left ventricle are separated by the mitral AV valve. Papillary muscles in both 

the right and left ventricles extend from the endocardial surface and form attachments 

via chordae tendineae to the valve leaflets of the tricuspid and mitral valves. These 

papillary muscles serve to prevent eversion of the AV valves during ventricular systole. 

Both the right and left ventricles have defined outflow tracts that direct blood during 

ejection towards the pulmonary artery and aorta, respectively. The pulmonic valve 

separates the right ventricle and pulmonary artery; whereas, the aortic valve separates 

the left ventricle and aorta. The heart and the bases of aorta and pulmonary artery are 

surrounded by a thin fibrous material, the pericardium. In between the heart and the 

pericardium is a thin film of pericardial fluid, which provides lubricant to the heart as it 

contracts. Thus, the pericardium provides a structural barrier between the heart and 

major vessels and other tissues contained in the mediastinum (i.e. central sub-division 

of the thoracic cavity). The presence of the pericardium allows for coupling between the 

right and left ventricles, by which the filling of one ventricle influences the filling of the 

other. A physiological consequence of this interaction is that the cardiac output between 

the two ventricles is matched from beat to beat. The spatial compartmentalization of the 

heart into discrete chambers, the geometric shape of the ventricles, the thickness of the 
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ventricular wall, the presence of papillary muscles, and the enclosure by the 

pericardium, the interaction between the ventricles, and the relatively synchronous 

electrical activation of the ventricles all contribute to the complex nature of regional and 

global left ventricular function. Of particular interest in this dissertation are the 

combined effects of altered activation sequence, during ventricular pacing, and altered 

structure-function, during tachycardia-induced heart failure, on left ventricular 

performance. 
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1.3 Structural Basis of Left Ventricular Function 

 The left ventricle is a heterogeneous structure with regional variations in 

geometry, for example, wall thickness and curvature, as well as variations in cellular 

architecture such as cardiomyocyte orientation and extracellular matrix structure. The 

left ventricular shape is asymmetric and wall thickness increases from base to apex (77). 

Throughout the cardiac cycle, the left ventricle undergoes dramatic global shape 

changes during ventricular filling and ejection (76). The distribution of sarcomere 

length is heterogeneous throughout the LV. At low ventricular volumes, sarcomere 

length varies transmurally, progressively increasing from endocardium to epicardium 

(28). Myocyte diameter also varies across the wall, with cells at the epicardium having a 

greater diameter than those near the endocardium (38). The thinner wall and greater 

compliance give rise to longer sarcomere lengths at the apex compared to the base (46). 

During the time by which the heart fills and ejects blood, substantial geometric 

rearrangement occurs. At the end of LV ejection, LV chamber volume (~ 60%) (72) and 

sarcomere length (~ 13%) (74) are significantly reduced, accompanied by a marked 

increase in wall thickness (~ 30%), compared with the distended heart after filling. The 

substantial increase in LV wall thickness of approximately 30% is a hallmark of normal 

cardiac function, which can be viewed as the integration of numerous contractile events 

occurring at the cellular level that then manifest at the tissue level.  Regional wall 

thickening of the left ventricular during systole provides a mechanical basis for ejection 

of blood during each cardiac beat. Wall thickening and thinning (e.g. during LV filling) 

are a net result of the mechanical events at the cellular level, where numerous 
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cardiomyocytes generate tension and shorten against external loads when electrically 

stimulated. Thus, regional estimates of wall thickness changes are necessary for a 

complete understanding of left ventricular systolic function.  

 

Myocardial Fibers 

Bundles of cardiomyocytes, or fibers, are arranged in a helical fashion 

throughout the LV wall, representing the primary structural organization of the LV. 

Streeter et al. (79) reported transmural distributions at the LV equatorial freewall 

spanning a range of 120 degrees, with epicardial fibers oriented at -60 0, midwall fibers 

oriented at 00, and endocardial fibers oriented at roughly 600 with respect to the 

circumferential plane, with fiber roughly parallel to the epicardial tangent plane. Thus, 

epicardial fibers can be thought to form a counterclockwise spiral and endocardial fibers 

a clockwise spiral, viewed from apex to base.  The majority of cardiac fibers in the 

midwall are oriented more or less circumferentially, with fibers near the sub-epicardial 

and sub-endocardium obliquely oriented from the circumferential-radial plane. Thus, 

mechanical shortening of these circumferential fibers results in a net movement inward 

towards the center-line of the left ventricular cavity. The existence of a transmural 

distribution of fiber angle has been suggested to result in a more uniform distribution of 

fiber stress (12) and fiber strain (71). Additionally, the transmural helical fiber structure 

is thought to result in torsional recoil, i.e. untwisting, during LV relaxation which is 

important for normal early filling (7). Throughout the cardiac cycle, the orientation of 

these fibers remains relatively fixed (78). Thus, fiber angle at end-diastole can be used 
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to form a material coordinate system within which mechanical function can be 

described (e.g. fiber shortening during ejection).  

 

Laminar Sheets 

There is a secondary level of myocardial structural organization. Cardiac fibers 

are arranged into discrete muscle layers, termed myocardial laminae or sheets, which 

are roughly 4-8 cells thick (49). Spotnitz et al. was the first to describe the existence of 

myocardial gaps or “sliding planes” in longitudinal sections of rat left ventricle and 

proposed that these planes could give rise to large changes in wall thickness during 

systole (76). The orientation of these sheet planes closely aligns with the direction of 

maximum transverse shear (49), which is thought to be important for normal end-

systolic wall thickening (50), (76). Laminar deformation of sheet extension, sheet 

thickening, and sheet-normal shearing provide a structural basis for the large values 

wall thickening strain observed at the midwall and sub-endocardial layers in the 

synchronously activated heart, with extension and shearing be the dominant 

contributors to wall thickening strain (18). Unlike cardiac fibers, laminar sheet 

distribution is not limited to one population across the wall. Multiple studies have 

observed a second population, approximately normal to the dominant population, at the 

midwall and sub-endocardial depths (15), (33), (37). However, the implications of a 

bimodal distribution in sheet structure on LV mechanical function remains to be 

investigated. Nevertheless, the deformation of radially oriented sheets provide a cellular 
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basis for which fiber shortening is converted into wall thickening during ejection, which 

is important for left ventricular ejection.  

 

Structural Alterations with Disease 

In the failing heart, LV remodeling leads to marked structural changes in LV 

shape, volume, and wall thickness (57). However, fiber angle is relatively unchanged in 

disease models of volume-overload hypertrophy (8). Whereas, the orientation of 

laminar sheets has been shown to significantly change in hearts with dyssynchronous 

failure (34), and in regions near infarction (94). Thus, understanding structure-function 

relationships in normal hearts may serve to be useful in providing insights into the 

initiation and progression of cardiac disease. The functional consequence of the 

rearrangement of sheet orientation during disease on left ventricular mechanics may 

have important implications for the treatment of dyssynchronous heart failure. 
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1.4 Normal Electrical Conduction 

 The mechanical activation of the ventricles, which gives rise to pressure 

generation and ejection of blood, is preceded by a rapid sequence of electrical 

depolarization due to a specialized conduction system (61). In normal mammalian 

hearts, electrical activation is nearly synchronous, with both ventricles completely 

depolarized within 80 ms in the adult human heart (23). Electrical activation originates 

in specialized pacemaker cells located in the sinoatrial (SA) node, rapidly depolarizing 

both the right and left atria, before propagating to the atrioventricular (AV) node. At the 

AV node conduction slows to allow adequate time for atrial contraction and ventricular 

filling. From the AV node, conduction continues to the Bundle of His and splits to the 

right and left bundle branches and travels to the Purkinje fibers, which terminate at the 

lower one-third of the sub-endocardial surface of the septum and ventricular free wall 

(82). Rapid conduction exits the terminal Purkinje fibers and then begins to spread 

throughout the ventricular muscle in an apex to base and endocardial to epicardial 

direction (75). Electrical conduction velocity is markedly reduced during 

intramyocardial propagation (0.3 - 1 m/s), compared with the Purkinje system (3 - 4 

m/s) (36), (61). Due to regional differences in electrophysiological properties, electrical 

repolarization follows a reversed, base to apex, direction (55), (73). In isolated canine 

cardiomyocytes an epicardial to midwall repolarization gradient was observed (92), 

however in intact beating canine hearts this transmural gradient was not present (3), (6).  

 In the present dissertation, the electrical activation sequence was altered in 

normal and failing hearts and the consequence on regional and global function was 
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studied. In diseased conditions, electrical dyssynchrony, which is an impairment of the 

normal conduction system of the heart (e.g. Purkinje conduction), may exist and give 

rise to differences in left ventricular function. Understanding the mechanisms that 

determine the degree of these differences, with a given amount of dyssynchrony, is 

important for improving therapies that seek to restore electrical synchrony, such as 

CRT.   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 
 

13

1.5 Global Ventricular Function and the Frank-Starling Relation 

As the wave of electrical depolarization approaches the left ventricle, 

synchronized contraction of the left atrium allows for adequate left ventricular filling 

time. As the LV is rapidly depolarized by the Purkinje system, coordinated mechanical 

contraction initiates, and left ventricular pressure rapidly increases until oxygenated 

blood is ejected to the systemic circulation. In preparation of the ensuing beat, LV 

pressure must fall substantially, through a process termed LV relaxation, in order for 

filling to occur. This cyclic process was first conceptualized by Wiggers (89) and later 

refined by Lewis (53), and consists of three basic components: contraction, relaxation, 

and filling. At a more general level, LV systole is defined as the interval containing the 

early phase of isovolumic LV contraction (both valves closed, pressure rising) and LV 

ejection (aortic valve opening), ending at the closure of the aortic valve. LV diastole 

consists of isovolumic LV relaxation (both valves closed, pressure falling), and the 

early rapid and late (i.e. atrial contraction) filling phases, ending at the closure of the 

mitral valve.  

The main determinants of cardiac performance are the loading conditions of 

end-diastole (preload) and end-systole (afterload); contractility; and heart rate. 

Contractility is often referred to as the inherit ability of the heart to contract and 

generate force, independent of preload and afterload. At the fiber level, increased 

contractility can be described as a greater rate of maximal force development at a given 

sarcomere length, which can be achieved by increasing the extracellular calcium 

concentration (81). Preload can be defined as the wall stress existing prior to the 
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electrical activation, and is commonly associated with end-diastolic fiber length (end-

diastolic pressure or end-diastolic volume of the left ventricle). Afterload is the wall 

stress within the fiver during active force generation, and is commonly associated with 

end-systolic pressure in the left ventricle. As afterload increases beyond the force-

generating capacity of the left ventricle, ejection does not occur, and isovolumic 

contraction occurs throughout systole. Therefore, a unique relationship exists between 

LV end-systolic pressure and end-systolic volume, termed the LV end-systolic pressure-

volume relation (ESPVR); and the slope of this relation can be used as a measure of 

contractile state (29). This index, the slope of the LV ESPVR, can provide detailed 

information of the effects of altered electrical activation and disease on global pump 

function. 

 

The Frank-Starling Law of the Heart 

The Frank-Starling relation describes the intrinsic ability of the heart to regulate 

its mechanical output during changes in ventricular filling, and represents an inherent 

compensatory response of heart to changes in loading conditions. Otto Frank showed in 

frog hearts that increasing diastolic pressure resulted in an increase in the rate and peak 

magnitude of developed systolic pressure (14). Ernest Starling later found that “the 

energy of contraction… was a function of the length of the muscle fiber” (39). 

Specifically, the greater the end-diastolic volume (i.e. fiber length), the greater the 

output of the heart. A modern interpretation of the Frank-Starling relation is that stroke 

volume (end-systolic volume - end-diastolic volume) increases proportionally with 
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increased filling, or end-diastolic volume. A consequence of this relation is that in the 

presence of increased afterload (i.e. systolic pressure), stroke volume can be maintained 

by increasing preload (i.e. end-diastolic pressure or volume).  

The basis of the Frank-Starling mechanism is revealed at the cellular and 

molecular level, by which the physical (e.g. sarcomere length, interfilament spacing) 

and biochemical properties (e.g. calcium sensitivity, cooperativity of cross-bridge 

binding) of the cardiomyocyte directly influence the mechanical function of the heart. 

At the level of the fiber, the distinctions of preload, afterload, and contractility are 

harder to conceptualize since the separation of load and contractility becomes 

ambiguous in the context of the cellular mechanisms of contractile force development. 

For example, an increase in sarcomere length results in increased myofilament 

activation at a given calcium concentration, resulting in a greater rate of development 

and peak magnitude of twitch force, which can be interpreted as an increase in 

contractility. Thus, terms such as preload, afterload, and contractility at the cellular 

level are interlinked.   

A more appropriate description of contractile function at the level of the cardiac 

fiber involves the intrinsic relationship between length and force generation. It is 

generally thought that the increase in force development is directly due to increased 

calcium sensitivity (40), secondary to a decrease in myofilament lattice spacing at 

longer sarcomere lengths. Recent work has revealed an inverse relation between 

sarcomere length and interfilament lattice spacing (13). Decreasing the myofilament 

lattice spacing increases the proximity of actin to myosin, and may allow for a greater 
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probability of strong binding of cross-bridges for a given calcium concentration. 

Additionally, due to feedback mechanisms by which strong bound cross-bridges 

regulate thin filament activation, an increase in sarcomere length may lead to increased 

calcium affinity of troponin (88). These relations are summarized in detail in the review 

by de Tombe (20), and provide a mechanism for explaining alterations in global 

function with basic principles of muscle physiology at the fiber and cell level.  

At a basic level, altering the electrical activation sequence of the left ventricle 

can be viewed as an intervention that alters the external loading conditions for a given 

region. Specifically, when a region within the left ventricle is electrically depolarized at 

a time that is longer than normal, that region must then contract against a greater 

intracavity pressure due to the rise in left ventricular pressure during early systole. 

Additionally, these regions may stretch prior to depolarization as a result of increased 

ventricular pressure, as well as due to tethering with early-activated regions that are 

capable of generating active force. Contractility of the fiber is altered as well, in 

addition to the loading conditions (i.e. intracavity pressure), at the moment of 

depolarization in late-activated tissue, due to changes in fiber length. In diseased states, 

such as dilated cardiomyopathy and heart failure, local loading conditions and 

contractility are altered by separate mechanisms which involve both structural and 

functional remodeling, as described previously. Collectively, these mechanisms may 

contribute to altered regional function throughout the ventricle during abnormal 

electrical activation, such as during ventricular pacing. 
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1.6 Regional Mechanics in the Left Ventricular Wall 

Analogous to left ventricular pressure and volume, fiber stress and fiber strain 

are mechanical measures that can be used to describe the contractile nature of the left 

ventricle at a given region. Stress in a material is defined as the force per unit area that 

acts upon a surface. The distribution of wall stress in the intact heart has a high 

functional relevance because it determines overall ventricular performance, coronary 

blood flow, oxygen demand, and most likely mediates hypertrophy and wall thickness 

remodeling (59). Due to the large deformations throughout the cardiac cycle, direct 

measurements of stress are limited and require many assumptions. Rather than 

measuring stress experimentally, the local deformation (i.e. strain tensor) within the 

tissue can be accurately described and used, along with geometric and constitutive 

models, to estimate regional stress distributions (5), (12), (21), (31), (63), (69). 

Additionally, finite element modeling can be used to simulate cardiac contraction, 

providing further insights into distributions of stress and strain in normal and diseased 

hearts. These models may include accurate measurements of geometry and muscle 

architecture, non-linear passive constitutive laws, active stress relationships, and 

boundary conditions described as pressure or displacement constraints (30), (41), (42), 

(44). In the present work, we combined both experimental and computational methods 

to study left ventricular mechanics in hearts with electrical dyssynchrony in order to 

provide further insights into the determining factors of cardiac function. 

Analysis of deformation, or strain, can be thought as a method for describing 

local shape (e.g. length) changes within a material in relation to a given coordinate 
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system. The choice of the coordinate system may vary with application, but is 

commonly related to the local cardiac (circumferential, longitudinal, radial) or fiber 

(fiber, cross-fiber, radial) or fiber-sheet (fiber, sheet, normal) material coordinate 

system (48). Details of the geometric considerations used in defining these coordinate 

systems and the transformations that map one material coordinate system to the next has 

been described previously (9), (17), (60). By using a locally defined fiber coordinate 

system, measurements of fiber strain can be used to describe the effects of altered 

electrical activation sequence and structure-function changes on local left ventricular 

mechanics, which ultimately determine global cardiac performance.  

 

Experimental Measurement of Strain in the Left Ventricle 

Numerous methods have been employed in order to quantify segmental length 

changes and mechanical strain in two and three dimensions. To fully describe the 

mechanical strain within the heart, material markers must be present that are fixed in 

their spatial location within the heart and move relative to each other as the heart 

deforms. From the three-dimensional coordinates of these markers the Lagrangian strain 

tensor can be determined for in-plane and three-dimensional deformation. Common 

marker-based methods include optical imaging of surface markers (70) (e.g. adhesive 

paper); emission/reception of ultrasonic intramyocardial piezoelectric crystals (10), 

(73); X-ray imaging of implanted radiopaque markers (87), (9), (16); echocardiographic 

SPECKLE tracking (62), echocardiographic tissue Doppler imaging (65), (93), and 

magnetic resonance imaging (MRI) (69), (91).  
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Regional Distributions of Strain within the Left Ventricle  

In synchronously activation hearts, the timing of mechanical activation mirror 

the spread of electrical depolarization and correlates well with local activation time at a 

given site (10), (66). Additionally, regional gradients in depolarization give rise to 

mechanical heterogeneity. Mechanical shortening in the fiber direction occurs at the 

sub-endocardium first, and is delayed at the sub-epicardium, reflecting the transmural 

sequence of activation (6). As electrical activation spreads from the LV apex towards 

the base, the onset of longitudinal shortening at the sub-endocardium and 

circumferential shortening at the sub-epicardium occurs earlier at the apex compared 

with the base, reflecting differences in both activation time (regionally) and fiber 

orientation (transmurally). Radial, or wall thickening, strain can be used to describe the 

relative changes in LV wall thickness throughout the cardiac cycle. Using transmural 

arrays of radiopaque markers, wall thickening strain has been measured in the beating 

heart, revealing a substantial gradient in magnitude across the wall (9), (85), (86). Wall 

thickening strain can be related to the underlying laminar structure of the myocardium 

as described by Costa el al. (18). In the normal heart, sheet extension and sheet shearing 

are the main contributors to end-systolic wall thickening strain, and these contributions 

remain relatively fixed with anatomical location and under altered loading conditions 

(i.e. diastolic and systolic pressure) (80). The implications of altered transmural 

electrical activation on sheet mechanics and end-systolic wall thickening mechanics are 

unknown and are of practical importance in ventricular pacing therapies in which 

epicardial leads are used.  
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Effects of Electrical Dyssynchrony on LV Wall Mechanics 

Abnormalities in the Purkinje conduction system (e.g. left bundle branch block), 

or the initiation of ventricular epicardial pacing, results in asynchronous activation, 

giving rise to abnormal contraction patterns, depressed systolic function, and chronic 

ventricular remodeling. With ventricular pacing, mechanical discoordination in the 

timing and magnitude of contraction leads to a reduction in overall function (10), (64), 

(90). Badke et al. (10) observed early shortening (i.e. prior to aortic valve opening) at 

regions near the LV pacing site, whereas late-activated regions lengthen, or prestretch, 

early in systole and have prolonged shortening. Quantitatively, the onset and peak 

magnitude of shortening are known to increase with prolonged electrical activation time 

(10), (22), (43). In addition to reduced systolic fiber shortening near the LV pacing site, 

regional wall thickening is reduced in normal (9), (86) and failing hearts (51) with 

electrical dyssynchrony. Estimates of fiber stress and measurements of fiber strain from 

experimental data (69) and model simulations (43) suggest increased magnitudes of 

regional work in late-activated regions compared with early-activated regions. Regional 

redistributions of mechanical work coincide with alterations in myocardial blood flow 

(67) and may result in asymmetric remodeling of LV wall thickness (68), (83). 

Heterogeneity of fiber relengthening is increased with electrical dyssynchrony 

(4) and in patients with ischemic conditions (1), (52). Increased wall motion asynchrony 

have been shown to prolong the time constant left ventricular relaxation (25), (35). 

Thus, the presence of electrical dyssynchrony not only results in discoordinate 

contraction during systole, giving rise to reduced left ventricular systolic pressure and 
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stroke volume, but also effects diastolic function (e.g. LV pressure relaxation). In 

dilated failing hearts, which have elevated end-diastolic pressures, resting fiber length is 

increased (69); however the Frank-Starling mechanism is exhausted. Whether the 

effects of increased activation time and fiber prestretch are exaggerated in failing hearts 

with ventricular pacing is unknown.  

 

Cardiac Resynchronization Therapy 

Approximately 30% of systolic heart failure patients are burdened with electrical 

dyssynchrony (24), worsening their clinical condition. The primary goal of CRT is to 

reduce electrical dyssynchrony in order to improve global cardiac performance. 

Restoring wall motion heterogeneity, to physiological levels, is thought to be a primary 

determinant of the mechanical response to CRT. Improvement in global hemodynamic 

performance has been shown to depend more on resynchronizing the timing and 

magnitude of mechanical wall motion than of electrical activation (47). There has been 

an increase in the interest of developing mechanical indices that can be used to assess 

the response to pacing therapies, such as CRT (44), (45). Multiple studies have eluded 

that the location of the ventricular pacing leads is an important determinant of global 

hemodynamic function during ventricular pacing; however, a unified criteria for the 

selection of ventricular pacing sites for a given patient has yet to be developed. Thus, 

understanding the relationship between electrical dyssynchrony and altered regional 

mechanics is important for the assessment, as well as the development, of current and 

future ventricular pacing therapies for the treatment of dyssynchronous heart failure.  
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1.7 Conclusions 

Estimates of regional mechanics are essential for describing normal cardiac 

function and in understanding cardiovascular disease. During heart failure, an overall 

reduction in systolic pump function occurs, and may be accompanied by an increase in 

left ventricular end-diastolic volume. Over time the net result of these alterations in 

diastolic and systolic loading conditions is detrimental remodeling of left ventricular 

shape, size, and wall thickness. When combined with electrical dyssynchrony, 

discoordinate mechanical contraction occurs, which further reduces global function, and 

accelerates the progression of LV remodeling. Clinically, patients with heart failure and 

electrical dyssynchrony can be treated with cardiac resynchronization therapy in order 

to restore normal electrical and mechanical synchrony. However, the large non-response 

rate of CRT underscores the need for improving treatment options. Overall, a better 

understanding of the effects of ventricular pacing on global performance and LV wall 

mechanics may facilitate the development of novel diagnostic and therapeutic strategies 

for combating dyssynchrony and heart failure.  

In the present dissertation, we investigated the effects of ventricular activation 

on both regional and global left ventricular function in failing hearts. Left ventricular 

mechanics were studied by implanting radiopaque markers in the anterolateral wall of 

normal and tachycardia-induced heart failure canines. Electrical activation was altered 

with pacing at multiple ventricular sites, and the resulting changes in regional and 

global function were assessed. The findings from these studies provide insights into the 

mechanisms by which the degree of dyssynchrony determines left ventricular function. 
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1.8 Scope of the Dissertation 

 The objective of this dissertation was to investigate the role of ventricular 

activation in determining global performance and left ventricular fiber mechanics in 

normal and failing hearts. Specifically, we studied the effects of varying the left 

ventricular pacing site on hemodynamic parameters and three-dimensional strain, as 

related to the underlying laminar structure, at the anterolateral LV in open-chest animals 

during physiological and tachycardia-induced heart failure conditions.  

Chapter 2 describes the acute effects of the transmural location of the left 

ventricular pacing lead and its position in relation to the baseline activation pattern in 

determining ventricular function during biventricular pacing in non-failing and failing 

hearts with LV scars.  

Chapter 3 describes the effects of the ventricular pacing site, which directly 

alters local activation time and amount of peak fiber prestretch, in determining end-

systolic transmural mechanics at the anterolateral LV.  

Chapter 4 describes model simulations on the effects of length and velocity 

dependence on active stress development in determining difference in regional fiber 

shortening patterns in early and late-activated tissue.  

Chapter 5 describes the effects of dyssynchronous heart failure and transmural 

sequence of activation on the laminar deformation and the relative contributions of end-

systolic wall thickening strain.  
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2 Transmural location of the left ventricular lead and its 

position in relation to baseline activation during 

biventricular pacing 

 
2.1 Abstract 

Recently, attention has been focused on comparing left ventricular (LV) 

endocardial with epicardial pacing for cardiac resynchronization therapy. However, the 

effects of endocardial and epicardial lead placement at multiple sites have not been 

studied in failing hearts. We hypothesized that differences in the improvement of 

ventricular function due to endocardial versus epicardial pacing in dyssynchronous 

(DYSS) heart failure may depend on the position of the LV lead in relation to the 

original activation pattern. In 6 non-failing and 6 failing dogs, electrical dyssynchrony 

was created by atrio-ventricular sequential pacing of the right ventricular apex. 

Endocardial (ENDO) was compared with epicardial (EPI) biventricular pacing at 5 LV 

sites. In failing hearts, increases in the maximum rate of LV pressure change (dP/dt) 

(r=0.64), ejection fraction (r=0.49), and minimum dP/dt (r=0.51), relative to DYSS, 

were positively correlated (P<0.01) with activation time at the LV pacing site during 

ENDO but not EPI pacing. ENDO pacing at sites with longer activation delays led to 

greater improvements in hemodynamic parameters and was associated with an overall 

reduction in electrical dyssynchrony compared with EPI pacing (P<0.05). These 

findings were qualitatively similar for non-failing hearts. Improvement in hemodynamic 

function increased with activation time at the LV pacing site during ENDO but not EPI 
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pacing. At the anterolateral wall, end-systolic transmural function was greater with local 

ENDO compared with EPI pacing. Endocardial pacing and intrinsic activation delay 

may have important implications for management of dyssynchronous heart failure.   
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2.2 Introduction 

Systolic heart failure (HF) is a growing health concern for aging populations in 

the United States and other developed countries (24). Approximately 30% of HF 

patients are burdened with electrical dyssynchrony (14), which further compounds their 

condition and can result in detrimental ventricular remodeling. Cardiac 

resynchronization therapy (CRT) has been shown to reverse many of these changes; 

however, 30% of CRT patients fail to improve clinically (26), suggesting a need for 

better pacing strategies.  

Maximizing hemodynamic benefit by varying stimulus timing and LV lead 

placement (5), (8) appears to be the best approach towards improving CRT efficacy. 

Traditionally, the LV lead is positioned at the epicardium of the lateral wall, a region of 

delayed electrical activation, in patients with a left bundle-branch block (LBBB). Kass 

et al. (20) showed improved LV systolic function during LV pacing of the delayed 

lateral wall in patients with LBBB; whereas, RV septal pacing resulted in minimal 

improvement, suggesting that baseline activation sequence is a major determinant of LV 

systolic function. Additionally, in failing canine hearts with LBBB, optimal LV lead 

placement, defined as pacing sites that resulted in ≥ 90% of maximum improvement in 

dP/dtmax, was found to occupy a substantial area of the lateral wall and was associated 

with greater reductions in mechanical dyssynchrony (17).     

LV endocardial pacing has been proposed as a potential approach for further 

improving ventricular function with CRT. In a subset of HF patients, endocardial CRT 

led to more uniform intraventricular synchrony and improved LV filling compared with 
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epicardial CRT (16). Van Deursen et al. (35) showed in non-failing canine hearts that 

endocardial CRT significantly reduced the transmural dispersion of repolarization time, 

and increased LV contractility and stroke work to a greater extent, compared with 

epicardial pacing. Derval et al. (13) demonstrated in non-ischemic HF patients that the 

change in contractility during LV pacing at the best endocardial site, was far superior to 

that achieved by pacing at the usual epicardial LV site near the coronary sinus. Direct 

comparison at a single LV site using paired endocardial and epicardial electrodes, 

however, showed no significant differences between endocardial and epicardial LV 

pacing. Additionally, there was no significant difference between endocardial and 

epicardial LV pacing, performed at a single LV site, in patients with ischemic 

cardiomyopathy (32).  

The discrepancies between these studies suggests that further investigation into 

the differences between endocardial and epicardial biventricular pacing in the failing 

heart are needed using a larger number of paired LV pacing sites. Furthermore, while 

previous studies have suggested that pacing of the LV lateral wall should result in the 

greatest improvements, the relationship between the baseline extent of electrical 

activation delay at the LV pacing site and hemodynamic improvement during CRT is 

not well understood.  

Therefore, we sought to investigate the hypothesis that the transmural location 

of the LV pacing lead and its position in relation to the baseline activation pattern are 

important determinants of ventricular function during biventricular pacing (BVP) in 

non-failing and failing hearts with pacing-induced electrical dyssynchrony.  
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2.3 Materials and Methods 

All animal studies were performed according to the National Institutes of Heath 

Guide for the Care and Use of Laboratory Animals.  Additionally, surgical protocols 

were submitted to and approved by the Animal Subjects Committee of the University of 

California, San Diego, which is accredited by the American Association for 

Accreditation of Laboratory Animal Care. 

 

Surgical Preparation 

Acute pacing studies were performed in 6 non-failing, adult mongrel dogs (18 – 

23 kg), and in 6 chronic infarcted tachycardia-paced heart failure dogs (19-21 kg). 

Animals were induced at the terminal study with intravenous propofol (4 – 6 mg/kg), 

intubated, and mechanically ventilated with a mixture of isoflurane (2 %) and medical-

grade oxygen (2 L/min) to achieve a surgical plane of anesthesia. For failing animals, to 

maintain a sustainable hemodynamic state, inotropic support and supplemental 

analgesia were provided with dopamine (3 -10 ug/kg/min IV) and buprenorphine (0.02 

– 0.05 mg/kg SQ), respectively. After a medial sternotomy and left thoracotomy at the 

5th intercostal junction, the heart was positioned in a pericardial cradle. Intra-myocardial 

markers were implanted to study three-dimensional transmural mechanics in the 

anterolateral LV wall, as described previously (38). Briefly, gold or lead markers (2 

mm) were sewn to the apex and the bifurcation of the left main coronary artery at the 

anterior base. A custom platform was secured to the anterolateral wall, between 

diagonal branches of the left anterior descending artery, and three columns of 4-6 gold 
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or lead markers (1-1.2 mm) were implanted. The platform was removed and gold or 

lead markers (1.7 mm) were sewn at the epicardial surface of the entrance of each 

transmural column. Bipolar pacing wires were sewn to the left atrial appendage for 

atrial pacing. Custom made bipolar plunge electrodes (10) were positioned at 5 LV sites 

(Figure 1), with each site consisting of an endocardial and epicardial electrode pair. 

Two of these sites were located in clinically relevant regions of the lateral and 

posterolateral wall near the coronary sinus. An additional plunge electrode was 

positioned at the endocardium of the right ventricular apex. These bipolar electrodes 

were also used for recording electrical events when not used for ventricular pacing. 

Electrical dyssynchrony (DYSS) was created by atrio-ventricular (AV) sequential 

pacing of the left atrial appendage and the right ventricular apex at a fixed AV delay of 

40 ms. LV cavity pressure and rate of change were monitored with a high-fidelity 

micromanometer (Konigsburg Instruments, Pasadena, CA) placed in the lumen via 

puncture of the LV apex and closure with a purse-string suture. The micromanometer 

was matched to a statically calibrated fluid-filled pressure gauge, which was zeroed at a 

level approximate to the center of the heart. Aortic flow was obtained with a Doppler 

flow probe (model # T208; Transonic Systems, Ithaca, NY). LV volumes were 

measured with a conductance catheter (Webster Laboratories, Baldwin Park, CA) 

positioned in the LV cavity via the left carotid artery. Arterial and aortic pressures were 

monitored with fluid-filled gauges positioned in the right femoral artery and left 

subclavian artery, respectively. Lead II electrocardiogram was recorded, along with 

local electrograms from non-paced LV electrodes.  
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Tachycardia-Induced Heart Failure Protocol 

We implemented a previously established canine model of tachycardia-induced 

heart failure and myocardial infarction (9), (19). In anesthetized dogs, arterial pressure 

was monitored by placing a small catheter, attached to a fluid-filled pressure transducer, 

into a side branch of the right femoral artery. Bipolar epicardial leads (CAPSURE EPI, 

model # 4968, Medtronic, Minneapolis, MN) were sewn onto the right ventricular 

apical epicardium and routed to a programmable pacemaker capable of rates above 180 

bpm (INSYNC III, model # 8042, Medtronic, Minneapolis, MN). An implantable 

pressure gauge (model # TA11PA-C40, Data Sciences International, St Paul, MN) was 

inserted into the left atrial appendage to non-invasively monitor left atrial pressure once 

the chest had been closed. The left circumflex coronary artery was dissected, a marginal 

branch of the circumflex was permanently ligated, and the distal ends were embolized 

with multiple injections of microspheres (100-300 um, Biospheres Medical, Rockland, 

MA). LV scars were allowed to heal for 5 weeks and high rate ventricular pacing (220 – 

250 bpm) was performed for 5 weeks. High rate pacing was discontinued for 24 hours 

and animals were then prepared for the terminal experimental study as described above. 

Cessation of high rate pacing 24 hours prior to the terminal study was done primarily to 

ensure lower intrinsic sinus rates at the terminal study. Left atrial pressure was recorded 

at the onset, throughout the duration, and after 24 hours of cessation of high rate pacing. 

Only animals with mean left atrial pressure values of 3 - 4 times the value recorded at 

the onset of high rate pacing, and displaying clinical signs of heart failure, were entered 

into the terminal experimental study.   
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Pacing Protocol 

Atrial, RVA, and biventricular pacing were performed via stimulation of bipolar 

electrodes with square-wave pulse generators (model # SD9; Grass Instruments, 

Quincy, MA). Biventricular pacing was achieved via dual stimulation of the right 

ventricular apex electrode and one of the LV electrodes. In non-failing hearts, LV 

pacing sites were: anterior base, anterior apex, lateral equator, posterolateral equator, 

and posterior near the coronary sinus. In failing hearts, LV pacing sites were: anterior 

base, anterior apex, anterolateral equator, lateral equator, and posterior near the 

coronary sinus (Figure 1). All electrodes in the failing hearts were positioned at least 1 

cm from the infarcted region. For each ENDO and EPI pair, measurements during 

DYSS were recorded in order to account for possible hemodynamic changes in baseline 

function over time. During pacing, hemodynamic variables were allowed to reach 

steady state prior to acquisition during expiration (~ 2 min). Maximum and end-

diastolic LV pressure, rate of LV pressure change (dP/dt), stroke volume (SV), ejection 

fraction (EF), and stroke work were determined off-line using custom software in 

MATLAB 7.10 (Mathworks, Natick, MA). Pacing parameters were held constant at a 

frequency > 20% of intrinsic rate, voltage > 10% threshold value, and AV delay of 40 

ms. During BVP, inter-ventricular delay was held constant at 0 ms.  

At the end of the study, animals were euthanized by an overdose of 

pentobarbital (100 mg/kg IV). Hearts were isolated in situ, perfused with cardioplegia, 

and perfusion-fixed at zero LV pressure with buffered glutaraldehyde (5%).  
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Defining LV Sites of Early, Mid, and Late Activation 

During DYSS, local LV activation times from all sites were measured, which 

were defined as the time from the onset of ventricular stimulus to the time of the 

maximum negative derivative of the electrode voltage (31). Hemodynamic 

improvement, expressed as percent change from DYSS, and activation time at the LV 

pacing site were collected at all sites for non-failing and failing hearts, respectively, and 

linear correlation analysis was performed. LV pacing sites were then categorized as 

early, mid, and late activation sites. Early-activated (EARLY) sites were defined as 

having a transmural mean ≤ global mean – 1 SD; mid-activated (MID) sites defined as 

global mean - 1SD < transmural mean < global mean + 1 SD; and late-activated 

(LATE) regions as having a transmural mean ≥ global mean + 1 SD. Epicardial 

activation was determined in greater detail for the failing animal group via a 128 

unipolar electrode array sock positioned over the heart.  

 

Three-Dimensional Reconstruction of Myocardial Marker Coordinates 

Radiopaque gold or lead markers (1 - 2 mm) were imaged with a biplane 

cineradiography system and digital images from the two X-ray views were acquired at 

high temporal resolution (125 fps). Two-dimensional marker coordinates from each 

view were then corrected for spherical distortion (2) and reconstructed into three-

dimensional coordinates (25) in a cardiac coordinate system define by 5 reference 

markers (27).  
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Histological Measurement of Mean Fiber Angle 

To minimize the distortion effects of dehydration and shrinkage associated with 

paraffin embedding, histological measurements were obtained in freshly perfusion-fixed 

heart tissue. A transmural block from the anterolateral left ventricle, near the location of 

the implanted markers, was carefully excised with block edges cut parallel to the locally 

defined longitudinal, circumferential, and radial directions. Mean fiber angle 

measurements were then made at 1-mm transmural increments from epicardium to 

endocardium using a dissecting light microscope at low power (2). Mean fiber angle 

distributions in each animal were then corrected for geometric changes and variations in 

chamber pressure during fixation using the method of Takayama et al. (34). Briefly, 

three-dimensional strains were computed that mapped the deformation of the fixed ex-

vivo reference configuration to the in-vivo end-diastolic configuration and used to 

calculate fiber angles in the deformed in-vivo state.  

 

Three-Dimensional Transmural Fiber Mechanics 

Non-homogenous, Lagrangian strains were computed during atrial and local 

endocardial and epicardial activation at the anterolateral left ventricle. The reference 

frames were end-diastole (i.e. notch of the micromanometer left ventricular pressure) 

and the time of ventricular stimulus (i.e. time obtained from limb lead II ECG) for atrial 

and biventricular pacing, respectively. The deformed configuration was end-systole (i.e. 

determined from aortic flow signal) for all pacing runs. Six independent cardiac strain 

components at end-systole were computed at three transmural depths: sub-epicardium 
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(25% wall depth), midwall (50% wall depth), and sub-endocardium (75% wall depth). 

At each wall depth, mean fiber angle measurements were used to rotate strains defined 

in a cardiac material coordinates (circumferential, longitudinal, radial) into fiber 

material coordinates (fiber, cross-fiber, radial) as described previously (11).   

 

Measurement of Volume, Transmural Severity, and Wall Thickness of LV scars 

Perfusion-fixed failing hearts with LV scars were skewered along a defined LV 

long axis (33) and cavity geometry was maintained with vinyl polysiloxane (Express, 

3M ESPE, St. Paul, MN). With the impression material intact, the hearts were mounted 

in a custom Plexiglas cutting rig that allowed for serial short-axis sectioning in a 

defined plane perpendicular to the LV long axis. Multiple short axis slices (8 - 10) were 

sectioned at 5 mm increments. Digital images of apical and basal surfaces of each 

section were then recorded and imported to Image J (NIH). Scar tissue was identified 

grossly without the use of histological staining or light microscopy. For each slice, scar 

volume was defined as the average scar area from the apex and base surfaces multiplied 

by the slice thickness. Total scar volume was defined as percent of total left ventricular 

volume. Additionally, the transmural extent of the scar was qualitatively scored as: 1 

(scar limited to either endocardial or epicardial surfaces), 2 (scar extends from surface 

to mid-wall), and 3 (scar extends from endocardial to epicardial surface). Transmural 

scar scores were then weighted by the slice thickness and averaged over all slices with 

scar present. Finally, LV wall thickness measurements were obtained from each slice 
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and averaged at three anatomical locations: anterior (non-scar region), lateral (non-scar 

scar), and posterior (scar region). 

 

Statistical Analysis 

All measurements are reported as mean ± SE, unless noted elsewhere, for 

absolute values and percentages. Statistical analysis was performed in SigmaPlot 11 

(SyStat Software, San Jose, CA). For comparison of mean values between two groups a 

two-tailed Student’s t-test was used. Linear correlations between percent changes in 

hemodynamic parameters and activation time at the pacing site were performed in 

MATLAB and t-statistics were calculated to test the null hypothesis of no correlation. 

Effects of transmural location and LV pacing site on changes in hemodynamic 

parameters were assessed with a two-way repeated measures analysis of variance 

(ANOVA). Post hoc comparisons between groups were performed with a Tukey’s test. 

Significance was accepted for P<0.05.   
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Figure  2.1: Experimental Setup in Non-failing and Failing Hearts 
 
Bipolar pacing electrodes were positioned on the left ventricle at the following 
locations: (A) anterior apex, (B) anterior base, (C) anterolateral equator, (D) lateral 
equator, and (E) posterior coronary sinus (greyed line). Note, in the non-failing group 
the anterolateral equator location was replaced by a posterolateral equator location. In 
the failing hearts, left ventricular scars (grey region) were present on the posterolateral 
wall and their locations were tracked with 3-4 gold markers (1.2-1.4 mm) implanted in 
the midwall. Left circumflex coronary (CCX) and left anterior descending (LAD) 
arteries are shown (black).  
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2.4 Results 

 
Animal Characteristics and Atrial Paced Function 

In failing hearts, mean left atrial pressure increased (P<0.05) from 4.3 ± 1.7 

mmHg to 24.0 ± 1.6 mmHg after 5 weeks of high rate pacing (220 - 240 bmp). After 

cessation of high rate pacing for 24 hours, mean left atrial pressure decreased to 22.2 ± 

1.1 mmHg (P=NS, compared with 24.0 ± 1.6 mmHg). End-diastolic in-vivo wall 

thickness measurements (i.e. estimated from myocardial markers) during atrial pacing 

was significantly decreased (P<0.05) in the failing (9.3 ± 0.7 mm) compared with non-

failing (12.0 ± 1.0 mm) animals. Chamber dilatation was evident by significant 

increases in LV end-diastolic pressure (open-chest preparation) and unloaded LV 

volume to heart weight ratio (arrested and fixed at 0 mmHg) compared with the non-

failing hearts (Table 1). Maximum dP/dt, stroke volume, and ejection fraction were all 

significantly reduced in the failing compared with non-failing hearts (Table 1). In the 

failing hearts, mean left atrial pressure was significantly increased after 5 weeks of high 

rate RVA pacing (25.5±1.5 vs. 5.5±1.1 mmHg, P<0.001), compared with values 

obtained prior to the onset of pacing. Three of nine animals enrolled in the failing 

protocol died prior to the conclusion of the terminal study. One was due to pacemaker 

failure and ventricular fibrillation, one due to ventricular fibrillation within an hour post 

myocardial infarction, and one occurred during surgical preparation at the terminal 

study. 
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Table 2.1: Animal Characteristics and Atrial Paced Function 
 
Values are mean ± SE, n = 5 (nonfailing) and n = 6 (failing). V0, unloaded volume; 
HW, heart weight; RR, R-R interval; EDP, end-diastolic pressure; LV, left ventricle. * 
P < 0.01 (Failing vs. Nonfailing); † P < 0.05 (Failing vs. Nonfailing). Comparisons 
between groups were performed with a student’s T-test.  

 

Body Weight, kg LVV0, mL LVV0/HW, mL/g RR, ms LVEDP, mmHg dP/dtmax, mmHg/s Stroke Volume, mL Ejection Fraction, %

Nonfailing 25±4 24±3 0.15±0.01 550±9 8.5±2.4 3902±632 28.2±3.5 54.5±4.5

Failing 19±1* 43±5† 0.27±0.01† 472±19† 15.8±0.8† 1972±309† 9.3±1.5† 22.7±3.7†  
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Quantification of Volume, Transmural Severity, and Wall Thickness of LV Scars 

Transmural scarring was observed in all animals, with the scar extending from 

the mid-basal plane towards the apex and located between the anterior and posterior 

papillary muscles. On average, scar volume (i.e. measured as % LV volume) was 12.8 ± 

0.9 % and ranged from 10.8 % - 15.7%. Qualitative assessment of the transmural extent 

of the scar revealed marked myocardial damage across the wall. On average scars 

received a transmural score of 2.2 ± 0.1 (i.e. 3 representing a fully transmural scar), 

indicating that a majority of the scar volume extended throughout the wall thickness. 

Average wall thickness was 11.6 ± 0.7 mm, 11.8 ± 0.4 mm, and 7.4 ± 0.5 mm for the 

anterior, lateral, and posterior walls, respectively. Posterior (i.e. scar region) wall 

thickness was significant lower than at the anterior (P<0.001) and lateral (P<0.0001) 

walls, indicating marked geometric remodeling due to myocardial infarction.  

 

Left Ventricular Activation during DYSS 

 Electrical dyssynchrony was increased during DYSS for both non-failing 

(114.0±7.0 ms vs. 47.6±5.0 ms, P<0.001) and failing hearts (124±9.0 vs. 54.4±4.0 ms, 

P<0.001) compared with atrial-paced values. In non-failing hearts, mean transmural 

activation times for EARLY, MID, and LATE sites were 51.2±8.0, 72.2±10.5, and 

87.6±5.7 ms, respectively. In failing hearts, mean transmural activation times for 

EARLY, MID, and LATE were 54.4 ± 14.8, 80.5 ± 6.0, and 93.9 ± 5.4 ms, respectively. 

In the failing animal group, epicardial activation mapping revealed that the latest 

depolarized regions within the electrode array were activated at 106.0 ± 3.1 ms 
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(referenced to ventricular stimulus). Whereas, the longest delay recorded from the 

epicardial bipolar pacing electrodes was 99.0 ± 3.0 ms. Qualitatively, in all 6 failing 

animals there was at least 1 LV epicardial lead near (<1 cm) or within the latest 

activated region measured within 128 electrode array.  

 

Hemodynamic Function for ENDO and EPI LV Sites during Biventricular Pacing 

BVP at all LV sites were pooled into ENDO and EPI groups, respectively, to 

compare differences in hemodynamic parameters.  In non-failing hearts (Table 2), QRS 

duration was significantly reduced (P<0.001) during ENDO (-31.7±2.0 %, relative to 

DYSS) compared with EPI (-12.9±2.0 %). Improvements in dP/dtmax (28.5±3.7 % vs. 

16.6±2.7 %), stroke volume (21.2±2.3 % vs. 6.8±2.7 %), and stroke work (29.8±4.7 % 

vs. 16.6±4.9 %) were all significantly greater (P<0.05) for ENDO than EPI. In failing 

hearts (Table 3), reduction in QRS width (-30.2±1.7 % vs. -14.3±3.6 %) was greater for 

ENDO than EPI (P<0.001). Systolic parameters dP/dtmax (21.9±3.1 % vs. 11.0±2.1 %), 

stroke volume (21.1±3.0 % vs. 6.3±2.6 %), and ejection fraction (21.9±2.9 % vs. 

7.1±3.1 %) were all greater for ENDO than EPI (P<0.05). Additionally, dP/dtmin was 

greatest for ENDO (30.0±4.9 % vs. 13.3±3.3 %) compared with EPI (P<0.05). 

Collectively, ENDO reduced electrical dyssynchrony and improved hemodynamic 

function to a greater extent than EPI both in non-failing and failing hearts.  
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Table 2.2: Hemodynamic Results During Pacing in Nonfailing Hearts 
 
Values are mean ± SE, n = 6. RR, R-R interval; QRSd, QRS duration; EDP, end-
diastolic pressure; Pmax, maximum systolic pressure. * P < 0.01 (ENDO vs. EPI); † P < 
0.05 (ENDO vs. EPI). Comparisons performed with a 2-way repeated measures 
ANOVA and Tukey post hoc tests. 
 

RR, ms QRSd, ms LVEDP, mmHg LVPmax, mmHg dP/dtmax, mmHg/s dP/dtmin, mmHg/s Stroke Volume, mL Ejection Fraction, %

DYSS 531±15 114±7 7.0±1.8 103±10 2487±398 -1296±214 19.2±1.9 35.1±2.7

ENDO 531±5 78±4* 7.0±0.6 115±2† 3164±103* -1596±50† 23.3±0.3* 42.4±0.7*

EPI 529±5 98±4 6.7±0.4 112±3 2923±70 -1424±59 20.8±0.7 37.6±0.7  
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Table 2.3: Hemodynamic Results During Pacing in Failing Hearts 
 
Values are mean ± SE, n = 6. RR, R-R interval; QRSd, QRS duration; EDP, end-
diastolic pressure; Pmax, maximum systolic pressure. * P < 0.01 (ENDO vs. EPI); † P < 
0.05 (ENDO vs. EPI). Comparisons performed with a 2-way repeated measures 
ANOVA and Tukey post hoc tests. 
 

RR, ms QRSd, ms LVEDP, mmHg LVPmax, mmHg dP/dtmax, mmHg/s dP/dtmin, mmHg/s Stroke Volume, mL Ejection Fraction, %

DYSS 471±18 124±9 13.4±0.9 77.3±4.3 1062±129 -923±70 6.1±1.1 13.8±2.3

ENDO 469±17 86±9* 13.1±1.0 83.9±3.9 1327±147† -1179±98† 7.5±1.1† 17.2±3.1†

EPI 471±17 101±10 13.2±4.2 81.7±3.7 1246±152 -1078±95 6.7±1.0 15.7±3.0  
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Hemodynamic Parameters and Activation Time at LV Pacing Site 

The following parameters: QRS duration (Figure 2A), maximum dP/dt (Figure 

2B), EF (Figure 2C), and minimum dP/dt (Figure 2D) were all significantly correlated 

(P<0.05) with activation time at the LV pacing site during ENDO (Figure 2, left panel) 

but not EPI (Figure 2, right panel) in failing hearts. During ENDO, correlation r-values 

were 0.51, 0.64, 0.49, and 0.39 for QRS duration, maximum dP/dt, EF, and minimum 

dP/dt, respectively. During Epi the corresponding r-values were 0.35, 0.25, 0.36, and 

0.06, respectively. Qualitatively, these findings were similar in the non-failing hearts 

(not shown); hemodynamic parameters were significantly correlated with activation 

time during ENDO but not EPI. These results indicate that activation time at the LV 

pacing site is a significant determinant of hemodynamic improvement during 

endocardial, but not epicardial, biventricular pacing. 

Figure 2 suggests that the differences between ENDO and EPI on ventricular 

function were greater at longer activation times. To investigate these changes we 

compared the improvement in ventricular function during BVP at the EARLY, MID, 

and LATE activation sites. We also tested for interactions between main factors (i.e. 

transmural lead location and pacing site), presented in Figure 3. In failing hearts, the 

reduction in QRS duration was greater (P<0.05) during ENDO than EPI at all three sites 

(Figure 3A, right panel). During ENDO, a greater reduction (P<0.05) occurred while 

pacing at LATE compared with EARLY sites; whereas, no differences were present 

between EARLY, MID, and LATE sites during EPI. Maximum dP/dt (Figure 3B, right 

panel), stroke volume (Figure 3C, right panel), and minimum dP/dt (Figure 3D, right 
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panel) were greater at LATE compared with EARLY sites during ENDO but not EPI. 

At LATE sites, all three hemodynamic parameters were significantly greater for ENDO 

than EPI. These findings were similar in the non-failing hearts (Figure 3A-D, left 

panel). In both animal groups, there were significant interactions (P<0.05) between 

transmural lead location and pacing site on levels of QRS duration and ventricular 

function. The results from Figure 3 suggest that ENDO, compared with EPI, led to a 

lesser degree of electrical dyssynchrony and greater pump function when pacing at LV 

sites with longer electrical activation delays.  
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Figure  2.2: Correlations with Activation Time at the Pacing Site  
 
Grouped Data during Biventricular Pacing at Endocardial (ENDO) and epicardial (EPI) 
sites in failing hearts. Activation time during DYSS was used to correlate improvement 
(percent change) of hemodynamic parameters during ENDO and EPI. Percent changes 
in A QRS duration (QRSd), B maximum dP/dt (dPdt max), C ejection fraction (EF), 
and D minimum dP/dt (dPdt min) were all significantly correlated with on activation 
time (P<0.05) during ENDO (left) but not EPI (right). r, correlation r-value. * (P<0.05, 
significant slope). 
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Figure  2.3: Electrical and Hemodyanmic Parameters During Biventricular Pacing 
 
Percent Change from DYSS in A QRS duration (QRSd), B maximum dP/dt (dPdt max), 
C ejection fraction (EF), and D minimum dP/dt (dPdt min) during ENDO and EPI BVP 
at various pacing sites of LV activation (EARLY, MID, and LATE) during endocardial 
(ENDO) and epicardial (EPI) BVP. Responses are shown for both nonfailing hearts (left 
panel) and failing hearts (right panel). * (P<0.05, ENDO vs. EPI), † (P<0.05, ENDO, 
LATE vs. EARLY), ‡ (P<0.05, ENDO, MID vs. EARLY).  
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Transmural Fiber Angles and 3-D Lagrangian Strain Components at the 
Anterolateral LV 
 

In non-failing hearts, mean fiber angles were -29.2 ± 3.0 o, 11.7 ± 4.9 o, and 52.6 

± 8.3 o for the sub-epicardium, midwall, and sub-endocardium wall depths, respectively. 

In failing hearts, mean fiber angles were -7.5 ± 3.1 o, 34.8 ± 3.5 o, and 73.5 ± 5.5 o for 

sub-epicardium, midwall, and sub-endocardium wall depths, respectively. Significant 

differences (P<0.05) in mean fiber angle at all three wall depths between failing and 

non-failing hearts were observed. Fiber strain components at end-systole during atrial 

and local endocardial (ENDO) and epicardial (EPI) pacing at the anterolateral left 

ventricle are summarized in Table 4. In failing hearts, fiber shortening and wall 

thickening strain at the midwall were significantly greater (P<0.05) during ENDO 

compared with EPI. At the sub-endocardium, cross-fiber shortening, wall thickening, 

and fiber-cross-fiber shear were all greater (P<0.05) during ENDO compared with EPI.  

In non-failing hearts, similar reductions in midwall fiber shortening and wall thickening 

strain, and sub-endocardial cross-fiber shortening and wall thickening, were observed 

for EPI compared with ENDO. Additionally, sub-epicardial fiber-cross-fiber shear was 

reduced with EPI compared with ENDO. Finally, fiber and cross-fiber shortening, wall 

thickening strain, and fiber-cross-fiber shear were all reduced (P<0.05) at the sub-

endocardium during atrial pacing in failing compared with non-failing animals. Overall, 

these findings suggest that local endocardial pacing at the anterolateral left ventricle 

resulted in greater regional function than local epicardial pacing in all animals despite 

differences in atrial function between the non-failing and failing groups. All authors 

agreed to the content of the data presented in this manuscript.   
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Table 2.4: End-Systolic Fiber Strains at the Anterolateral Left Ventricle During Atrial 
and Local Biventricular Activation in Failing and Nonfailing Hearts 
 
Values are mean ± SE for failing (n = 6) and nonfailing (n=5) hearts. ATRIAL, left 
atrial pacing; ENDO, biventricular pacing at local endocardial anterolateral surface; 
EPI, biventricular pacing at local epicardial anterolateral surface; Sub-epi, sub-
epicardial wall depth (i.e 25%); Sub-endo, sub-endocardial wall depth (i.e. 75%); Eff, 
fiber normal strain; Ecc, cross-fiber normal strain; Eff, radial normal strain; Efc, fiber-
cross-fiber shear strain; Ecr, cross-fiber-radial shear strain; Efr, fiber-radial shear 
strain. * P<0.05 (ENDO vs. EPI); † P<0.05 (ENDO vs. ATRIAL); ‡ P<0.05 (EPI vs. 
ATRIAL); § P<0.05 (Failing ATRIAL vs. Nonfailing ATRIAL). Comparisons 
performed with a 2-way repeated measures ANOVA and Tukey post hoc tests. 
 

Failing Hearts (n = 6) Non-failing Hearts (n = 5)
Strain Depth ATRIAL ENDO EPI ATRIAL ENDO EPI

Eff Sub-epi -0.05±0.02 -0.04±0.01 -0.01±0.02 -0.09±0.02 -0.06±0.02 -0.07±0.02
Midwall -0.10±0.02§ -0.07±0.02* 0.01±0.03‡ -0.17±0.02 -0.16±0.01* -0.11±0.02‡
Sub-endo -0.14±0.02§ -0.07±0.03† -0.07±0.03‡ -0.19±0.02 -0.18±0.01 -0.16±0.02

Ecc Sub-epi -0.06±0.01 -0.05±0.02 -0.03±0.02 -0.05±0.01 -0.01±0.03 -0.003±0.03
Midwall -0.08±0.02 -0.07±0.02 -0.05±0.03 -0.08±0.03 -0.06±0.06 -0.04±0.07
Sub-endo -0.08±0.01§ -0.08±0.02* 0.003±0.03‡ -0.20±0.04 -0.16±0.07* -0.07±0.06‡

Err Sub-epi 0.14±0.03 0.07±0.02 0.05±0.02‡ 0.15±0.03 0.17±0.06 0.16±0.04
Midwall 0.27±0.04 0.14±0.03*† 0.08±0.04‡ 0.37±0.05 0.35±0.06* 0.29±0.04
Sub-endo 0.42±0.06§ 0.20±0.07*† 0.14±0.06‡ 0.62±0.08 0.55±0.09* 0.41±0.07‡

Efc Sub-epi -0.004±0.02 0.01±0.02 0.02±0.02 -0.02±0.01 -0.05±0.02* -0.006±0.03
Midwall 0.01±0.02 -0.001±0.01 -0.011±0.01 0.02±0.01 0.004±0.02 0.01±0.01
Sub-endo 0.001±0.01§ 0.04±0.05* -0.03±0.02‡ 0.06±0.02 0.08±0.03 0.07±0.03

Ecr Sub-epi 0.02±0.02 0.02±0.02 -0.02±0.02 0.02±0.01 -0.05±0.02 -0.03±0.05
Midwall -0.02±0.03 -0.05±0.02 -0.05±0.01 0.03±0.02 -0.07±0.09 -0.07±0.08
Sub-endo -0.07±0.06 -0.07±0.06 -0.08±0.04 0.001±0.04 -0.01±0.09* -0.07±0.09

Efr Sub-epi 0.05±0.02 0.03±0.02 0.02±0.02 0.03±0.01 0.07±0.03* 0.05±0.02
Midwall 0.07±0.04 0.04±0.05 0.02±0.03 0.07±0.03 0.04±0.04 0.03±0.04

Sub-endo 0.07±0.03 0.001±0.08 -0.02±0.02‡ 0.09±0.05 -0.004±0.09*† -0.04±0.08‡  
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2.5 Discussion 

This study demonstrates that improvements in left ventricular pump function 

and electrical synchrony during endocardial BVP increases with activation time at the 

LV pacing site in dyssynchronously failing canine hearts. We also found that the 

amount of hemodynamic improvement during epicardial BVP did not significantly 

correlate with activation time and was typically less than that achieved during 

endocardial BVP. Additionally, BVP at regions with longer activation times resulted in 

greater electrical synchrony and hemodynamic function with endocardial compared 

with epicardial pacing. Regional fiber strain analysis revealed greater function at 

midwall and sub-endocardial wall depths during local endocardial compared with 

epicardial biventricular pacing in all animals. Finally, our findings on hemodynamic 

improvement with pacing were consistent between non-failing and infarcted failing 

hearts, suggesting that endocardial biventricular pacing at LV sites with longer 

activation delays may provide a systematic approach towards improving pump function 

in dyssynchronously failing hearts. 

 

Role of LV Endocardial and Epicardial Activation on Hemodynamic Function 

In the normal heart during sinus rhythm, electrical depolarization at the 

endocardium precedes that on the epicardium; consequently, mechanical activation (e.g. 

time to 10% peak shortening) occurs earlier at the endocardium than the epicardium (3). 

With dyssynchrony, slow myocardial conduction results in depressed LV contractility 

(7). Pacing at the LV epicardium reverses transmural mechanical activation (3), leads to 
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non-uniform shortening (10), (39), and impairs transmural function (38) compared with 

a normal activation sequence. Overall, mechanical dyssynchrony gives rise to reduced 

systolic performance (4), (29), since pre-systolic shortening and systolic stretching of 

early activated regions results in negative work that is not fully compensated by the 

increased work done by late activated regions (21). The imbalance in mechanical work 

distribution is thought to result in long-term myocardial remodeling in regions of early 

and late electrical activation (36), leading to further deteriorations in ventricular 

function. In the present study, endocardial BVP led to faster total ventricular 

depolarization than epicardial BVP, which may serve to reduce mechanical 

dyssynchrony. Previous studies have measured faster conduction velocities at the 

endocardium compared with the epicardium (15). We used limb lead II ECG recordings 

to measure capture latency (i.e. interval between stimulus and the onset of 

depolarization) and found that epicardial stimulation significantly (P<0.05) prolonged 

capture latency compared with endocardial stimulation in non-failing (23.4 ± 0.9 ms vs. 

33.1 ± 1.7 ms) and failing hearts (23.7 ± 0.7 ms vs. 29.5 ± 0.7 ms). We suspect that 

differences in capture latency may be due to layer-dependent differences in conductivity 

between the endocardial and epicardial surfaces, since stimulation threshold values 

were similar between all pacing sites. Faster conduction with endocardial pacing could 

potentially reduce the amount of mechanical dyssynchrony, resulting in more uniform 

work distribution and improved pump function.  This potential mechanism could 

explain the findings from the present study in nonfailing and failing hearts, and those 

presented by van Deursen et al. (35) in non-failing hearts, that endocardial, compared 



 

 
 

60

with epicardial, BVP results in greater hemodynamic improvement. Mechanical 

dyssynchrony, as indicated by temporal and spatial non-uniformity in fiber 

relengthening, may also play a role in impaired LV filling (18); therefore, a reduction in 

mechanical dyssynchrony during endocardial BVP could potentially improve diastolic 

filling to a greater extent than achieved with epicardial BVP.  

 

Influence of Intrinsic Activation Delay at the Pacing Site on Hemodynamic 

Function 

Multiple studies have investigated the dependence of pacing site in determining 

hemodynamic function (5), (7), (12), (16), (23). Kass et al(20) showed that the basal 

severity of electrical dyssynchrony and sequence of activation influences LV systolic 

function; whereas, others have shown that improvement in LV contractility is 

distributed uniformly across LV endocardial pacing sites (13). We hypothesized that the 

improvement in ventricular function depends on the intrinsic amount of activation delay 

at the LV pacing site. We found positive correlations (P<0.05) between activation time 

at the pacing site and percent change in maximum dP/dt (r=0.64), ejection fraction 

(r=0.49), and minimum dP/dt (r=0.39) during endocardial BVP. However, no 

significant correlations existed in these parameters with epicardial BVP. While 

epicardial pacing at sites with longer activation times showed trends for improvement 

(Figure 2A-C) in QRS duration, maximum dP/dt, and ejection fraction, we suspect that 

increased inter- and intra-animal variance in improvement resulted in non-significant 

findings.  
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Hemodynamic differences between endocardial and epicardial BVP varied with 

the length of activation delay at the LV pacing site (i.e. early, mid, and late). 

Specifically, maximum dP/dt, ejection fraction, and minimum dP/dt were all improved 

to a greater extent during endocardial, compared with epicardial, BVP at regions with 

longer activation delays. At early activated regions, commonly near the posterior 

coronary sinus, there were no significant differences in hemodynamic improvement 

between endocardial and epicardial BVP. This result may be in agreement with studies 

by Derval et al (13) who found no difference between endocardial and epicardial LV 

pacing at the posterolateral wall near the coronary sinus, however, baseline electrical 

activation times where not reported and therefore make comparisons with our study 

difficult. In contrast to our findings, Derval et al. (13) found that LV pacing at the latest 

mechanically activated region rarely resulted in optimal hemodynamic function. The 

differences in the findings between their study (13) and ours may be explained by the 

following: (1) endocardial and epicardial comparisons were performed at only 1 paired 

site in Derval et al. (13), whereas, we compared differences across a larger LV area at 5 

paired sites; (2) we used measures of local electrical depolarization to define sites of 

early, mid, and late activation, whereas, Derval et al. (13) used echo-derived 

mechanical activation to identify the latest activated site.  

In the current study, we did not observe negative hemodynamic responses 

during endocardial biventricular pacing in the infarcted failing hearts, which has been 

reported to occur clinically during epicardial biventricular pacing in ischemic hearts (6). 

We suspect there are a wide variety of issues that give rise to this observation, mainly 
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location of the LV pacing electrode and electromechanical properties of the scar. We 

found that all endocardial and epicardial leads were positioned in non-scar tissue in the 

infarcted failing hearts, which could contribute to our findings. A recent study in canine 

LBBB hearts with LV infarcts (30) suggested that, “the best site [for hemodynamic 

improvement] does not coincide with the region of latest activation, but can be 

recognized as the site providing the most profound reduction in QRS duration.” 

However, previous studies showed that the greatest improvement in function did not 

necessary correspond with the largest reduction in QRS duration (20) but was correlated 

with a marked reduction in mechanical dyssynchrony (17), (22). Furthermore, a closer 

examination of the study by Rademakers et al. (30) revealed that only in the presence of 

anterior scarring did pacing in latest activated site not yield maximal hemodynamic 

improvement. In the non-scarred and posterior scarred hearts, dP/dtmax was greater for 

late compared with early activated regions, based on the isochronal activation maps 

presented for representative hearts. We found that improvements in mechanical function 

and electrical synchrony during endocardial BVP strongly depended on the baseline 

activation time at the LV pacing site, whereas improvements during epicardial BVP did 

not. This finding could potentially explain the findings from Rademakers et al. (30), 

since only epicardial BVP was performed. The significant correlation observed in our 

data between percent change in QRS duration and activation time at endocardial pacing 

sites makes it difficult to separate the predictive benefits of the two (i.e. change in QRS 

duration and baseline activation time at the pacing site). Nevertheless, our findings 
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indicate that improved hemodynamic function can be achieved through endocardial, but 

not epicardial, biventricular pacing at sites of later activation times at baseline.  

 

Transmural Fiber Strains During Local Endocardial and Epicardial Activation 

We compared end-systolic fiber strain components at three transmural depths 

(sub-epicardium, midwall, and sub-endocardium) during atrial and local endocardial 

and epicardial activation at the anterolateral left ventricle (Table 4). Previous studies 

have published end-systolic regional and transmural mechanics in healthy hearts at the 

anterolateral left ventricle during atrial (2), (38) and local epicardial pacing (3), (4), 

(37). We have extended the findings of these studies by providing regional fiber strain 

data during local endocardial pacing in the non-failing and failing hearts. During atrial 

activation, failing hearts showed significant (P<0.05) depression in fiber shortening, 

wall thickening, and fiber-cross-fiber shear predominantly at the sub-endocardium 

compared with non-failing hearts. Our findings in non-failing animals were in 

agreement with Ashikaga et al (3), specifically, local epicardial pacing reduced fiber 

shortening at the midwall and cross-fiber shortening and wall thickening at the sub-

endocardium compared with atrial (P<0.05).  In all animals, local endocardial activation 

resulted in greater fiber shortening, cross-fiber shortening, and wall thickening at 

midwall and sub-endocardial depths compared with local epicardial pacing (P<0.05). 

Fiber-cross-fiber shear strain was significantly lowered at the sub-endocardium and sub-

epicardium during local epicardial compared with endocardial pacing (P<0.05) in 

failing and non-failing hearts, respectively. Overall, these data provide evidence that 



 

 
 

64

local endocardial pacing results in greater transmural function than local epicardial 

pacing in both non-failing and failing hearts.  

 

Limitations 

The findings presented in this study represent acute changes in electrical and 

hemodynamic function during endocardial and epicardial BVP in non-failing and failing 

canine hearts, which may differ from long-term responses. Right ventricular apex 

pacing was used to induce electrical dyssynchrony, which may vary from actual 

structural abnormalities that may exist with LBBB. However, activation time delays 

measured during RVA were similar to reported values in canine LBBB (35) and this 

model has been used previously to mimic LV dyssynchrony (17). We chose to use RVA 

as our control instead of atrial pacing to better represent the conditions of electrical 

dyssynchrony. Comparing hemodynamic values during atrial and RVA pacing (Tables 

1-3) reveals marked depression in function during RVA compared with atrial pacing. 

During BVP, AV delay was maintained at 40 ms to ensure ventricular capture, however, 

the short AV delay may have negative effects on LV filling. In a subset of non-failing 

animals, AV delay was varied from 0 -120 ms and had a larger effect on functional 

improvement during epicardial compared with endocardial BVP.  

Canine experimental models were used to mimic electrical dyssynchrony in 

failing human hearts, however, variations in disease severity, regions of conduction 

block, presence of ischemic heart disease with scar, coronary venous anatomy, and 

chronic presence of LBBB all serve to complicate human disease. Clinical studies with 
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sufficient sample size are needed for further clarification and extrapolation of the results 

from this study. A well-established canine model of tachycardia-induced heart failure 

(1), (9), (28) was implemented in our failing group. We discontinued high rate pacing 

24 hours prior to the terminal study to allow for animals to return to a lower intrinsic 

sinus rate. During this period, mean left atrial pressure decreased slightly to 22.2 ± 1.1 

mmHg (P = NS); however, hemodynamic parameters (Table 1) and transmural strain 

components (Table 4) were markedly depressed in failing compared with non-failing 

animals during atrial pacing. Additionally, we acknowledge that controlling scar size 

can be problematic due to the large amount of collateral supply in the canine heart. Our 

measures of scar size (12.8 ± 0.9 %) indicate that little variability was present in our 

experimental model, which we attribute to our approach of permanent vessel ligation 

followed by microsphere embolization of distal branches to minimize reperfusion via 

the collateral supply. Furthermore, we were unable to find significant correlations 

between scar size and hemodynamic improvement during endocardial biventricular 

pacing. Finally, there was a significant difference in stimulation rate between the non-

failing and failing groups (Table 1). It was difficult to ensure similar rates across 

animals groups, especially since the failing animals had higher intrinsic rates due to 

high rate pacing for 5 weeks. Therefore, we used a consistent approach in determining 

pacing parameters. Specifically, stimulation rate was set at 10% above the intrinsic rate 

and delivered voltage of 20% above the stimulation threshold.  
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2.6 Conclusions 

Improvement in left ventricular pump function and electrical synchrony during 

endocardial biventricular pacing increased with activation time at the LV pacing site; 

whereas, improvement was markedly lower, compared with endocardial, and did not 

significantly differ across multiple LV sites during epicardial pacing. At the 

anterolateral wall, transmural function at end-systole was largely improved with local 

endocardial compared with epicardial pacing. Additionally, endocardial BVP led to 

greater hemodynamic function when pacing at sites with increasing values of activation 

delay compared with epicardial pacing. Overall, these findings were consistent between 

non-failing and failing hearts, despite significant differences in baseline function, and 

suggest that endocardial BVP may have potential advantages in optimizing 

hemodynamic improvement when positioning the LV lead in regions of increased 

activation delay. 
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3 Effects of local activation time and fiber stretch on 

transmural function in the failing left ventricle 

 
3.1 Abstract 

 Ventricular activation alters the coordination of regional left ventricular 

contraction, as evidenced by early shortening and systolic stretching in regions of early 

and late-activation. However, whether the magnitude of peak fiber prestretch 

determines end-systolic mechanics in failing hearts is unknown. Furthermore, the 

mechanism for increased magnitudes of peak fiber prestretch in regions of prolonged 

activation is unclear. We hypothesized that the magnitude of peak fiber prestretch is 

proportional to the amount of early-activated tissue, and determines the magnitude of 

end-systolic strains in the failing left ventricle. In 5 animals with chronic 

dyssynchronous heart failure and scaring, transmural 3-D mechanics were measured in 

the anterolateral left ventricle, and the effects of local activation time and fiber 

prestretch on end-systolic strain values were assessed. Our findings show that the 

magnitude of peak fiber prestretch increases with longer activation time, and is 

positively correlated to the amount of active tissue (r=0.74, P<0.001). Fiber shortening, 

sheet-normal shearing, and wall thickening strain magnitudes were all increased with 

greater magnitudes of peak fiber prestretch (P<0.05), and were greater in LATE 

compared with EARLY tissue (P<0.05). Sub-endocardial fiber strain at the time of local 

activation (r=0.38, P<0.05) and aortic valve opening (r=0.44, P<0.05) increased with 

prolonged activation time. As a result, the onset of sub-endocardial fiber relengthening 
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and shortening duration were prolonged in late-activated tissue, compared with early 

activated tissue, which may contribute to the increase in regional end-systolic function. 

Overall, these results highlight the importance of local activation time and fiber 

prestretch in determining regional function during ventricular activation in the failing 

heart. 
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3.2 Introduction 

Ventricular epicardial pacing results in asynchronous activation, giving rise to 

abnormal contraction patterns, depressed pump function, and chronic ventricular 

remodeling. In the normal heart, synchronous electrical activation is followed by 

uniform mechanical contraction throughout the ventricles (26), which is thought to be 

important for normal systolic performance. However, with ventricular pacing, 

mechanical discoordination in the timing and magnitude of contraction leads to a 

reduction in overall function (4), (25), (37). Badke et al. (4) observed early shortening 

(i.e. prior to aortic valve opening) at regions near the left ventricular (LV) pacing site, 

whereas late-activated regions lengthen, or prestretch, early in systole and have 

prolonged shortening. Qualitatively, the onset and peak magnitude of shortening have 

been shown to increase with prolonged electrical activation time (4), (11), (19). In 

addition, regional wall thickening at the pacing site is reduced in healthy hearts (2), (34)  

due to overall depression of fiber-sheet deformation in normal hearts.  

The mechanism of increased fiber prestretch in late-activated regions is 

unknown, but is generally attributed to a combination of mechanical deformation 

imposed by early contracting regions (i.e. fiber connectivity) and increased intracavity 

pressure (7). Lengthening of the late-activated fibers can therefore be viewed as a 

consequence of a force balance that must be maintained at any given point in time (20). 

Several investigators have suggested that enhanced shortening function at late-activated, 

compared with early-activated regions, may be a result of length-dependent activation 

due to longer fiber lengths in prestretched regions (19), (26), (28). However, Coppola et 
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al. (7) found no difference in fiber length at the time of aortic valve opening at the 

anterolateral midwall during late and atrial activation. Additionally, while myofiber 

length at aortic valve opening was found to be greater in late-activated tissue compared 

with early activated tissue, it is unknown whether fiber length at the time of local 

depolarization and early during systole increase with local activation time. Previous 

studies have shown depressed shortening and wall thickening function in failing hearts 

(17), (24). Whether the functional implications of prestretch are similar in failing hearts 

in unclear. Furthermore, the relationship between end-systolic 3-D regional mechanics 

and fiber prestretch in the failing heart is unknown.  

 Therefore, the aim of the present study was to investigate the following 

hypotheses: (1) the magnitude of peak fiber prestretch increases with local activation 

time and is proportional to the amount of early-activated tissue; and (2) 3-D end-

systolic mechanics improve with increasing amounts of fiber prestretch at the 

anterolateral LV. To address these, we imaged implanted markers in the anterolateral 

LV in canine hearts with chronic dyssynchronous heart failure and LV scarring. LV 

mechanics were measured during ventricular activation from multiple epicardial pacing 

sites, varying in distance from the measurement site, in order to determine the 

significance of alterations in local activation time and fiber prestretch on regional tissue 

mechanics during ventricular activation. 
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3.3 Materials and Methods 

All animal studies were performed according to the National Institutes of Heath 

Guide for the Care and Use of Laboratory Animals.  Experimental protocols were 

submitted to and approved by the Animal Subjects Committee of the University of 

California, San Diego, which is accredited by the American Association for 

Accreditation of Laboratory Animal Care. 

 

Surgical Preparation 

Acute ventricular pacing studies were performed in adult mongrel dogs (19 – 21 

kg) that were previously subjected to LV posterolateral infarction and tachycardia-

induced heart failure protocols (see below). Animals were induced at the terminal study 

with intravenous propofol (4 – 6 mg/kg), intubated, and mechanically ventilated with a 

mixture of isoflurane (2 %) and medical-grade oxygen (2 L/min) to achieve a surgical 

plane of anesthesia. To maintain a sustainable hemodynamic state, inotropic support 

and supplemental analgesia were provided throughout the study duration with dopamine 

(3 -10 ug/kg/min IV) and buprenorphine (0.02 – 0.05 mg/kg SQ), respectively. After a 

medial sternotomy and left thoracotomy at the 5th intercostal junction, the heart was 

positioned in a pericardial cradle. Intra-myocardial markers were implanted to study 

three-dimensional transmural mechanics in the anterolateral LV wall, as described 

previously (2), (17), (35). Bipolar pacing wires were sewn to the left atrial appendage 

for atrial pacing. Custom made bipolar plunge electrodes (7) were positioned at the right 

ventricular apex (RVA) and at 5 LV epicardial sites (Figure 1). These bipolar electrodes 
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were also used for recording electrical events when not used for ventricular pacing. 

Additionally, at each LV epicardial pacing site, a bipolar recording electrode was 

positioned on the LV endocardium. Ventricular activation was achieved by atrio-

ventricular (AV) sequential pacing of the left atrial appendage and one of the epicardial 

bipolar electrodes with a fixed AV delay of 40 ms.  

 

Electrical and Hemodynamic Measurements 

LV cavity pressure and rate of change were monitored with a high-fidelity 

micromanometer (Konigsburg Instruments, Pasadena, CA) placed in the lumen via 

puncture of the LV apex and closure with a purse-string suture. The micromanometer 

was matched to a statically calibrated fluid-filled pressure gauge, which was zeroed at a 

level approximate to the center of the heart. Aortic flow was obtained with a Doppler 

flow probe (model # T208; Transonic Systems, Ithaca, NY). LV volumes were 

measured with a conductance catheter (3) (Webster Laboratories, Baldwin Park, CA) 

positioned in the LV cavity via the left carotid artery, which was calibrated at the end of 

the study with a bolus (2 - 5 mL) injection of hypertonic saline solution (6M NaCl). 

Arterial and aortic pressures were monitored with fluid-filled gauges positioned in the 

right femoral artery and left subclavian artery, respectively. Lead II electrocardiogram 

was recorded, along with local bipolar electrograms from non-paced LV electrodes. A 

custom epicardial sock, consisting of 128 unipolar electrodes, was positioned on the 

heart and used to quantify epicardial activation sequence during pacing at various sites.  
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Tachycardia-induced Heart Failure 

Details of the heart failure protocol are described in Chapter 2.  

 

Varying the Amount of Fiber Prestretch at the Anterolateral LV 

 The current experimental methods are limited to measuring regional mechanical 

function at one LV anatomical site. LV epicardial pacing near the implanted myocardial 

markers (i.e. anterior apex, Figure 1) was used to create early activation at the site, 

whereas epicardial pacing at increasing distances from the mechanical site would result 

in a progressive delay in local electrical activation. Thus, we chose to utilize multiple 

ventricular pacing sites to achieve variations in the timing of electrical depolarization 

and magnitude of mechanical stretch at the anterolateral LV.  Five left ventricular 

epicardial sites, in addition to the right ventricular apex, were used in the present study. 

 

Pacing Protocol 

Atrial, RVA, and LV pacing were performed via stimulation of bipolar 

electrodes with square-wave pulse generators (model # SD9; Grass Instruments, 

Quincy, MA). LV pacing sites were: anterior base, anterior apex, anterolateral equator, 

lateral equator, and posterior near the coronary sinus (Figure 1). All electrodes were 

positioned at least 1 cm from the infarcted region. Pacing parameters were held constant 

at a frequency > 20% of intrinsic rate, voltage > 10% threshold value, and AV delay of 

40 ms. Finally, a custom built 128-electrode epicardial sock was positioned around the 

heart to record local epicardial electrograms which were amplified and digitally stored 
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using a Windaq 128 channel data acquisition system. The amplifier gain was set to a 

value between 20 - 50 X, and a bandpass filter (5 - 500 Hz) was used. Off-line signal 

analysis was performed in custom software in MATLAB 7.10 (Mathworks, Natick, 

MA). Briefly, the time of the maximum negative derivative of electrode voltage was 

used to define the time of local activation from each local electrogram. 

For all pacing runs, hemodynamic variables were allowed to reach steady state 

prior to acquisition (~ 2 min). Maximum (LVPmax), end-diastolic (LVEDP), and end-

systolic (LVESP) LV pressure was determined with the calibrated micromanometer 

signal. The notch of the LV pressure rise and the zero crossing of aortic flow signal 

were used to determine end-diastole and end-systole, respectively. Maximum and 

minimum (i.e. peak negative value) rate of LV pressure change (dP/dt) were found by 

taking the derivative of LV pressure with respect to time. Stroke volume (SV) was 

found by numerical integration of the aortic flow signal between the interval of aortic 

valve opening and closure, as determined by the zero crossing of the flow signal. 

Numerical computation was performed off-line using custom software in MATLAB.  

At the end of the study, animals were euthanized by an overdose of 

pentobarbital (100 mg/kg IV). Hearts were isolated in situ, perfused with cardioplegia, 

and perfusion-fixed at zero LV pressure with buffered glutaraldehyde (5%).  

 

Amount of Early-Activated Tissue Contributing to Fiber Prestretch 

 Under the assumption that mechanical activation follows electrical 

depolarization at a fixed delay for a given myocardial depth, we used epicardial 
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isochronal maps of electrical activation to estimate the amount of early-activated tissue 

that could potentially stretch fibers in the anterolateral wall (i.e. measurement site). 

Time of local depolarization (ATlocal) at the measured site was used to threshold regions 

of early-activation, specifically regions with an activation time ≤ (ATlocal - 10 ms) were 

defined as active tissue, capable of stretching the local mechanical site at the 

anterolateral wall. The amount of early-activated tissue was quantified as the threshold 

area divided by the total area enclosed by the electrode sock. Using this definition, 

epicardial pacing near the measurement site yielded the least (~ 0 %) amount of tissue 

area contributing to fiber stretch at the anterolateral wall. Whereas, pacing sites with 

increasing distances from the measurement site yielded greater amounts of active tissue 

area contributing to fiber prestretch.  

 

Reconstruction of Three-Dimensional Marker Coordinates 

Methods for reconstructing marker coordinates are described in Chapter 2. 

 

Histological Methods: Mean Fiber and Sheet Angle Orientation 

To minimize the distortion effects of dehydration and shrinkage associated with 

paraffin embedding, histological measurements were obtained in freshly perfusion-fixed 

heart tissue. A transmural block from the anterolateral left ventricle, near the location of 

the implanted markers, was carefully excised with block edges cut parallel to the locally 

defined longitudinal, circumferential, and radial directions. Mean fiber and sheet angle 

measurements were then made at 1-mm transmural increments from epicardium to 
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endocardium (1). In the case of bimodal distributions of sheet angle, mean sheet angle 

was determined by the circular average of the dominant sheet population, defined by the 

number of measurements. Mean fiber and sheet angle distributions in each animal were 

then corrected for geometric changes and variations in chamber pressure during fixation 

using the method of Takayama et al. (31).  

 

Transmural Fiber Mechanics Throughout the Cardiac Cycle 

Non-homogenous, Lagrangian strains throughout the cardiac cycle were 

measured it the anterolateral left ventricle during atrial and ventricular activation. A 

time series of radiographic images during ventricular pacing were arranged from time of 

ventricular stimulus (i.e. global ventricular pacing artifact on ECG) to time of 

ventricular stimulus (next beat). The reference configuration for strain calculation was 

the frame corresponding to the ventricular stimulus. Time courses of strain components 

defined in a cardiac material coordinate system (circumferential, longitudinal, and 

radial) were determined at three transmural depths: sub-epicardium (25%), midwall 

(50%), and sub-endocardium (75%). At each wall depth, mean fiber and sheet angle 

measurements were used to rotate strains defined in a cardiac material coordinates into 

fiber-sheet material coordinates (fiber, sheet, normal) as described previously (8).   

 

Defining Fiber Prestretch, Onset of Relengthening, and Shortening Duration 

The magnitude of fiber prestretch was defined as the magnitude of Eff at the 

onset of fiber shortening (i.e. peak positive fiber strain), typically occurring before 
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aortic valve opening. Briefly, fiber strain rate (dEff/dt) was computed from the time 

course of Eff. The first zero crossing of dEff/dt, i.e. typically occurring during the time 

interval of global ventricular stimulus and near aortic valve opening, was defined as the 

onset of fiber shortening. The onset of fiber relengthening was then defined as the first 

zero crossing of dEff/dt during the interval between the onset of fiber shortening and 

global ventricular stimulus of the next beat. In cases where multiple phases of 

shortening and lengthening occurred (i.e. multiple local minima/maxima), the earliest 

onsets of shortening and relengthening were used.   

 

Statistical Analysis 

All measurements are reported as mean ± SE. Statistical analysis was performed 

in SigmaPlot 11 (SyStat Software, San Jose, CA). A one-factor repeated measures 

ANOVA was used to determine the effect of pacing site on functional parameters (e.g. 

QRSd, dP/dtmax, end-systolic Eff). Post hoc comparisons between pacing sites were 

performed with a Tukey’s test. For comparison of mean values between two groups a 

two-tailed Student’s t-test was used. Linear regression analysis was performed to 

investigate the effect of activation time and peak fiber prestretch on strain magnitudes 

and timing. In all cases, statistical significance was accepted for P<0.05.   
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Figure  3.1: Left Ventricular Myocardial Markers and Epicardial Pacing Sites  
 
Intra-myocardial gold beads (13 - 18, 1.0-1.1 mm) were implanted at the anterolateral 
left ventricle, between diagonal branches of the left anterior descending (LAD) artery.  
Surface epicardial beads (1.7 mm) were sewn at the entrance of each transmural column 
to define a local tangent plane, as well as larger beads (2.0 mm) at the apex and at the 
base below the bifurcation of the LAD and circumflex (CCX) arteries. Bipolar 
epicardial pacing electrodes were positioned at the right ventricular apex (not shown) 
and at 5 left ventricular sites: (A) anterior near apex, (B) anterior near base, (C) anterior 
mid-ventricle, (D) lateral, and (E) posterior near the coronary sinus.  
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3.1 Results 

Electrical Parameters and Global Hemodynamic Function 

The effects of pacing site on electric and hemodynamic parameters are 

summarized in Table 1. Despite differences in mean values, varying the ventricular 

pacing site did not significantly alter electrical synchrony or hemodynamic parameters. 

However, compared with atrial activation, QRSd was increased (P<0.05) and SV 

reduced (P<0.05) during ventricular pacing at all sites. LV dP/dtmax was lowered 

(P<0.05) in a majority of the ventricular pacing sites, compared with atrial activation. 

Peak systolic pressure and LV dP/dtmin were unchanged for nearly all LV epicardial 

pacing sites, but significantly reduced (P<0.05) for the RVA pacing site, compared with 

atrial activation. After combining all ventricular pacing sites, QRSd increased by 

133.6±5.8 % (P<0.001) compared with atrial. LVPmax, dP/dtmax, dP/dtmin, and SV were 

reduced, compared with atrial activation, by 12.0±1.7 % (P<0.01), 27.7±7.0 % 

(P<0.05), 22.3±3.6 % (P<0.01), and 20.0±5.1 % (P<0.05), respectively. 

 

LV Wall Geometry and Mean Fiber and Sheet Orientations 

The centroid of the epicardial surface markers sewn at the LV anterolateral 

surface was located at a distance of 66.1±5.4 % of the apex-base length from the base. 

The deepest bead of the transmural array spanned 77.4±5.8 % of the local wall 

thickness. Ex-vivo wall thickness near the markers was 11.7±0.4 mm in the fixed 

geometric configuration at an intracavity pressure of 0 mmHg. Values of mean fiber and 

sheet angle orientation at the sub-epicardium, midwall, and sub-endocardium are given 
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in Table 2. Mean fiber angle was nearly circumferential at the sub-epicardial depth and 

longitudinally oriented at the sub-endocardium. A bimodal distribution of sheets was 

observed at the midwall and endocardial depths, consistent with previous reports (1). 

Mean sheet angle, estimated from the dominant sheet population, negatively increased 

from the sub-epicardial to sub-endocardium, i.e. becoming less radially oriented at the 

endocardium.  
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Table 3.1: Electrical and Hemodynamic Parameters at Steady-State during Ventricular 
Pacing 
 
Values are mean ± SE (n=5). RR, R-R interval; QRSd, QRS duration; LV, left ventricle; 
EDP, end-diastolic pressure; ESP, end-systolic pressure; Pmax, maximum systolic 
pressure; dP/dtmax, maximum rate of pressure change; dP/dtmin, minimum rate of 
pressure change; SV, stroke volume; ATRIAL, left atrial; RVA, right ventricular apex; 
PCS, posterior near coronary sinus; LAT, lateral; ABASE, anterior base; AMID, 
anterior mid-ventricle; AAPEX, anterior apex (i.e. site of intramyocardial markers). * 
P<0.05, ventricular pacing vs. ATRIAL; † P<0.10, ventricular pacing vs. ATRIAL. 
Comparisons performed with a 1-way repeated measures ANOVA with Tukey post hoc 
tests. No statistically significant differences in hemodynamic data were present among 
ventricular pacing sites.  

 

Pacing Site RR, ms QRSd, ms
LVEDP, 
mmHg

LVESP, 
mmHg

LVPmax, 
mmHg

dP/dt max, 
mmHg/s

dP/dt min, 
mmHg/s SV, mL

ATRIAL 485.7±13.1 53.1±4.8 14.6±0.9 64.3±7.9 93.9±6.3 1768±344 -1593±161 9.0±1.5
RVA 485.1±13.0 124.3±8.7* 13.4±0.5 51.4±6.9 78.6±7.3* 1296±329* -1100±210† 6.6±1.0*
PCS 485.1±14.5 123.4±14.0* 13.1±0.5 52.7±6.7 81.6±7.7 1382±314† -1177±159 6.2±0.7*
LAT 484.4±15.1 132.1±17.9* 12.6±1.1 55.5±5.5 84.7±6.4 1438±307 -1318±194 6.5±0.7*

ABASE 484.9±15.1 121.9±13.0* 13.1±0.6 48.9±2.3 78±3.2 1264±232* -1147±74 5.5±0.3*
AMID 484.7±13.4 131.6±13.5* 13.3±0.7 53.3±4.7 82.6±4.9 1317±181* -1294±133 6.2±0.6*

AAPEX 485.1±13.2 109.8±11.1* 13.6±0.7 52.9±5.5 81.9±5.7 1300±157* -1300±144 6.4±0.7*  
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Table 3.2: Average Fiber and Sheet Angle Values at Three Transmural Depths in the 
Anterolateral Left Ventricle 
 
Values are mean ± SE (n=5). Sub-Epi, sub-epicardium (25% wall depth); Mid, midwall 
(50% wall depth); Sub-Endo, sub-endocardium (75% wall depth).  
 

Wall Depth

Sub-Epi
Mid

Sub-Endo

Fiber Angle 0 Sheet Angle 0

-7.45 ± 3.13
34.8 ± 3.48
73.5 ± 5.50

-50.5 ± 2.20
-37.8 ± 1.47

-59.1 ± 5.94  
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Local Activation Time and Magnitude of Peak Fiber Prestretch  

In all animals, ventricular activation at 6 anatomical sites (RVA and 5 LV sites, 

see Figure 1) resulted in a range of local activation times and the magnitudes of peak 

fiber prestretch at the anterolateral LV. Figure 2 illustrates isochronal electrical 

activation maps at the epicardium during ventricular pacing at 2 sites for one 

representative animal (Figure 2A). The ventricular pacing sites were at the LV anterior 

near apex (Figure 2A, top EARLY) and LV posterior near the coronary sinus (Figure 

2A, bottom LATE), resulting in large differences in local epicardial activation time (0 

ms vs. 95 ms) at measurement site. In all animals, the magnitude of peak fiber 

prestretch increased with local activation time (Figure 2B) for all depths. Linear 

regression analysis revealed positive correlations, with slopes significantly different 

from 0, between the magnitude of peak fiber stretch and local activation time at the sub-

epicardium (r=0.73, P<0.01), midwall (r=0.69, P<0.01), and sub-epicardium (r=0.57, 

P<0.01).  

To investigate the hypothesis that the magnitude of peak fiber prestretch is 

proportional to the amount of early-activated tissue at the time of peak prestretch, 

isochronal electrical activation maps at the epicardium were used. In Figure 3, the 

magnitude of sub-endocardial peak fiber prestretch positively correlated (r=0.74) with 

the amount of early-activated tissue (% of total area) with a slope significantly different 

from zero (P<0.001). Thus, the increase in magnitude of peak fiber prestretch was 

proportional to the amount of tissue that was depolarized prior and thus capable of 

contributing to peak fiber prestretch.  
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Figure  3.2: Differences in Local Activation and Peak Fiber Prestretch  
 
LV wall mechanics were measured at the anterolateral LV (solid black circles) and the 
ventricular pacing site (red arrow) was varied to produce a range of local activation 
times and fiber prestretch. A Example epicardial isochronal activation maps are shown 
for one representative animal (dog # 9). Local epicardial (EARLY, top map) and 
posterior (LATE, bottom map) pacing resulted in 2 distinct activation sequences that 
varied the local epicardial activation time (ATEPI). B Peak magnitude of fiber prestretch 
was correlated with local activation time at all transmural wall depths. Local activation 
times during EARLY (blue circles) and LATE (red triangles) measured in the 
representative animal are indicated in the regression plots. POS, LV posterior; RV, right 
ventricle; ANT, LV anterior; LAT, LV lateral. Sub-Epi, sub-epicardium (25%); 
Midwall (50%); and Sub-Endo, sub-endocardium (75%). r, correlation coefficient. * 
Slope different from zero (P<0.01). 
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Figure  3.3: Peak Fiber Prestretch vs. the Amount of Early Activated Tissue 

The magnitude of peak fiber prestretch at the sub-endocardium was correlated with the 
amount of early-activated tissue (% total epicardial area), as determined from epicardial 
isochronal activation maps (see METHODS) for all ventricular pacing sites in all 
animals (28 total data points). Linear regression analysis revealed a significant positive 
correlation between the magnitude of peak fiber prestretch at the sub-endocardium and 
amount of early-activated tissue. r, correlation coefficient. * Slope different from zero 
(P<0.001).   
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Magnitude of Peak Fiber Prestretch and End-Systolic Function 

To determine whether increased magnitudes of fiber prestretch result in 

enhanced LV wall mechanics, we computed 3-D end-systolic strain components during 

ventricular pacing in both cardiac and fiber-sheet material coordinates at three 

transmural depths. Representative tracings of fiber (Figure 4A) and radial (Figure 4B), 

strain throughout the cardiac cycle are shown for one animal during epicardial pacing at 

the LV anterior apex (EARLY) and LV posterior near the coronary sinus (LATE). LV 

pressure (solid black curve) and the time of end-systole (red line) are superimposed 

onto the strain time courses to illustrate timing differences in fiber shortening (Eff) and 

wall thickening (E33) strain between EARLY (Figure 4A-B, top panel) and LATE 

(Figure 4A-B, bottom panel). In EARLY, local epicardial pacing led to early fiber 

shortening prior to end-diastole (LV pressure notch). Fiber shortening peaked early 

during ejection, followed by early systolic fiber relengthening, resulting in fiber strain 

magnitudes near zero at end-systole. Whereas with LATE, fiber stretch (positive strain) 

occurred early during systole, followed by shortening throughout ejection, which 

reached a maximum near end-systole. For both EARLY and LATE, E33 mirrored the 

timing pattern of Eff. Specifically, during EARLY, a majority of positive E33 occurred 

prior to aortic valve opening (~ 120 ms) and did not contribute to ejection. In contrast, 

during LATE, the majority of positive E33 occurred after aortic valve opening, reaching 

a peak near end-systole, and thus contributing to overall ejection. Additionally, the 

transmural wall thickening gradient was reduced with EARLY compared with LATE.  
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Figure  3.4: Transmural Fiber and Radial Strain with Ventricular Activation 
 
Time courses of regional mechanics at the anterolateral LV are shown for two different 
ventricular pacing sites. A Fiber strain (Eff) and B radial, i.e. wall thickening, strain 
(E33) at three transmural depths of the anterolateral LV are plotted throughout the 
cardiac cycle for one representative animal (dog # 9). Varying the ventricular pacing 
site resulted from local epicardial (EARLY) to the LV posterior (LATE) resulted in 
marked differences in sub-endocardial activation time (ATENDO), as well as end-systolic 
(dotted red line) strain magnitudes. Sub-Epi, sub-epicardium (25%); Mid, midwall 
(50%); Sub-Endo, sub-epicardium (75%).  
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Linear regression analyses were performed between end-systolic strain magnitudes for 

all independent strain components, in both cardiac and fiber-sheet material coordinates, 

and magnitude of peak fiber prestretch at the sub-epicardium, midwall, and sub-

endocardium. Regression values, i.e. intercepts and slopes, are summarized for cardiac 

coordinates in Table 3. With the exception of sub-epicardial longitudinal (E22) strain, all 

normal strain components (i.e. E11, E22, E33) were correlated with the magnitude of fiber 

prestretch, with slopes significantly different than zero (P<0.05) at each transmural 

depth. Whereas, all shear strain components (E12, E23, E13) were poorly correlated 

(r<0.3) with fiber prestretch and did not have significant slopes. Regression statistics 

between end-systolic strain and peak fiber prestretch in fiber-sheet coordinates are 

summarized in Table 4.  Of the six components, fiber (Eff), normal (Enn), and sheet-

normal shear (Esn) strain values were all correlated with the magnitude of fiber 

prestretch, with slopes significantly different from zero (P<0.05). Thus, suggesting a 

significant relationship between end-systolic LV mechanics and magnitude of peak 

fiber prestretch.  

 

 

 

 

 

 

 



 

 
 

95

Table 3.3: Linear Regression Analysis between End-Systolic Cardiac Strain 
Components and the Peak Magnitude of Fiber Prestretch 
 
Data pooled from all animals (n=5). r, correlation coefficient; P, p-value; E11, 
circumferential strain; E22, longitudinal strain; E33, radial (i.e. wall-thickening) strain; 
E12, circumferential-longitudinal shear strain; E23, longitudinal-radial shear strain; 
E13, circumferential-radial shear strain; Sub-Epi, sub-epicardium (25%); Mid, midwall 
(50%), Sub-Endo, sub-endocardium (75%).  
 

Strain r Intercept SE P Slope SE P

E11
Sub-Epi 0.690 -0.010 0.009 0.317 -1.550 0.316 < 0.001
Mid 0.681 -0.019 0.011 0.082 -1.310 0.278 < 0.001
Sub-Endo 0.481 -0.016 0.016 0.334 -0.918 0.328 0.010

E22
Sub-Epi 0.181 -0.044 0.009 < 0.001 -0.274 0.299 0.368
Mid 0.487 -0.046 0.010 < 0.001 -0.735 0.265 0.010
Sub-Endo 0.517 -0.060 0.013 < 0.001 -0.817 0.265 0.005

E33
Sub-Epi 0.467 0.052 0.017 0.005 1.489 0.555 0.012
Mid 0.633 0.084 0.025 0.002 2.662 0.637 < 0.001
Sub-Endo 0.627 0.158 0.036 < 0.001 2.974 0.724 < 0.001

E12
Sub-Epi 0.233 0.002 0.010 0.861 0.421 0.344 0.232
Mid 0.072 0.004 0.011 0.756 0.107 0.291 0.717
Sub-Endo 0.282 0.010 0.013 0.472 0.409 0.273 0.147

E23
Sub-Epi 0.246 -0.023 0.012 0.065 0.522 0.404 0.208
Mid 0.142 -0.017 0.018 0.362 0.348 0.476 0.471
Sub-Endo 0.104 0.004 0.026 0.874 -0.282 0.527 0.597

E13
Sub-Epi 0.178 0.019 0.012 0.135 0.374 0.406 0.366
Mid 0.058 0.045 0.022 0.050 0.169 0.571 0.770
Sub-Endo 0.243 0.109 0.033 0.003 -0.858 0.672 0.213  
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Table 3.4: Linear Regression Analysis between End-Systolic Fiber-Sheet Strain 
Components and the Peak Magnitude of Fiber Prestretch 
 
Data pooled from all animals (n=5). r, correlation coefficient; P, p-value; Eff, fiber 
strain; Ess, sheet strain; Enn, normal strain; Efs, fiber-sheet shear strain; Esn, sheet-
normal shear strain; Efn, fiber-normal shear strain; Sub-Epi, sub-epicardium (25%); 
Mid, midwall (50%), Sub-Endo, sub-endocardium (75%).  
 

Strain r Intercept SE P Slope SE P

Eff
Sub-Epi 0.750 -0.005 0.009 0.570 -1.703 0.293 < 0.001
Mid 0.476 -0.032 0.014 0.030 -0.996 0.361 0.010
Sub-Endo 0.497 -0.055 0.015 0.002 -0.916 0.314 0.007

Ess
Sub-Epi 0.080 0.042 0.012 0.002 0.162 0.395 0.686
Mid 0.155 0.048 0.018 0.015 0.386 0.483 0.431
Sub-Endo 0.141 0.078 0.021 < 0.001 -0.312 0.428 0.473

Enn
Sub-Epi 0.411 -0.035 0.014 0.023 1.091 0.474 0.030
Mid 0.420 -0.004 0.020 0.853 1.211 0.512 0.026
Sub-Endo 0.519 -0.066 0.039 0.102 2.455 0.794 0.005

Efs
Sub-Epi 0.010 0.013 0.013 0.329 0.020 0.442 0.958
Mid 0.012 0.029 0.013 0.031 -0.021 0.336 0.951
Sub-Endo 0.032 0.025 0.018 0.174 0.060 0.363 0.870

Esn
Sub-Epi 0.514 -0.036 0.012 0.006 -1.211 0.395 0.005
Mid 0.731 -0.060 0.014 < 0.001 -1.967 0.362 < 0.001
Sub-Endo 0.543 -0.107 0.025 < 0.001 -1.692 0.513 0.003

Efs
Sub-Epi 0.310 -0.015 0.008 0.090 -0.458 0.275 0.108
Mid 0.156 -0.013 0.023 0.588 -0.483 0.599 0.428
Sub-Endo 0.074 -0.021 0.028 0.451 0.212 0.376 0.710  
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The relation between end-systolic Eff and magnitude of prestretch across the 

anterolateral LV is shown in Figure 5 (left panel). The correlation coefficient was 

greatest at the sub-epicardium (r=0.73), compared with the midwall (r=0.48) and sub-

epicardial depths (r=0.50). Overall, end-systolic fiber strain increased in magnitude with 

greater amounts of peak fiber prestretch at a given transmural depth. In each animal, 

end-systolic strain values during the earliest (EARLY) and latest (LATE) local 

activation were compared across animals. Eff magnitude increased with transmural 

depth, and was significantly greater (P<0.05) for LATE compared with EARLY at all 

depths. End-systolic Esn, which is important for normal wall thickening, was negatively 

correlated with the magnitude of peak fiber prestretch across the wall, with slopes 

significantly different from zero (P<0.01), as shown in Figure 6 (left panel). As a result, 

end-systolic Esn magnitude was significantly greater for LATE compared with early 

(Figure 6, right panel) at all transmural depths. End-systolic E33 was positively 

correlated (Figure 7, left panel) with the magnitude of fiber prestretch at the sub-

endocardium (r=0.47), midwall (r=0.63), and sub-endocardium (r=0.65), with slopes 

significantly different from zero (P<0.05). The magnitude of end-systolic E33 increased 

with transmural depth, and was greater for LATE compared with EARLY at all depths 

(P<0.05) (Figure 7, right panel). Overall, these findings support that hypothesis that an 

increase in the magnitude of peak fiber prestretch results in greater end-systolic 

mechanical function in late-activated tissue. On the basis of enhanced fiber shortening 

in these late-activated regions, end-systolic wall thickening was greater in magnitude, 

compared with early-activated tissue, due to increased sheet-normal shearing.  
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Figure  3.5: End-Systolic Fiber Strain vs. Peak Fiber Prestretch 
 
A Fiber strain (Eff) at end-systole was negatively correlated with the peak magnitude of 
fiber prestretch at three transmural depths at the anterolateral LV. B End-systolic Eff 
increased in magnitude with transmural depth and was significantly greater for LATE, 
compared with EARLY, at all depths. Sub-Epi, sub-epicardium (25%); midwall (50%); 
Sub-Endo, sub-endocardium (75%). r, correlation coefficient. * Slope different from 
zero (P<0.05). * P < 0.05 (right panel), EARLY vs. LATE (Student’s t-test) at a given 
depth. 
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Figure  3.6: End-Systolic Sheet-Normal Shear vs. Peak Fiber Prestretch 
 
A Sheet-normal shear strain (Esn) at end-systole was negatively correlated with the peak 
magnitude of fiber prestretch at all transmural depths. B End-systolic Esn increased in 
magnitude with transmural depth and was significantly greater for LATE, compared 
with EARLY, at all depths. Sub-Epi, sub-epicardium (25%), midwall (50%), Sub-Endo, 
sub-endocardium (75%). r, correlation coefficient. * Slope different from zero (P<0.01). 
* P < 0.01 (right panel), EARLY vs. LATE (Student’s t-test) at a given depth. 
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Figure  3.7: End-Systolic Wall Thickening Strain vs. Peak Fiber Prestretch 
 
A Radial (i.e. wall thickening) strain (E33) at end-systole was positively correlated with 
the peak magnitude of fiber prestretch at all transmural depths. B End-systolic E33 
increased in magnitude with transmural depth and was significantly greater for LATE, 
compared with EARLY, at all depths. Sub-Epi, sub-epicardium (25%), midwall (50%), 
Sub-Endo, sub-endocardium (75%). r, correlation coefficient. * Slope different from 
zero (P<0.05). * P < 0.01 (right panel), EARLY vs. LATE (Student’s t-test) at a given 
depth. 
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Relative Difference in Fiber Length at Local Activation and Aortic Valve Opening 

Enhanced fiber shortening was observed in late-activated tissue at end-systole, 

compared with early-activated tissue. To test for relative differences in fiber length with 

variations in local activation time, fiber strain at the time of local depolarization and 

aortic valve opening was computed. Atrial end-diastole was used as a common 

reference configuration in order to accurately describe length differences using 

measures of fiber strain. Fiber strain at the sub-endocardium versus local activation time 

is shown in Figure 8 at the time of local depolarization (Figure 8A) and aortic valve 

opening (Figure 8B). Positive correlations with activation time were present at the time 

of local activation (r=0.38) and aortic valve opening (r=0.44), both with slopes 

significantly different than zero (P<0.05). Relatively longer fiber lengths at the time of 

aortic valve opening, and larger magnitudes of end-systolic fiber strain, result in greater 

ejection shortening (i.e. from aortic valve opening to aortic valve closure) in late-

activated tissue, compared with early-activated tissue. Overall, these findings suggest 

that enhanced end-systolic LV wall mechanics may be a functional consequence of 

longer fiber length at the time of local activation and the onset of aortic valve opening.  

 

Onset of Fiber Relengthening and the Duration of Fiber Shortening 

In Figure 4A, fiber shortening occurred prior to aortic valve opening, reached its 

peak, and lengthened throughout the remainder of ejection in EARLY tissue. The early 

systolic onset of fiber relengthening could explain the reduced end-systolic mechanics  
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Figure  3.8: Fiber Strain at Local Activation and Aortic Valve Opening  
 
The magnitude of sub-endocardial fiber strain (Eff) at the time of A local activation and 
B aortic valve opening was correlated with activation time at the anterolateral LV. Eff  
positively correlated with local activation time for both time points, suggesting longer 
relative fiber lengths with increasing activation time. r, correlation coefficient. * Slope 
different from zero (P<0.05).  
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(e.g. fiber and wall thickening strain) observed in EARLY compared with LATE tissue 

(see Figures 5-8). Therefore, we investigated the effects of local activation time on the 

onset of fiber relengthening and the duration of fiber shortening. The timing of the onset 

of fiber relegthening and the interval of fiber shortening was determined by computing 

fiber strain rate (dEff/dt) and locating the times corresponding to zero fiber strain rate 

(i.e. locations of local maxima/minima). These methods are summarized in Figure 9. 

The onset of fiber relengthening (Figure 10A) at the sub-endocardium was positively 

correlated (r=0.79) with local activation time, with a slope significantly different from 

zero (P<0.001). Additionally, the duration of sub-endocardial fiber shortening (Figure 

10B) was positively correlated (r=0.68) with local activation time, with a slope 

significantly different from zero (P<0.001). For EARLY and LATE groups, as 

described previously, both the onset of fiber relengthening (265.6±18.5 ms vs. 96.0±9.8 

ms, P<0.001) and the duration of fiber shortening (187.2±8.2 ms vs. 97.6±8.2 ms, 

P<0.01) were significantly increased for LATE compared with EARLY. However, the 

average difference in the onset of relengthening (169.6±25.2 ms), but not shortening 

duration (89.6±16.31 ms), was significantly greater (P<0.01) than the difference 

attributed to local activation time (45.9±8.3 ms) between EARLY and LATE. To further 

investigate whether differences in local activation time may explain differences in fiber 

relegthening and shortening duration, linear regression analyses were performed. We 

computed differences in these three parameters (relengthening onset, shortening 

duration, and local activation time) between all sites with prolonged activation times 

(ATENDO > 40 ms) and early activation times (ATENDO < 40 ms), resulting in a total of 
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37 data points. Differences in the onset of fiber relengthening were weakly correlated 

(r=0.32) with differences in local activation time, with a significant trend in slope 

(P<0.10). Whereas, the correlation between the difference in the duration of shortening 

and activation time was even weaker (r=0.10), resulting in a non-significant slope from 

zero (P=0.56). Overall, the onset of fiber relengthening and the duration of shortening 

were prolonged in late-activated tissue, compared with early-activated tissue. However, 

our data suggest that differences in the onset of fiber relengthening and shortening 

duration may be due to additional factors other than differences in local activation time, 

such as fiber length. 
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Figure  3.9: Onset of Fiber Relengthening and Fiber Shortening Duration 
 
Data from one animal (dog # 9) are shown during local epicardial (EARLY) and LV 
posterior (LATE) pacing. A Sub-endocardial fiber strain (Eff) and B strain rate (dEff/dt) 
were used to determine the onset of fiber relengthening and the duration of fiber 
shortening, defined as the interval of shortening to relengthening onset. The onset of 
fiber shortening (blue circle) was defined as the first zero crossing of dEff/dt (indicated 
by red line) during the interval of global ventricular stimulus to aortic valve opening. 
Whereas, the onset of fiber relengthening (red circle) was defined as the first zero 
crossing of dEff/dt during the interval of the onset of fiber shortening to global 
ventricular stimulus of the next cardiac beat.  
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Figure  3.10: Sub-Endocardial Fiber Relengthening and Fiber Shortening Duration vs. 
Activation Time 
 
A The onset of fiber relengthening and B fiber shortening duration at the sub-
endocardial depth (75%) were positively correlated with activation time for all pacing 
sites in all animals (28 total data points). r, correlation coefficient. * Slope different 
from zero (P<0.001). 
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3.2 Discussion 

In the present study, we investigated the effects of local electrical activation 

time and magnitude of fiber prestretch, during ventricular pacing, on end-systolic 3-D 

transmural mechanics in the failing anterolateral left ventricle.  Previous studies have 

shown enhanced function in late-activated tissue, compared with early-activated tissue, 

during ventricular pacing in healthy hearts. Additionally, the magnitude of fiber 

prestretch has been shown to increase with local activation time. Whether these 

phenomenon occur in a similar fashion in the failing heart is unknown. Additionally, it 

is unclear whether the magnitude of fiber prestretch determines end-systolic strain in the 

failing heart.  

Our findings show that the magnitude of peak fiber prestretch increases with 

increasing local electrical activation time in the failing anterolateral left ventricle.  At 

the sub-endocardium, the increase in the amount of peak fiber prestretch was positively 

correlated with the amount of early-activated tissue, estimated from epicardial 

isochronal activation mapping. Time courses of fiber and wall thickening strain 

revealed marked differences in the both the timing and magnitude of transmural 

function during ventricular pacing near and remote to the measured site. Overall, these 

differences resulted in vast dissimilarities in end-systolic function between the two 

pacing sites.  Linear regression analysis of end-systolic strains, in both cardiac and 

fiber-sheet coordinates, revealed significant relationships between cardiac normal (E11, 

E22, E33), fiber-sheet normal (Eff, Enn) and fiber-sheet shear (Esn) strain components with 

increasing magnitude of peak fiber prestretch at various depths in the failing LV. Fiber 



 

 
 

108

shortening, sheet-normal shearing, and wall thickening magnitudes were all increased 

with greater magnitudes of fiber prestretch. In LATE activated tissue, end-systolic 

values of fiber shortening, sheet-normal shear, and wall thickening were greater in 

magnitude, compared with EARLY activation tissue, at all transmural depths. 

Additionally, at the sub-endocardium, fiber strain, referenced to end-diastole during 

atrial pacing, positively correlated with local activation time at the onsets of local 

activation and aortic valve opening, suggesting both longer passive and active fiber 

lengths in late-activated, compared with early-activated tissue. Finally, both the onset of 

fiber relengthening and duration of fiber shortening at the sub-endocardium were 

positively correlated with local activation time.  

Early onsets of fiber relengthening and diminished durations of fiber shortening 

in early-activated tissue may explain the large disparities, as compared with late-

activated tissue, in end-systolic fiber shortening, sheet-normal shearing, and wall 

thickening strain across the wall. However, differences in the onset of fiber 

relengthening, and shortening duration, between early and late-activated tissue were not 

significantly correlated with measured differences in local activation time, suggesting 

that altered timing of electrical activation alone is unlikely to account for the majority of 

the observed changes in end-systolic mechanics between early and late-activated tissue. 

Additional factors such as length-dependence of force development (32), shortening 

velocity (9), (15), cross-bridge cycling kinetics (5), and mechanoelectric feedback, (21) 

are likely to contribute to the differences between early and late-activated tissue. 
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Overall, regional end-systolic function in the failing LV is sensitive to alterations in 

local activation time and fiber prestretch induced with ventricular pacing.  

 

Altered Electrical Conduction Impairs Global and Regional Function 

In the presence of conduction disturbances, such as left-bundle branch block or 

with ventricular pacing, the spread of electrical activation is markedly slowed and less 

uniform than normal (26), (33), (39). Impaired electrical conduction is associated with 

lower systolic blood pressures (25), (37) reductions in the rate of LV pressure 

generation and relaxation (40), and decreased LV stroke volume (11), (29). In our 

failing canine hearts, significant depression in both systolic and diastolic function 

(Table 1) was associated with increasing QRS durations with ventricular, compared 

with left atrial pacing.  

With abnormal electrical conduction, as with ventricular pacing, the temporal 

and spatial distribution of the magnitude of contraction is altered (4), (27), (34). Badke 

et al. (4) observed early shortening (i.e. prior to aortic valve opening) and systolic 

lengthening in regions near and remote to the site of ventricular stimulus. Additional 

studies in healthy hearts have shown that the onset of mechanical activation (4), (38), 

and magnitude of ejection shortening (11), (19), increase with the local time of 

electrical activation. Whereas, Prinzen et al. (26) found that the time interval between 

electrical activation and onset of shortening was non-uniform and increased in areas 

with longer electrical activation delay. Our results in failing canine hearts are similar to 

these previous findings in healthy hearts. Specifically, the onset of shortening (not 
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shown) increased with local activation time at all transmural depths (sub-epicardium, 

midwall, and sub-endocardium). End-systolic fiber strain increased with local activation 

time (Figure 4A) and was significantly greater for LATE, compared with EARLY, 

activated tissue (Figure 5A-C, right panel).  

 

The Magnitude of Peak Fiber Prestretch and End-Systolic LV Mechanics 

Previous investigators have suggested that the observed enhancement of 

shortening in healthy hearts with asynchrony is due to longer fiber lengths in late-

activated tissue, compared with early-activated tissue, which is stretched prior to 

shortening. Coppola et al. (7) found that areas with prolonged activation times had 

greater magnitude of fiber prestretch at the midwall, with peak prestretch occurring 

after local activation and near the time of aortic valve opening. Our findings in failing 

hearts are qualitatively similar with those of Coppola et al. (7); specifically, we show 

that the magnitude of peak fiber prestretch increases with local activation time at 

various depths across the failing anterolateral LV. The mechanism of increased fiber 

prestretch, while unclear, is thought to be determined by both mechanical stretching 

imposed by early contracting regions and increased intracavity pressure. We 

hypothesized that the magnitude of peak fiber prestretch is proportional to the amount 

of early-activated, and thus active force-generating, tissue. Our findings support this 

hypothesis; specifically, the magnitude of peak fiber prestretch positively correlated 

(r=0.74, P<0.001) with the area of early-activated tissue. By prolonging local activation, 
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fibers remain passive for a longer duration, and may result in a greater probability of 

being stretched by external forces.  

In healthy hearts, previous studies have demonstrated enhanced shortening 

function with asynchronous activation, however, whether wall thickening and sheet 

mechanics are also greater in late-activated tissue, compared with early-activated tissue, 

is unknown. In failing hearts, transmural wall thickening and shortening function is 

impaired, compared with normal, at the midwall and sub-endocardial depths during 

atrial activation (17), (24). However, it is unknown whether transmural function is 

enhanced with prolonged activation time in failing hearts. Thus, we sought out to 

investigate the hypothesis that an increase in the magnitude of peak fiber prestretch 

results in greater magnitudes of 3-D strain components at across the failing anterolateral 

LV. By varying the location of the ventricular stimulus, relative to the measurement site 

(anterolateral LV), a range of local activation times was created and the magnitude of 

peak fiber prestretch was significantly increased (Figure 2B). Linear regression analyses 

of all strain components for both cardiac (Table 3) and fiber-sheet (Table 4), revealed 

significant relationships in normal cardiac strains, as well as normal and shear fiber-

sheet strains, with the magnitude of fiber prestretch. Of these strain components, fiber 

shortening (Figure 5A-C, left panel), sheet-normal shearing (Figure 6A-C, left panel), 

and wall thickening (Figure 7A-C, left panel) magnitudes were significantly correlated 

with the magnitude of peak fiber prestretch at all transmural depths (P<0.05). These 

data build upon previous findings of increased fiber shortening at sub-epicardial (11), 

(27) and midwall (7), (19) depths in normal hearts. Specifically, we show that the 
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transmural distribution of wall thickening strain, as well as normal sheet (Enn, Table 2) 

and sheet-normal shear strain, is increased in magnitude at end-systole with increasing 

magnitudes of peak fiber prestretch in failing hearts. Additionally, the transmural 

gradient in end-systolic wall thickening strain appears to be reduced in EARLY, 

compared with LATE, tissue (Figure 4B). Finally, in comparing differences between 

EARLY and LATE activation groups, we found significant increases in the magnitudes 

of end-systolic Eff (Figure 5A-C, right panel), Esn (Figure 6A-C, right panel), and E33 

(Figure 7A-C, right panel) with LATE, compared with EARLY, at all transmural depths 

(P<0.05). Thus on the basis of enhanced fiber shortening, increased magnitudes of fiber 

prestretch result in greater magnitudes of sheet thickening and sheet-normal shearing 

strains, which serve to increase the magnitude of wall thickening strain at end-systole.  

 

Onset of Fiber Relengthening and the Duration of Fiber Shortening 

We compared sub-endocardial fiber length differences (i.e. fiber strain) at the 

time of local activation and aortic valve opening during ventricular pacing at multiple 

sites using a common geometric reference for strain calculation. At both time points, we 

found that the magnitude fiber strain positively correlated (P<0.05) with local activation 

time, with relatively longer fiber lengths in late-activated tissue , compared with early-

activated tissue. In addition, we found that both the onset of fiber relengthening (Figure 

10A) and duration of fiber shortening (Figure 10B) were prolonged with increasing 

local activation time, which may due to fiber length differences prior to and after local 

activation.  
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Previous investigations in single skeletal muscle fibers found that both the 

magnitude and duration of force development were increased with longer fiber length 

prior to stimulation, compared with shorter lengths (12). It is generally thought that the 

increase in force development is directly due to increased calcium sensitivity with 

increasing sarcomere length within physiological limits (18), yet the exact mechanism 

by which sarcomere length regulates calcium sensitivity is unclear. Recent work has 

revealed an inverse relation between sarcomere length and interfilament lattice spacing 

(6). Passive fiber length is a major determinant of resting muscle tension prior to 

activation, which is regulated by the sarcomeric protein titin (13). At longer fiber 

length, and thus sarcomere length, the oblique orientation and elastic stiffness of titin 

results in a radial force component that reduces the spacing between the thin filaments 

by overcoming the repulsive electrostatic force between the filaments (6). Decreasing 

the myofilament lattice spacing, with stretch, increases the proximity of actin to myosin, 

and may allow for a greater probability of strong binding of cross-bridges for a given 

calcium concentration. Additionally, due to feedback mechanisms by which strong 

bound cross-bridges regulate thin filament activation, an increase in sarcomere length 

may lead to greater calcium affinity of troponin (36). During active force development, 

length dependence on a variety of these mentioned processes are observed, as 

summarized by de Tombe et al. (10).  

In the present study, we observed smaller magnitudes of fiber strain, i.e. shorter 

fiber lengths, at the time of aortic valve opening in early-activated tissue, compared 

with late-activated tissue in the failing heart. This difference is mostly likely due to the 
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fact that at the time of aortic valve opening, early-activated regions had already began 

to shorten (Figure 4A, top) compared with tissue during atrial and late activation 

(Figure 10B). It has been shown that active shortening decreases the amount of strong 

bound cross-bridges (30), (16) and reduces the ability to generate force, a process 

known as shortening deactivation  (22), (23). Furthermore, observed increases in the 

magnitude and decay rate of the calcium transient suggest reduced calcium affinity of 

troponin in unloaded active shortening fibers compared with isometric conditions.  

In late-activated tissue, the onset of fiber shortening was delayed and occurred at 

greater systolic pressures than early-activated tissue which shortened at minimal left 

ventricular pressure (Figure 4A).  Thus, in addition to the effects of changes in resting 

fiber length, the differences in the onset of fiber relengthening and shortening duration 

may also be due to the length-dependent processes of shortening deactivation, which 

would be exaggerated in early-activated tissue that shorten against lower chamber 

pressures, compared with late-activated tissue. Thus, increases in the onset of fiber 

relengthening and shortening duration in late-activated regions could be due to 

increased calcium-affinity of troponin (and thus reduced rate of dissociation), an 

increased number of strongly bound cross-bridges, and reduced effects of shortening 

deactivation as a result of increased fiber length, reduced myofilament lattice spacing, 

and greater intracavity pressure during active contraction. Overall, the differences in the 

onset of fiber relengthening and shortening duration between early and late-activated 

regions may provide insights into the present study’s findings of enhanced transmural 
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end-systolic fiber mechanics with increasing magnitudes of fiber prestretch in failing 

hearts.  

 

Limitations 

Due to the current constraints associated with the experimental design, we were 

only able to measure regional function at one anatomical location during ventricular 

activation. In order to vary the timing of electrical activation and the magnitude of fiber 

prestretch at the local measurement site, multiple epicardial pacing sites, with 

increasing distance from the measurement site, were used. Thus, alterations in global 

loading conditions with varying stimulus site, as well as changes with time throughout 

the experiment, could potentially contribute to our findings. However, we found no 

significant differences in LV pressure at end-diastole or end-systole between ventricular 

pacing sites. Furthermore, prior to data acquisition, we allowed ample time (~ 2min) to 

reach steady-state for each pacing site, and atrial pacing was performed for an 

additional period of time (~ 2 min) before and after initiation of ventricular pacing. In 

quantifying the amount of early-activated, and thus active force-generating, tissue we 

used epicardial isochronal maps of electrical activation in order to determine the effect 

on the magnitude of peak fiber prestretch. We assumed that active contraction follows 

electrical activation at a fixed delay for a given transmural depth (e.g. epicardial). 

However, differences in the electromechanical delay (i.e. the interval between local 

electrical activation and mechanical force development/shortening), which have been 

shown to be distributed non-uniformly in both experimental (29) and computational 
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(14) studies, may result in errors in our estimation of the amount of active tissue 

contributing to stretch of non-activated regions.  Finally, we assessed acute alterations 

in regional mechanics in the anterolateral LV in open-chest, anesthetized canine heart 

during steady-state ventricular pacing and may not accurately reflect acute and chronic 

changes in regional function in closed-chest, conscious animals with ventricular 

activation.  
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3.3 Conclusions 

Transmural mechanics at the anterolateral LV were enhanced with increasing 

magnitudes of fiber prestretch in failing canine hearts. Specifically, end-systolic values 

of fiber shortening, fiber-sheet shearing, and wall thickening strain all increased in 

magnitude with longer local activation times, and were greater for LATE, compared 

with EARLY, activated tissue. The transmural distribution of peak fiber prestretch was 

found to increase with local activation time at the measurement site, and the value at the 

sub-endocardial depth positively correlated with the amount of early-activated, and thus 

active force-generating, tissue. The onset of sub-endocardial fiber relengthening and 

shortening duration increased with local activation time at the measurement site, which 

was consistent with findings of increased fiber length at local activation and aortic valve 

opening with longer activation times. Overall, our results build upon previous findings 

on the effects of electrical dyssynchrony on shortening function in healthy hearts and 

highlight the importance of local activation time and the magnitude of peak fiber 

prestretch in determining three-dimensional myofiber function in failing hearts during 

ventricular pacing.  
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4 Length dependence of altered myofiber function in a 

computational model of ventricular activation 

 

4.1 Abstract 

In the normal heart, rapid depolarization via the specialized His-Purkinje 

conduction system results in a nearly synchronous electrical activation. During 

ventricular pacing, the spread of electrical activation is less uniform than normal, 

resulting in discoordinate mechanical contraction.  A computational approach was used 

to investigate the relationship between local activation time and myofiber shortening 

mechanics during ventricular pacing. In a finite-element model of active cardiac 

mechanics, we systematically removed velocity and length dependence of active stress 

generation to examine the underlying factors responsible for the differences in myofiber 

function between early and late activated tissue. We show that active stress models, 

which include velocity and length dependency, are sufficient in predicting differences 

observed experimentally during ventricular epicardial pacing in failing hearts. When 

both length and velocity dependence of active stress was removed, these differences 

were reduced by approximately 50 - 70% compared with baseline models. However, 

removing velocity dependence alone resulted in approximately 5 - 30 % reduction. The 

attenuation of differences in myofiber strain between early-activated and late-activated 

tissue during length-independent active stress development underscores the functional 

importance of fiber prestretch on regional performance during ventricular pacing. 
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4.2 Introduction 

In the normal heart, rapid depolarization via the specialized His-Purkinje 

conduction system results in a nearly synchronous electrical activation of the ventricles. 

This synchronous spread of electrical activation gives rise to uniform mechanical 

contraction of the left ventricle (LV) (12). During ventricular pacing, the spread of 

electrical activation is markedly slowed and less uniform than normal (12), (17), (19). A 

hallmark of electrical asynchrony is discoordinate contraction (1), (13). Early-activated 

regions shorten prior to ejection, whereas late-activated regions stretch early during 

systole and have prolonged durations of shortening and onsets of relengthening. In 

Chapter 3, we demonstrated that end-systolic fiber shortening increased with the 

magnitude of peak fiber stretch. Additionally, we found that the onset of fiber 

relengthening and the duration of fiber shortening increased with longer activation 

times. Specifically, in early-activated tissue the time to the onset of fiber relengthening 

and the duration of shortening was significantly reduced compared with late-activated 

tissue. However, the differences in fiber relengthening and fiber shortening duration 

poorly correlated with the differences in local activation time between early-activated 

and late-activated tissue. The previous findings suggest that the differences in the onset 

of fiber relengthening and shortening duration may be due to additional factors other 

than differences in local activation time, such as myofiber length and shortening 

velocity. 

Active myocardial contraction is known to be dependent on time, sarcomere 

length, shortening velocity, and mechano-electric feedback (2), (4), (6), (10), (16).  



 

 
 

125

Previous investigators have suggested that length-dependent activation, due to 

prestretch, results in enhanced mechanical shortening in late-activated tissue compared 

with early-activated regions and atrial activation (8), (12), (14). In Chapter 3, we found 

marked differences in fiber length at the time of local activation and aortic valve 

opening with increased activation times. Specifically, fiber lengths were relatively 

longer in late-activated tissue compared with early-activated tissue. Therefore, 

differences in fiber length may explain the differences observed in the magnitude of 

fiber shortening, onset of fiber relengthening, and the duration of fiber shortening 

between early-activated and late-activated tissue.  

To determine the effects of prolonged activation and fiber length on regional 

strain magnitudes and timing, we used an established finite-element model of cardiac 

electromechanics (9), coupled to a closed-loop circulatory model, and systematically 

removed the dependence of fiber shortening velocity and fiber length from the active 

stress model (11). We hypothesized that eliminating length and velocity dependence on 

active stress generation attenuates the differences in the timing and magnitude of fiber 

shortening between early-activated and late-activated tissue. Regional measures of fiber 

strain were compared at one anatomical site, and local activation time was altered via 

ventricular pacing at opposing sites. Additionally, we investigated the relationship of 

increased local activation time in determining the onset of fiber relengthening and the 

duration of fiber shortening throughout the LV sub-endocardium during ventricular 

activation. The findings from these simulations allowed for further interpretation of the 

experimental results presented in Chapter 3.  
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4.3 Materials and Methods 

Animal Studies 

All animal studies were performed according to the National Institutes of Heath 

Guide for the Care and Use of Laboratory Animals.  Experimental protocols were 

submitted to and approved by the Animal Subjects Committee of the University of 

California, San Diego, which is accredited by the American Association for 

Accreditation of Laboratory Animal Care. 

 Experimental protocols are described in detail in Chapter 2 and 3. Briefly, 

regional mechanics were measured in the anterolateral left ventricle during atrial and 

ventricular epicardial pacing at multiple LV sites. Histological measurements of mean 

fiber angle were obtained in freshly fixed hearts, and were used to transform the 

Lagrangian finite strain tensor from cardiac coordinates into material fiber-sheet 

coordinates. Time courses of sub-endocardial fiber strain and fiber strain rate were 

processed and analyzed in MATLAB 7.10 (Mathworks, Natick, MA) in order to 

quantify: (1) the peak magnitude of fiber shortening; (2) the onset of fiber 

relengthening; and (3) and the duration of fiber shortening.  

 

Computational Studies 

Regional left ventricular mechanics were simulated in a previously established 

non-linear finite element model of cardiac electromechanics (9). Realistic geometries of 

the right and left ventricle are described by a total of 48 tri-cubic Hermite elements and 

82 nodes. Each element contains a 3x3x3 arrangement of integration (i.e. Gauss) points. 
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The finite-element model is shown in Figure 1. Within each element, accurate 

descriptions of local fiber angle distribution and passive material properties are 

prescribed (5). The finite element model was coupled to a closed loop circulatory model 

(7); and active stress development was governed by the Arts model of sarcomere 

mechanics (11).  Electrical activation times during ventricular pacing were computed by 

an electrophysiology model (15) and were used to initiate active stress development.  

 

Removing velocity and length dependency in the Active Stress Model 

The baseline active stress model (NORM) consisted of a Hill relationship, where 

the sarcomere was modeled as a passive element in parallel with a contractile and series 

elastic element. Mechanical behavior is described by two state variables, the contractile 

element length, Lsc, and the state of mechanical activation, C. The parameter C is 

physiologically related to the intracellular calcium concentration transient. The time 

derivative of the contractile element length is given by the following ordinary 

differential equation: 
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Figure  4.1: Finite Element Biventricular Mesh 
 
Surface and element line rendering of the finite-element mesh used for computation is 
illustrated in long-axis (left) and short-axis (right) orientations. In total the mesh 
consisted of 48 tri-cubic Hermite elements and 82 nodes. At the left ventricular free 
wall, the transmural wall thickness was comprised of four elements. We defined the 
sub-endocardium (red curve) as the inner element surface of the second most inner layer 
of the left ventricular free wall and septal elements. LVFW, left ventricular free wall; 
RVFW, right ventricular free wall; SEP, septum; ANT, anterior wall; POS, posterior 
wall. 
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where Ls is the sarcomere length, Lse,iso is the length of the isometrically stressed series 

elastic element, and vmax is the velocity of sarcomere shortening at zero load. Thus, for 

isometric contraction, (Ls - Lsc) = Lse,iso and the time derivative of the contractile 

element length equals zero.  Detailed mathematical descriptions of the mechanical 

activation parameter, C, and its relation to Lsc are given in detail elsewhere (11).  The 

NORM model was modified by removing velocity dependence and replacing the 

contractile element length with the current sarcomere length, thus resulting in a 

velocity-independent (VI) model. Finally, the VI model was modified so that all force 

twitches occurred at a sarcomere length of 2.11 μm, representing length-independent 

(LI) active stress development.  

 

Model Simulations 

A total of 6 simulations were performed in which 2 activation sequences were 

used for each of the following active stress models: NORM (i.e. Hill relation), VI (i.e. 

velocity-independent relation), and LI (i.e. velocity- and length-independent relation). 

The two activation sequences used represented ventricular pacing at the left ventricular 

free wall and the right ventricular apex, and resulted in early (EARLY) and late 

activation (LATE) at the anterolateral equator. Figure 2 shows the electrical activation 

times for EARLY and LATE and the location of the measurement site rendered at the 

innermost surface of the sub-endocardial elements.  
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Myofiber Mechanics at the Left Ventricular Anterolateral Equator  

 Due to the boundary conditions imposed and the resulting large gradients in 

stress and strain, we chose to measure regional myofiber function at the equator of the 

anterolateral left ventricle. Lagrangian strains were computed in a local material 

coordinate system, which was defined by the local fiber, cross-fiber, and radial 

directions. The geometric configuration at the time of the ventricular pacing stimulus 

was used as the reference configuration for all strain calculations. In comparing the 

effects of EARLY and LATE activation at the same anatomical site, strains were 

collected at a single gauss point within the element of interest (qualitatively shown in 

Figure 2). Thus, the only attributed differences between EARLY and LATE were the 

local time of activation and the local fiber strain history (i.e. due to prestretch or early 

shortening), whereas fiber angle and unloaded wall thickness were unchanged.  

 

Relation Between Local Activation Time and Myofiber Shortening Mechanics 

 In addition to comparing myofiber function during EARLY and LATE at one 

anatomical location, we compared fiber strains throughout the sub-endocardial left 

ventricle and septum. A total of 12 elements define the sub-endocardial surface (i.e. 4 in 

the circumferential direction, and 3 in the longitudinal direction). Myofiber strains and 

local activation times at three gauss points within each element, positioned at the radial 

midpoint of the element and varied in longitudinal location, were calculated. Linear 

regression was performed between local activation time and the onset of fiber 
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relengthening, as well as the duration of fiber shortening. The dependence of both fiber 

length and shortening velocity on these linear relationships was examined.   

 

Statistical Analysis 

 Experimental data is represented as mean ± SE. Comparison between groups 

was performed with a Student’s t-test. Linear regression analysis was used to assess the 

relation of local activation time to the onset of fiber relengthening and the duration of 

fiber shortening. Correlation coefficients were used to assess the strength of a given 

relationship. Statistical significance was accepted for P<0.05.  
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Figure  4.2: Sub-Endocardial Activation Times During Ventricular Pacing 
 
Ventricular pacing was performed at opposite wall and resulted in two distinct 
activation sequences. Sub-endocardial activation times were rendered onto the inner 
endocardial surface of the finite-element model. During left ventricular free wall pacing 
(EARLY, left), sub-endocardial activation was relatively uniform across the anterior 
wall and occurred earlier than compared to the septal and right ventricular free walls. 
Local activation time at the mechanical site (red dot) was 43 ms. The pacing site was 
moved to the right ventricular apex and the resulting activation sequence is shown 
(LATE, right). Local activation time at the mechanical site was 91 ms. The sub-
endocardial element at the LV anterior equator is highlighted in red.  
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4.4 Results 

Experimental Data 

Differences in fiber strain magnitudes and timing between early-activated and 

late-activated tissue were presented in detail in Chapter 3. Briefly, end-systolic fiber 

shortening increased across the anterolateral wall and was greater for late-activated 

compared with early-activated regions as represented in Figure 3. Additionally, at the 

sub-endocardium the onset of fiber relengthening (r=0.78) and the duration of fiber 

shortening (r=0.68) were positively correlated with local activation time. Mean values 

of peak fiber shortening, onset of fiber relengthening, and fiber shortening duration 

during local epicardial (EARLY) and posterior epicardial (LATE) pacing are provided 

for comparison with model results. Peak fiber shortening, onset of fiber relengthening, 

and fiber shortening duration were greater in magnitude for LATE compared with 

EARLY (P<0.05).  

 

Model Predictions on Myofiber Strain in Early and Late Activated Tissue  

 Local activation time at the measured site was 43 ms and 91 ms for EARLY and 

LATE, respectively (see Figure 2). Sub-endocardial fiber strain, at the measured site, 

was computed for EARLY and LATE. The active stress model was varied, as described 

previously, to investigate the effects fiber length and shortening velocity on the 

relationship between fiber strain timing and magnitude.  
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Figure  4.3: Myofiber Shortening in EARLY and LATE Regions  
 
The time course of fiber shortening strain in EARLY and LATE activated tissue is 
shown for one representative animal during ventricular pacing. With EARLY, fiber 
shortening occurred prior to the opening of the aortic valve (not shown) and peaked 
early during ejection. Whereas, with LATE, the onset and duration of fiber shortening 
were prolonged compared with EARLY. The peak and end-systolic (not shown) 
magnitudes of fiber shortening strain were greater in LATE compared with EARLY.  
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Figure 4 reveals noticeable differences between EARLY and LATE in the baseline 

(Figure 4A, NORM) active stress model. These differences are qualitatively similar to 

those measured experimentally. The effects of removing velocity (Figure 4B) and 

length (Figure 4C) were primarily seen with LATE, specifically in the timing of peak 

shortening and in the rate of shortening.  

 Next, we quantitatively compared the absolute values and differences of the 

peak magnitude of fiber shortening, the onset of fiber relengthening, and the duration of 

fiber shortening in EARLY and LATE activated tissue predicted by the model and 

measured experimentally. Peak fiber shortening strain in early and late-activated 

regions is shown in Figure 5. In the baseline model (i.e. NORM), peak fiber shortening 

strain was within the experimentally measured range. Removing velocity (i.e. VI) and 

length (i.e. LI) dependence from the active stress model resulted in a progressive 

increase in shortening magnitude for both EARLY and LATE. Absolute differences in 

peak fiber shortening between EARLY and LATE was reduced for NORM, VI, and LI, 

compared with experimental values. Model predictions of the onset of fiber 

relengthening (Figure 6) and the duration of fiber shortening (Figure 7) during NORM 

were similar to experimental values, specifically in terms of the absolute differences 

between EARLY and LATE. When length and velocity dependence were eliminated 

from the active stress model, the predicted differences in the onset of fiber 

relengthening and the duration of fiber shortening were reduced by 65% and 68%, 

compared with NORM. Whereas, removing velocity dependence alone resulted in 

reductions of 5% and 32.5 %, compared with NORM.  
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Figure  4.4: Model Variations in Myofiber Strain Predictions for EARLY and LATE  
 
Sub-endocardial fiber strain was measured at the anterolateral equator in the finite-
element model. The active stress model was varied as follows: A. baseline (NORM) 
with length and velocity dependence; B. velocity-independent (VI); and C. velocity and 
length-independent (LI). In NORM, substantial stretch occurred early after local 
activation in LATE regions, which reached a greater peak value of fiber shortening. 
Differences in the timing of fiber relengthening and the value of peak shortening are 
attenuated with VI and LI compared with NORM.  
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Figure  4.5: Model and Experimental Data on the Peak Fiber Shortening  
 
A. Peak fiber shortening strain in early and late-activated regions from model 
simulations and experimental data. In beating hearts fiber shortening was significantly 
greater in late-activated, compared with early-activated tissue. B. Absolute differences 
peak fiber shortening strain between early-activated and late-activated regions. 
Compared with baseline (NORM) removing velocity and length dependence resulted in 
a 32.5% and 68.6% decrease in the difference between early-activated and late-activated 
tissue. * P<0.05, Late-activated vs. Early-activated. NORM, baseline active stress 
model; VI, velocity-independent active stress model; LI, length-independent active 
stress model; and EXP, experiment. 
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Figure  4.6: Model and Experimental Data on the Onset of Fiber Relengthening  
 
A. The onset of fiber relengthening in early and late-activated regions from model 
simulations and experimental data. B. Absolute differences in the onset of fiber 
relengthening between early-activated and late-activated regions. After length 
dependence was eliminated (LI) the model predicted difference was reduced by 65 % 
compared with baseline NORM. Removing velocity dependence (VI) resulted in a 
reduction of 5% compared with NORM. * P<0.05, Late-activated vs. Early-activated. 
NORM, baseline active stress model; VI, velocity-independent active stress model; LI, 
length-independent active stress model; and EXP, experiment. 
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Figure  4.7: Model and Experimental Data on Fiber Shortening Duration  
 
A. Duration of fiber shortening. B. Absolute differences in fiber shortening duration 
between early-activated and late-activated regions After length dependence was 
removed (LI) the model predicted difference was reduced by 51 % compared with 
baseline (NORM). Removing velocity dependence resulted in a reduction of 5% 
compared with NORM. * P<0.05, Late-activated vs. Early-activated. NORM, baseline 
active stress model; VI, velocity-independent active stress model; LI, length-
independent active stress model; and EXP, experiment. 
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Model Predictions of the Relation Between Myofiber Shortening and Local 

Activation Time 

Model estimates of sub-endocardial myofiber strain during ventricular activation 

were used to investigate the role of activation time, fiber length, and shortening velocity 

on differences in myofiber shortening mechanics between early-activated and late-

activated tissue. During NORM, local activation time was strongly correlated with the 

onset of fiber relengthening (Figure 8A). Removing velocity (Figure 8B, r = 0.87) and 

length (Figure 8C, r = 0.88) dependence had little effect on the correlation coefficient 

compared with NORM (Figure 8A, r = 0.90). However, removing velocity and length 

dependence did reduce the slope of the relationship compared with NORM. The effects 

of shortening velocity and length dependence on myofiber mechanics were further 

highlighted in the relation between local activation time and the duration of fiber 

shortening. Correlation coefficients were markedly lower when velocity (r = 0.73) and 

length (r = -0.09) dependence were removed from the active stress model. Furthermore, 

the slope of the relation (i.e. activation time vs. fiber shortening duration) was reduced 

to 0 when both length and velocity dependence were removed. Therefore, the effects of 

local activation time on fiber relengthening an fiber shortening duration are determined 

in part by differences in fiber length.  
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Figure  4.8: Model Predictions of Fiber Relengthening vs. Local Activation Time 
 
A. Baseline active stress model (NORM) with length and velocity dependence. B. 
Active stress model that was velocity independent (VI). C. Active stress model that was 
velocity and length independent (LI). In all simulations, there was a positive correlation 
between the onset of fiber relengthening and the local activation time (r > 0.8). 
However, the slope of the linear relation was noticeably decreased in the LI simulation 
compared with NORM, thus reducing the difference in the onset of fiber relengthening 
between early and late activated regions. Slopes were comparable between NORM and 
VI simulations.  
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Figure  4.9: Model Predictions of Fiber Shortening Duration vs. Local Activation Time 
 
A. Baseline active stress model (NORM) with length and velocity dependence. B. 
Active stress model that was velocity-independent (VI). C. Active stress model that was 
velocity and length-independent (LI). During NORM, a strong positive correlation was 
present between fiber shortening duration and activation time (r > 0.8). Systematically 
eliminating velocity (r = 0.71) and length (r = -0.09) resulted in a reduction in the 
relationship. Removing length dependence lowered the slope of the relation to 0.  
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4.5 Discussion 

A computational study of cardiac electromechanics was performed to investigate 

the role of local activation time, fiber length and rate of shortening in determining 

regional fiber strains. Experimentally, we observed a significant correlation between the 

magnitude of fiber prestretch and the value of end-systolic fiber shortening in failing 

hearts during ventricular pacing, as described in Chapter 3. Myofiber systolic function 

was greater in late-activated tissue compared with early-activated tissue. We proposed 

that the differences observed at end-systole could be explained by the differences in the 

onset of fiber relengthening and fiber shortening duration between early-activated and 

late-activated tissue. However, it was unclear if these differences were due to changes 

in local activation time, or if additional factors such as myofiber length and rate of 

shortening played a larger role in determining regional myofiber function.  

In the present study, we show that active stress models of sarcomere mechanics, 

which included both length and velocity dependence, are sufficient in predicting the 

differences in peak fiber shortening, onset of fiber relengthening, and fiber shortening 

duration between early-activated and late-activated tissue during ventricular pacing. 

When both length and velocity dependence were removed, these differences were 

attenuated by more than half of the values predicted from baseline models; whereas, 

removing velocity dependence alone had little effect on these differences. Additionally, 

local activation time was linearly correlated with both the onset of fiber relengthening (r 

= 0.90) and the duration of fiber shortening (r = 0.83) in the baseline model. The slope 

of the relationship between local activation time and the onset of fiber relengthening 
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was markedly reduced when velocity and length dependence was removed. 

Additionally, the relationship between local activation and the duration of fiber 

shortening (r = -0.09) was diminished when length and velocity dependence was 

removed. Overall, these results support the notion that differences in myofiber function 

between early-activated and late-activated tissue, during ventricular pacing, are directly 

influenced by changes in fiber length, and are insensitive to shortening velocity.  

  Electrical asynchrony is associated with altered distributions in the timing and 

magnitude of fiber shortening, as indicated by increased fiber ejection strains in late-

activated tissue compared with normal (1), (13). It has been suggested the mechanism 

responsible for the increased fiber function involves length-dependent activation. 

Through this process changes in fiber, and thus sarcomere length, at rest and earlier 

during active force generation can have pronounced effects on peak force development 

and twitch duration due to alterations in calcium sensitivity. There exists an inverse 

relationship between sarcomere length and the interfilament lattice spacing within the 

myofibril (3), such that increasing sarcomere length results in decreased lattice spacing. 

Decreasing the myofilament lattice spacing, with stretch, increases the proximity of 

actin to myosin, and may increase the probability of strong binding of cross-bridges for 

a given calcium concentration. As the number of strongly bound cross-bridges 

increases, calcium sensitivity is enhanced as a result of greater calcium affinity of 

troponin (18) and cooperative mechanisms of thin filament activation (2). Overall, these 

responses to increased fiber length can result in a greater degree of mechanical 

activation at a given calcium concentration, thus enhancing the contractile state.  



 

 
 

145

One mechanism by which increased contractile state results in a greater degree 

myofiber shortening involves the sarcomere length - tension relation in isolated cardiac 

muscle. An increase in calcium sensitivity, and thus contractility, results in a shift in the 

active length tension relation. This change allows for an increase in force generating 

capacity at lower sarcomere lengths, thus promoting increased shortening for a given 

resting fiber length. A separate mechanism, which does not involve increases in 

contractile state, involves increased passive loading. As sarcomere length increases, the 

position on the passive length-tension curve shifts to the right and results in an increase 

in the potential energy stored at that sarcomere length. Under the assumption that 

systolic load is unaltered by the increase in passive length, an increase in fiber 

shortening proportional to the increase in resting fiber length would be expected. The 

combination of these two mechanisms most likely are involved in determining the 

differences in myofiber shortening mechanics during alterations in electrical activation 

sequence and fiber length. However, the anisotropic nature of the tissue material 

properties, the complex geometry and fiber structure, and the reality that fiber stress 

does not remain constant during ventricular ejection makes the extrapolation of these 

basic principles to whole heart mechanics difficult. Therefore, the use of computational 

models in sorting through the relative importance of the factors described above is 

essential for understanding the role of electrical dyssynchrony in determined regional 

left ventricular mechanics.  
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Limitations 

 We would like to address a few of the limitations associated with this modeling 

study. First, we used idealized geometries to represent the right and left ventricles that 

were based on previous measurements in canine hearts. The implications of our findings 

could be improved with the use of animal-specific models, which incorporate accurate 

representations of ventricular shape, wall thickness, and fiber architecture. Of these 

structural elements, fiber angle is most likely to influence the mechanical strains 

predicted by the model during altered electrical activation. Secondly, the 

electrophysiological model was decoupled from the mechanics model. Thus, the role of 

altered regional wall motion in producing changes in excitation-contraction and 

mechanoelectric feedback phenomena were not assessed in this study. Rather, local 

electrical activation time served as a trigger for the initiation of sarcomere active 

tension development. Also, this study could be improved by using accurate 

representation of the electrical activation sequence that was produced during ventricular 

epicardial activation. Differences in the model activation sequence could in turn alter 

the distribution of fiber length in the region of analysis, which would further complicate 

extrapolation of the present findings to those observed experimentally. Finally, 

incorporation of realistic models of cross-bridge binding kinetics and thin filament 

activation would greatly improve the implications of our findings.  
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4.6 Conclusions 

In conclusion, a computational approach was used to investigate the dependence 

of fiber length and shortening velocity on the relationship between local activation time 

and the myofiber shortening mechanics during ventricular pacing. Specifically, we 

systematically removed velocity and length dependence from the active stress model to 

examine the underlying factors responsible for the differences in myofiber function 

between early-activated and late-activated tissue. In the present study, we show that 

relatively simplistic models of active stress development are sufficient in predicting 

differences observed experimentally during ventricular epicardial pacing in failing 

hearts. Specifically, differences between early-activated and late-activated tissue in the 

magnitude of peak fiber shortening, onset of fiber relengthening, and fiber shortening 

duration were similar between experimental values and model predictions using 

baseline active stress models. When both length and velocity dependence of active 

stress were removed, these differences were reduced by approximately 50 - 70% 

compared with baseline models; whereas, removing velocity dependence alone had 

little influence on these differences. Furthermore the relationship between local 

activation time and the onset of fiber relengthening, as well as the duration of fiber 

shortening, was reduced when length and velocity dependence were removed, as 

indicated by reduced slopes and correlation coefficients compared with baseline active 

stress models. Overall, these results support the notion that differences in myofiber 

function between early-activated and late-activated tissue, during ventricular pacing, are 

directly influenced by changes in fiber length, and are insensitive to shortening velocity.  
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5 The effects of sheet structure and transmural sequence of 

activation on sheet deformation and systolic wall 

thickening strain in dyssynchronously failing hearts 

 

5.1 Abstract 

Left ventricular wall thickening strain is an important determinant of systolic 

ejection and cardiac performance. The laminar sheet structure of the heart is thought to 

be an important determinant of systolic wall thickening strain, with sheet extension and 

shearing comprising representing the largest contributors. Structural remodeling during 

disease has shown to alter sheet orientation in the left ventricular free wall in 

hypertrophic mouse hearts and in the septum of dyssynchronously failing hearts. 

Additionally, wall thickening is depressed in failing hearts compared with normal; 

however, whether this is influenced by altered sheet orientation and laminar 

deformation is unknown. Also the consequence of a reversed transmural activation 

sequence on overall laminar deformation and relative contributions of wall thickening 

in failing hearts is unknown. We implanted transmural myocardial markers in the 

anterolateral left ventricle and studied regional function prior to the onset of rapid 

ventricular pacing and 5 weeks after the tachycardia-induced heart failure. Remodeling 

strains were used to determine sheet angle distributions during control (i.e. prior to 

pacing) based on measure angles in the excised failing hearts. In failing hearts, mean 

sheet angle was significantly altered (P<0.05) across the wall (shifting away from 
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radial) compared with control values. As a result, the relative contribution of sheet 

extension was reduced across the wall in failing hearts, whereas sheet thickening was 

increased, compared with control values. Reversing the transmural sequence of 

activation with local epicardial pacing significantly altered the time course of fiber-

sheet strains, as evident by a significant interaction (P<0.05) between time and pacing 

site for a majority of strain components at mid and inner depths. Overall magnitudes of 

sheet thickening and sheet shearing were reduced during reversal of the transmural 

sequence of activation, compared with normal. The relative contributions to end-

systolic wall thickening strain were also altered, as indicated by significant P-value 

associated with pacing site for sheet extension and sheet thickening. Overall, these 

findings highlight the role of laminar sheet structure and the transmural sequence of 

activation in determining wall thickening function in the failing heart. 
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5.2 Introduction  

 In the normal heart, left ventricular (LV) wall thickening provides a regional 

mechanism for global LV ejection. During the transition from diastole to systole, and 

decrease in LV volume (~ 60%) (13) and sarcomere length (~ 13%) (14) is 

accompanied by a marked increase in wall thickness (~ 30%). Additionally, as the LV 

wall thickens, the number of fibers along a given radial path increases proportionally 

(15). Thus, substantial rearrangement of the laminar structure of the heart is thought to 

allow for large magnitudes of wall thickening strain (~ 0.4 or greater) observed at the 

LV sub-endocardium (17). Previous studies have reported large transverse shear strains 

at the endocardium, with the orientation of these shearing planes closely aligned with 

the myocardial laminar structure (10). Myocardial laminar sheets, consisting of 4-8 

cardiomyocytes in thickness, are oriented in the longitudinal-radial plane. Sheet 

orientation can be used to decompose radial (i.e. wall thickening) strain into the 

components of sheet extension, sheet thickening, and sheet shearing. Sheet extension (~ 

60%) and sheet shearing (~ 40%) are the primary contributors of end-systolic wall 

thickening strain (7). In normal hearts, the relative contributions of sheet deformation to 

systolic wall thickening at the anterolateral LV remain fixed regionally (apex vs. base) 

and transmurally (endocardial vs. epicardial), and are unchanged despite alterations in 

loading conditions (16) and activation sequence (4), (5).  

Structural remodeling of the LV has been shown to alter the transmural 

distribution of mean sheet orientation at the LV free wall in hypertrophic mouse hearts 

(12) and in the septum of dyssynchronously failing canine hearts (8). Whereas, in other 
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studies, mean sheet angle distribution was unchanged at the LV anterior apex and base 

after 9 weeks of LV volume-overload hypertrophy (3). Diastolic fiber lengthening and 

sheet shearing strains were increased in the hypertrophic heart compared with normal 

(1). However, end-systolic fiber-sheet strains were unaltered between control and 

hypertrophic hearts. In a separate study, end-systolic circumferential and radial strains 

were depressed at the sub-endocardium after 3 weeks rapid ventricular pacing (11). 

Whether the depressed function at the inner wall is influenced by altered sheet structure 

and laminar deformation is unknown. Furthermore, the effects of altered transmural 

activation sequence, during ventricular pacing, are unknown in the failing heart.  

In the present study, we hypothesized that: (1) transmural sheet orientation is 

altered in the dilated dyssynchronously failing heart, compared with normal; and (2) the 

contributions of sheet extension, sheet thickening, and sheet shearing are sensitive to 

alterations in the transmural sequence of activation during ventricular pacing in the 

failing heart. To investigate these, we imaged implanted markers in the anterolateral LV 

and measured transmural fiber-sheet function during control and failing conditions, as 

well as during ventricular epicardial pacing in failing hearts.  
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5.3 Materials and Methods 

All animal studies were performed according to the National Institutes of Heath 

Guide for the Care and Use of Laboratory Animals.  Experimental protocols were 

submitted to and approved by the Animal Subjects Committee of the University of 

California, San Diego, which is accredited by the American Association for 

Accreditation of Laboratory Animal Care. 

 

Initial Surgical Preparation and Heart Failure Protocol 

Details of the experimental protocol for tachycardia-induced heart failure and 

LV infarction have been described in detail in Chapters 2 and 3.  

 

Post-Operative Study Prior to the Heart Failure Protocol 

Control imaging studies were performed in closed-chest, sedated animals prior 

to the initiation of high-rate right pacing (HRP) of the right ventricular apex (i.e. 

tachycardia-induced heart failure protocol). Animals were sedated with intravenous 

administration of propofol (5.5 - 7.0 mg/kg) and positioned in the biplane imaging 

system with a custom built sling (11). Multiple imaging runs were performed during 

long acquisition times (4 - 6 seconds) in order to obtain a range of cardiac beats at 

various heart rates throughout the study. Limb lead II ECG recordings were obtained 

simultaneously with the biplane images.  
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Terminal Surgical Preparation 

Prior to the terminal surgery, animals were placed in a biplane imaging system 

to study regional function in failing closed-chest hearts. Respiration was suspended, and 

images were collected of the beating heart during intrinsic sinus rhythm. Left 

ventricular and systemic pressures were monitored during these runs. Limb lead II ECG 

recordings were obtained simultaneously throughout the study. Details of the remainder 

of the terminal experimental protocol are described in detail in Chapter 2.  

 

Pacing Protocol 

Left atrial (ATRIAL) and left ventricular epicardial pacing were performed as 

described previously. Pacing parameters were held constant at a frequency > 20% of 

intrinsic rate, voltage > 10% threshold value, and AV delay of 40 ms. Hemodynamic 

variables were allowed to reach steady state prior to acquisition (~ 2 min), and details 

are given in Chapter 3.  

Locations of ventricular epicardial pacing sites were: (1) LV anterior apex (i.e. 

at the measurement site); and (2) LV posterior near the coronary sinus. Local epicardial 

pacing at the anterior wall (LV EPI ANT) is expected to result in a reversal of the 

transmural sequence of activation; whereas LV epicardial pacing at the posterior wall 

(LV EPI POS) will most likely result in a normal endocardial to epicardial activation at 

the measurement site. 

At the measured site, in addition to the epicardial pacing electrodes, an 

endocardial bipolar recording electrode was used to determine local endocardial 
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activation time. The difference in time between epicardial and endocardial activation, as 

determined by bipolar electrode recordings, was used as an index of the transmural 

sequence of activation at the mechanical site. During LV EPI ANT pacing, local 

epicardial activation time at the measurement site was assumed to be 0 ms.  

At the end of the study, animals were euthanized by an overdose of 

pentobarbital (100 mg/kg IV). Hearts were isolated in situ, perfused with cardioplegia, 

and perfusion-fixed at zero LV pressure with buffered glutaraldehyde (5%).  

 

Histological Measurement of Mean Fiber and Sheet Angle  

Methods for measuring mean fiber and sheet angle in the end-diastolic 

configuration are described in Chapter 3. Mean fiber and sheet angles were measured in 

the excised failing heart and were used to estimate fiber-sheet orientation during control 

conditions (i.e. prior to high rate pacing).  

 

Remodeling Strains and Estimations of Mean Fiber and Sheet Angle Changes 

Non-homogenous, Lagrangian strains were computed in a cardiac coordinate 

system, which mapped the deformation from the end-diastolic configuration in the 

failing hearts (i.e. 5 weeks of HRP) to the end-diastolic configuration during the control 

imaging study (i.e. 0 weeks of HRP). Both imaging studies were performed closed-

chest, in anesthetized (or sedated) animals. Runs were selected from each biplane 

imaging study such that the difference in intrinsic heart rate between the studies was 

minimized.  Cardiac remodeling strain values were calculated at three transmural 
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depths: 25 %, 50%, and 75%. Mean fiber and sheet angles measured in failing hearts 

were then deformed into the end-diastolic configuration during the control study using 

the method of Takayama et al. (16).  

 

Three-Dimensional Fiber-Sheet Mechanics Throughout the Cardiac Cycle 

Non-homogenous, Lagrangian strains throughout the cardiac cycle were 

computed during atrial and ventricular activation at the LV EPI ANT and LV EPI POS 

sites. Figure 1 illustrates the location of these pacing sites in relation to the 

measurement site. A time series of radiographic images during ventricular pacing were 

arranged from time of ventricular stimulus (i.e. global ventricular pacing artifact on 

ECG) to time of ventricular stimulus (next beat). The reference configuration for strain 

calculation was the frame corresponding to the ventricular stimulus.  

The time course of six independent strain components defined in a cardiac 

material coordinate system (circumferential, longitudinal, and radial) was determined at 

three transmural depths: sub-epicardium (25%), midwall (50%), and sub-endocardium 

(75%). At each wall depth, mean fiber and sheet angle measurements were used to 

rotate strains defined in a cardiac material coordinates into fiber-sheet material 

coordinates (fiber, sheet, normal) as shown in Figure 1B and described previously (6).   
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Figure  5.1: Left Ventricular Pacing Sites and Transmural Fiber Sheet Structure 
 
A. Regional mechanics of the anterolateral wall were studied in failing hearts. B. At the 
anatomical location of the mechanical site, mean fiber and sheet angle was determined 
across the wall. From these estimates the local cardiac coordinate system consisting of 
circumferential(X1), longitudinal (X2), and radial (X3) can be transformed into a fiber-
sheet material coordinate system defined by the fiber (Xf), sheet (Xs), and sheet-normal 
(Xn) directions. AoV, aortic valve; MV, mitral valve; LAD, left anterior descending 
artery; CCX, left circumflex artery; Endo, endocardium; Epi, Epicardium. Adapted 
from Takayama et al. (16).  
 



 

 
 

160

Contributions of Sheet Deformation to End-Systolic Wall Thickening Strain 

 Wall thickening strain, E33, can be related to the underlying laminar structure of 

the myocardium as described by Costa el al. (7). End-systolic strain components in the 

fiber-sheet material coordinate system, along with mean values of sheet angle (β), can 

be used to determined the contributions to end-systolic E33 at a given depth, as 

described by equation 1.  

(1) E33 = Esscos2
 β + Ennsin2 β + 2Esnsin βcos β 

Ess, Enn, and Esn are the fiber-sheet strain components representing sheet, normal, and 

sheet-normal shear strains. The three terms on the right hand side of Eq. 1 can be 

interpreted as wall thickening strain due to sheet extension (Esscos2
 β), sheet thickening 

(Esssin2
 β), and sheet shearing (2Esnsin βcos β). Figure 2 illustrates the relative sheet 

motions that underlie sheet extension, sheet thickening, and sheet shearing.  

 The relative contributions of end-systolic wall thickening strain were determined 

during control and failing conditions during intrinsic sinus rhythm, and during 

ventricular epicardial activation in failing hearts.  

 

Statistical analysis 

All measurements are reported as mean ± SE. Statistical analysis was performed 

in SigmaPlot 11 (SyStat Software, San Jose, CA). A two-factor repeated measures 

ANOVA was used for most statistical assessment. Post hoc comparisons between 

factors were performed with a Tukey’s test. For comparison of mean values between 
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two groups a two-tailed Student’s t-test was used. In all cases, statistical significance 

was accepted for P<0.05.   
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Figure  5.2: Contributions of Sheet Deformation to Systolic Wall Thickening Changes 
 
A. Schematic illustration of the orientation of laminar sheets across the LV wall. 
Myocardial fibers (blue circles) are tightly coupled within the myocardial sheet 
(obliquely oriented parallel lines). Laminar sheets are depicted as forming a negative 
angle with respect to the radial direction. The fiber-sheet material coordinate system is 
illustrated, as defined in Figure 5.1. B. The relative contributions of sheet extension, 
sheet thickening, and sheet shearing to changes in systolic wall thickness are illustrated. 
ENDO, endocardium; EPI, epicardium; Ess, sheet strain; Enn, normal strain; Esn, sheet-
normal shear strain; β, mean sheet angle; Xf, fiber direction; Xfc, cross-fiber direction; 
X3, radial direction; Xs, in-plane sheet direction; Xn, sheet-normal direction; ΔX3, 
change in wall thickness. Adapted from Costa et al. (7). 
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5.4 Results 

Laminar Architecture in Control and Failing Conditions 

In failing hearts (n=5), mean left atrial pressure increased from 4.3 ± 1.7 mmHg 

(control values) to 24.0 ± 1.6 mmHg after 5 weeks of high rate pacing (P<0.05). 

Intrinsic atrial rates were faster during the control imaging study compared with the 

terminal imaging study (546 ± 71 ms vs. 676 ± 59 ms, P = 0.08), most likely due to 

differences in the level of anesthesia between the two studies (i.e. animals were sedated 

during control and at a surgical plane of anesthesia at the terminal study). Changes in 

mean fiber and sheet angle orientation are shown in Figure 3. Fiber angle was unaltered 

between control and failing conditions. However, mean sheet angle was significantly 

decreased (i.e. more negative) in failing hearts compared with control at all measured 

depths.  

 

Relative Contributions to Wall Thickening Strain in Failing Hearts 

 Mean (n=5) end-systolic wall thickening strain was reduced in failing hearts, 

compared with control values, at the LV midwall (0.26 ± 0.03 vs. 0.41 ± 0.05, P=0.08) 

and sub-endocardium (0.37 ± 0.06 vs. 0.68 ± 0.08, P<0.01). The relative contributions 

to end-systolic wall thickening, as shown in Figure 4, were altered in failing hearts 

compared with control. There was a marked effect of HRP pacing duration (i.e. 0 or 5 

weeks) on sheet extension (P<0.05) and sheet thickening (P=0.08). Specifically, sheet 

extension was reduced across the wall in failing hearts, whereas, sheet thickening was 

increased at the midwall and sub-endocardium, compared with control values.  
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Figure  5.3: Fiber and Sheet Angle Changes In Failing Hearts 
 
Mean values of fiber and sheet angle were determined at three transmural depths across 
the wall. A. There was a significant effect of depth (P<0.01), but not HRP duration, on 
mean fiber angle. B. Sheet angle was significantly different for all depths in failing 
animals (i.e. 5 weeks of HRP) compared with control (i.e. 0 weeks of HRP). α, mean 
fiber angle; β, mean sheet angle; Deg., degrees; Sub-Epi, sub-epicardium (25%); 
Midwall (50%); Sub-Endo, sub-endocardium (75%). * P<0.05, 5 wk vs. 0 wk; † 
P<0.05, Sub-Epi vs. Midwall; ‡ P<0.05, Sub-Epi vs. Sub-Endo.  

HRP Duration (wks) 
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Figure  5.4: Relative Contributions of End-Systolic Wall Thickening Strain  
 
Changes in the relative contributions of wall thickening strain in normal (0 wks) and 
failing (5 wks) hearts are shown for A. sub-epicardial, B. midwall, and C. sub-
endocardial wall depths. There was a significant effect of HRP duration on sheet 
extension (P<0.05) and sheet thickening (P<0.05). Specifically, at the midwall, sheet 
extension was reduced for failing hearts, while sheet thickening increased, compared 
with control values. Sub-Epi, sub-epicardium (25%); Midwall (50%); Sub-Endo, sub-
endocardium (75%).  
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Sheet shearing was relatively unchanged for all depths. Overall, these results highlight 

the importance of laminar architecture in determining regional systolic wall thickening 

function. In failing hearts, compared with control, mean sheet angles were less radially 

oriented (i.e. more negative), thus altering the normal contributions to wall thickening.  

 

Fiber-Sheet Strain During Atrial and Ventricular Epicardial Pacing 

 Averaged (n=5) time courses of normal strain components during atrial and 

ventricular epicardial pacing are shown in Figure 5. LV EPI ANT pacing resulted in 

depressed regional function, and there was a significant interaction between pacing site 

(ATRIAL, LV EPI POS, and LV EPI ANT) and time (% cardiac cycle). At end-systole 

(indicated by the vertical line at AVC), all normal strain magnitudes were reduced 

during LV EPI ANT, compared with ATRIAL and LV EPI POS. Time courses of shear 

strain components are shown in Figure 6. Sheet-normal shear strain, Esn, was noticeably 

reduced during LV EPI ANT, compared with ATRIAL and LV EPI POS. Significant 

interactions between pacing site and time were present at the midwall and sub-

endocardial depths for all shear strain components (P<0.05).   
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Figure  5.5: Time Course of Fiber-Sheet Normal Strain Components 
 
Mean + SE (n=5) of normal fiber sheet strain components are shown during various 
pacing conditions. A. Left atrial (ATRIAL) pacing; B. remote ventricular epicardial 
(LV EPI POS); and C. local ventricular epicardial (LV EPI ANT). At the midwall and 
sub-endocardium, there was a significant interaction between pacing site and time. 
During LV EPI ANT, end-systolic strain magnitudes were noticeably reduced. Eff, fiber 
strain; Ess, sheet strain; Enn, normal strain; AVO, aortic valve opening; AVC, aortic 
valve closure. Transmural depths are sub-epicardium (25%, open triangles), midwall 
(50%, grey circles), and sub-endocardium (75%, black squares).  
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Figure  5.6: Time Course of Fiber-Sheet Shear Strain Components 
 
Mean + SE (n=5) of fiber-sheet shear strain components are shown during various 
pacing conditions. A. Left atrial (ATRIAL) pacing; B. remote ventricular epicardial 
(LV EPI POS); and C. local ventricular epicardial (LV EPI ANT). At the midwall and 
sub-endocardium, there was a significant interaction between pacing site and time. 
During LV EPI ANT, end-systolic strain magnitudes were noticeably reduced. Efs, 
fiber-sheet shear strain; Esn, sheet-normal shear strain; Efn, fiber-normal shear strain; 
AVO, aortic valve opening; AVC, aortic valve closure. Transmural depths are sub-
epicardium (25%, open triangles), midwall (50%, grey circles), and sub-endocardium 
(75%, black squares).  
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Sheet Deformation and Relative Contributions to Systolic Wall Thickening Strain 

 Absolute magnitudes of sheet extension, sheet thickening, and sheet shearing at 

end-systole were compared at the sub-epicardium, midwall, and sub-endocardium 

during atrial and ventricular epicardial pacing. Differences in mean values are shown in 

Figure 7. Magnitudes of sheet thickening at the sub-endocardium, and sheet shearing at 

the midwall and sub-endocardium, were reduced with LV EPI ANT pacing compared 

with LV EPI POS (P<0.05).   

 Next, we investigated whether changes in pacing site, and the resulting 

transmural activation sequence, influence the relative contributions of sheet deformation 

to end-systolic wall thickening. The difference in local activation between epicardial 

and endocardial bipolar electrodes was used as an index of the transmural sequence of 

activation at the measurement site.  The mean difference in electrical activation was 

17.4 ± 2.6 ms, 15.7 ± 2.3 ms, and -28.9 ± 3.4 ms for ATRIAL, LV EPI POS, and LV 

EPI ANT pacing, respectively. The negative difference during LV EPI ANT pacing 

indicates that local activation occurred at the epicardium first, before reaching the 

endocardium. The transmural difference in local activation time was significantly 

altered during LV EPI ANT compared with ATRIAL (P<0.001) and LV EPI POS 

(P<0.001) pacing. The effect of reversing the transmural difference in local activation 

time on the relative contributions to end-systolic wall thickening is summarized in 

Figure 8. There was a significant effect of pacing site on the relative contributions of 

sheet extension (P=0.018) and sheet thickening (P=0.017), but not sheet shearing. 

Specifically, sheet thickening contribution was reduced for LV EPI ANT compared 
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with ATRIAL and LV EPI POS. Whereas, sheet extension was increased for LV EPI 

ANT compared with ATRIAL AND LV EPI POS. Overall, these results highlight the 

role of the transmural sequence of activation in determining the laminar sheet 

deformation and the relative contributions to systolic wall thickening.  
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Figure  5.7: Absolute Strain Magnitudes of Sheet Extension, Thickening, and Shearing 

A. Sheet extension at the sub-endocardium was greater during ATRIAL than LV EPI 
ANT. B. Sheet thickening was sensitive to changes in pacing site, being greater during 
ATRIAL and LV EPI POS compared with LV EPI ANT at the sub-endocardium. C. 
Sheet extension at the midwall and sub-endocardium was sensitive to pacin site, both 
ATRIAL and LV EPI POS resulted in greater function than LV EPI ANT.  Ess, sheet 
strain; Enn, normal strain; Esn, sheet-normal shear strain; β, mean sheet angle; Sub-Epi, 
sub-epicardium (25%); Midwall (50%); Sub-Endo, sub-endocardium (75%). * P<0.05, 
ATRIAL vs. LV EPI ANT; † P<0.05, LV EPI POS vs. LV EPI ANT.  
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Figure  5.8: Relative Contributions to E33 During Atrial and Ventricular Pacing 
 
Effects of the transmural sequence of activation on the relative contributions of sheet 
deformation to end-systolic wall thickening in failing hearts. A. Sub-Epi, sub-
epicardium (25%); B. Midwall (50%); and C. Sub-Endo, sub-endocardium (75%). 
There was a significant effect of pacing site, but not depth, on the relative magnitudes 
of sheet extension and sheet thickening. Specifically, sheet thickening was reduced, 
whereas sheet extension was increased, during during LV EPI ANT compared with 
ATRIAL and LV EPI POS. Ess, sheet strain; Enn, normal strain; Esn, sheet-normal shear 
strain, E33, wall thickening strain; β, mean sheet angle; Contr., relative contribution. 
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5.5 Discussion 

 In the present study, we investigated the role of mean sheet orientation and the 

transmural sequence of activation in determining systolic wall thickening function. 

Previous studies have revealed depressed wall thickening function in the inner LV in 

failing hearts, compared with normal; however, whether this is influenced by a 

rearrangement of sheet architecture is unclear. Therefore, we hypothesized that the 

transmural sheet architecture is altered in the failing heart, compared with control 

values, and results in altered contributions to end-systolic wall thickening. Additionally, 

we proposed that the contributions of sheet extension, sheet thickening, and sheet 

shearing are sensitive to alterations in the transmural sequence of activation during 

ventricular pacing in the failing heart. We found that the transmural distribution of sheet 

angle was significantly altered in canine tachycardia-induced failing hearts, compared 

to angle estimates in the same hearts during control conditions (i.e. prior to high rate 

pacing). Specifically, sheet angle were less radially oriented (i.e. more negative) in 

failing hearts compared with control. As a result, the relative contributions to end-

systolic wall thickening were altered in failing hearts compared with control. There was 

a marked effect of high rate pacing duration (i.e. 0 or 5 weeks) on sheet extension 

(P<0.05) and sheet thickening (P=0.08). Specifically, sheet extension was reduced 

across the wall in failing hearts, whereas, sheet thickening was increased at the midwall 

and sub-endocardium, compared with control values. During ventricular epicardial 

pacing in failing hearts, the time course of fiber sheet strain components were altered, as 

indicated by significant interaction p-values between pacing site and time. At end-
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systole, the absolute magnitudes of sheet extension and sheet shearing were reduced 

(P<0.05) for local epicardial pacing (i.e. LV EPI ANT) compared with ventricular 

pacing at a remote site (i.e. LV EPI POS). Additionally, the relative contributions to 

end-systolic wall thickening strain were altered with ventricular pacing. Specifically, 

sheet thickening contribution was reduced for LV EPI ANT compared with ATRIAL 

and LV EPI POS. Whereas, sheet extension was increased for LV EPI ANT compared 

with ATRIAL AND LV EPI POS. Overall, these results highlight the importance of 

laminar sheet architecture and transmural activation sequence on systolic wall 

thickening mechanics in the failing heart.  

 

Structural Rearrangement of Sheet Architecture 

We found that the transmural distribution of sheet angle was significantly 

altered in canine tachycardia-induced failing hearts, compared to angle estimates in the 

same hearts during control conditions (i.e. prior to high rate pacing). Specifically, sheet 

angles were less radially oriented (i.e. more negative) in failing hearts compared with 

control. Our estimates of sheet angle in non-failing conditions at the anterolateral LV 

are similar to reported values in previous investigations of canine laminar structure (5), 

(7), (16). Structural remodeling of the LV has been shown to alter the transmural 

distribution of mean sheet orientation at the LV free wall in hypertrophy mouse hearts 

(12) and in the septum of dyssynchronously failing canine hearts (8). Our findings agree 

with these studies, and provide evidence for significant sheet remodeling after 5 weeks 

of tachycardia-induced heart failure in canine. Previous findings in tachycardia-induced 
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heart failure models found a substantial depression in wall thickening function at the 

inner LV wall after 3 weeks of rapid ventricular pacing (11).  In the present study, wall 

thickening was significantly reduced at the midwall and sub-endocardial depths after 5 

weeks of pacing, compared with normal. As a result of structural sheet remodeling, the 

relative contributions to end-systolic wall thickening were altered in failing hearts 

compared with control during intrinsic activation. There was a marked effect of high 

rate pacing duration (i.e. 0 or 5 weeks) on sheet extension (P<0.05) and sheet thickening 

(P=0.08). Specifically, sheet extension was reduced across the wall in failing hearts, 

whereas, sheet thickening was increased at the midwall and sub-endocardium, 

compared with control values.  

 

Transmural Activation Sequence and Relative Contributions to Systolic Wall 

Thickening 

It is well known that transverse shearing deformation plays a primary role in 

determining systolic wall thickening changes. Previous studies have shown that these 

shearing planes are aligned with the local microstructure of laminar sheets (9). 

Therefore, if the mean local orientations of fibers and sheets are known, the relative 

contributions of laminar deformation (i.e. sheet extension, sheet thickening, and sheet 

shearing) to wall thickening can be determined (7). In normal hearts, sheet extension 

and sheet shearing were the dominant contributors to end-systolic wall thickening 

strain. During local epicardial pacing in healthy hearts, Ashikaga et al (2) the relative 

contributions to end-systolic wall thickening between atrial and local epicardial 
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activation were unchanged, despite significant differences in wall thickening and fiber-

sheet strain components. However, in their analysis, mean values of the relative 

contributions of sheet extension, thickening, and shearing represented transmural 

averages for each contribution from three wall depths, which may have increased the 

variability in their data and resulted in non-significant findings. In a separate study in 

healthy animals, Coppola et al. (5) compared contributions to peak wall thickening 

strain at three transmural depths, and found no significant difference between atrial and 

local ventricular activation (endocardial or epicardial). However, the use of peak wall 

thickening, instead of end-systolic wall thickening, may have complicated their findings 

due to timing differences in peak wall thickening strain between the various pacing 

modes. In the present study we investigated the role of altered transmural activation 

sequence, during ventricular pacing, on the relative contributions to end-systolic wall 

thickening strain in failing hearts. We found that mean sheet angles were significantly 

less radially oriented compared with control values, shifting the majority of wall 

thickening contribution to sheet thickening and sheet shearing. During ventricular 

pacing the difference in transmural activation time was similar to ATRIAL when pacing 

in regions remote from the measurement site (i.e. LV EPI POS). However, local 

epicardial pacing significantly altered the transmural differences, reversing the normal 

endocardial to epicardial depolarization gradient. As a result, both the absolute 

magnitudes and relative contributions of laminar sheet deformation to end-systolic wall 

thickening strain were significantly changed.  

 



 

 
 

177

5.6 Conclusions 

Significant rearrangement of the laminar sheet architecture occurred after 5 

weeks of tachycardia-induced heart failure, compared with control values, and resulted 

in marked changes in sheet deformation and the relative contributions to end-systolic 

wall thickening strain. In the failing hearts, the time course of fiber-sheet strain 

components was significantly altered with ventricular pacing. Additionally, absolute 

magnitudes of sheet extension, sheet thickening, and sheet shearing at the midwall and 

sub-endocardium were depressed during local ventricular epicardial pacing, compared 

with atrial activation and ventricular epicardial pacing at a remote site. Local ventricular 

epicardial pacing reversed the transmural activation sequence and altered the relative 

contributions of sheet extension and sheet thickening to end-systolic wall thickening 

strain. Overall, these findings highlight the role of laminar sheet structure and the 

transmural sequence of activation in determining wall thickening function in the failing 

heart.  
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6 Conclusions 

The overall aim of the work presented in this dissertation was to examine the 

effects of the ventricular pacing site on global cardiac performance and regional wall 

mechanics in healthy and dyssynchronously failing hearts.  The major conclusions from 

this work are summarized below.  

 

6.1 Transmural Location of the Left Ventricular Pacing Lead and 

Baseline Activation Time Determines Global Cardiac 

Performance 

Approximately 30% of heart failure patients are burdened with electrical 

dyssynchrony, and are eligible for cardiac resynchronization therapy. However, a 

substantial population of these patients fail to improve clinically after treatment, 

suggesting a need for better pacing strategies. We hypothesized that the transmural 

location of the LV pacing lead and its position in relation to the baseline activation 

pattern are important determinants of ventricular function during biventricular pacing in 

non-failing and failing hearts with pacing-induced electrical dyssynchrony. Endocardial 

was compared with epicardial biventricular pacing at 5 left ventricular sites. In failing 

hearts, maximum dP/dt, ejection fraction, and minimum dP/dt were significantly 

increased in magnitude relative to values during dyssychrony, and weree positively 

correlated with baseline activation time at the LV pacing site during endocardial but not 

epicardial pacing. Endocardial pacing at sites with prolonged activation delays resulted 

in greater improvements in hemodynamic parameters and was associated with an 
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overall reduction in electrical dyssynchrony compared epicardial pacing. These findings 

were qualitatively similar for non-failing hearts. Overall, these finding suggest that 

endocardial pacing and intrinsic activation delay may have important implications for 

the management of dyssynchronous heart failure.  

  

6.2 Local Activation Time and Fiber Prestretch, as Determined By 

the Ventricular Pacing Site, Influences Regional Wall Mechanics 

During ventricular epicardial pacing, a slowed propagation of electrical 

conduction results in discoordinate mechanical contraction. Regions near the epicardial 

stimulus shorten early at low intracavity pressures, whereas regions remote to the 

pacing site are stretched early during systole and exhibit enhanced shortening function 

during ejection. Whether function is enhanced at late-activated regions in the failing 

with dyssynchrony is unknown. Additionally, it is unclear whether the magnitude of 

fiber prestretch determines end-systolic wall mechanics in the failing heart.  

In Chapter 3, we specifically tested the following hypotheses: (1) the magnitude 

of peak fiber prestretch is proportional to the amount of early-activated, and thus active 

force-generating, tissue in the failing heart; and (2) transmural wall mechanics at end-

systole improve with increasing amounts of fiber prestretch in the failing anterolateral 

left ventricle. Our findings show that the magnitude of peak fiber prestretch increases 

with increasing local electrical activation time across the failing anterolateral LV wall.  

At the sub-endocardium, the increase in the amount of peak fiber prestretch was 

positively correlated with the amount of early-activated tissue, estimated from 
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epicardial isochronal activation mapping. Linear regression analysis of end-systolic 

strains, in both cardiac and fiber-sheet coordinates, revealed significant relationships 

between cardiac and fiber-sheet strain components with increasing magnitude of peak 

fiber. In late-activated tissue, end-systolic values of fiber shortening, sheet-normal 

shear, and wall thickening were greater in magnitude, compared with early-activated 

tissue. Thus, underscoring the effects of local activation time and fiber prestretch 

magnitude on fiber shortneing mechanics in late-activated tissue. 

At the sub-endocardium, fiber strain at the time of local activation, as well as 

aortic valve opening, was positively correlated with local activation time. Thus, fibers 

were relatively longer late-activated tissue, compared with early-activated tissue. 

Finally, the onset of fiber relengthening and duration of fiber shortening at the sub-

endocardium were positively correlated with local activation time, which may be due to 

the relative differences in fiber length in early and late-activated tissue prior to and 

shortly after electrical activation.   

In Chapter 4, a modeling study was performed to investigate the relationship of 

local activation time on myofiber shortening mechanics at the sub-endocardium. 

Additionally, we systematically examined the effects of removing velocity and length 

dependence from the active stress model. We found that the differences between early-

activated and late-activated tissue in the magnitude of peak fiber shortening, onset of 

fiber relengthening, and fiber shortening duration were similar between experimental 

values and baseline model predictions using an active stress relation that included 

velocity and length dependence. When velocity and length dependence was removed, 
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these differences were reduced by approximately 50 - 70% compared with baseline 

results. Whereas, eliminating velocity dependence alone had little effect.   

Overall, the marked attenuation of myofiber strain differences between early-

activated and late-activated tissue when both length and velocity dependence were 

removed underscores the functional implications of fiber prestretch on regional 

performance in paced ventricle. Thus, in the context of ventricular pacing therapies, the 

use of left ventricular pacing sites, which result in reduced regional differences in fiber 

length, may result in a more coordinated contraction and improved global hemodynamic 

function. Future studies are needed to further examine this hypothesis.  

 

6.3 Transmural Sequence of Electrical Activation and Laminar 

Sheet Structure Determine Wall Thickening Mechanics In 

Paced Failing Hearts 

Left ventricular wall thickening provides a regional mechanism for chamber 

pressure generation and left ventricular ejection. It is well known that substantial 

rearrangement of the laminar structure of the heart allows for large magnitudes of wall 

thickening strain to occur at the inner left ventricular wall. In the healthy heart, sheet 

extension and sheet shearing are responsible for the majority (~90%) of end-systolic 

wall thickening strain. In dyssynchronously failing hearts, wall thickening function is 

dramatically decreased at the inner wall; however, whether this involves structural 

remodeling of the laminar sheet structure is unclear. Furthermore, the effects of altered 

transmural activation sequence, during ventricular pacing, are unknown in the failing 
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heart. We hypothesized that in the dyssynchronously failing heart: (1) the transmural 

sheet orientation is altered, compared with normal; and (2) the laminar contributions to 

wall thickening are sensitive to changes in the transmural sequence of activation during 

ventricular pacing.  

Remodeling strains were used to determine sheet angle distributions during 

control (i.e. prior to pacing) based on measure angles in the excised failing hearts. In 

failing hearts, mean sheet angle was significantly altered across the wall (less radially 

oriented) compared with control values. As a result, the relative contribution of sheet 

extension was reduced across the wall in failing hearts, whereas sheet thickening was 

increased, compared with control values. Reversing the transmural sequence of 

activation with local epicardial pacing significantly altered the time course of fiber-

sheet strains, as evident by a significant interaction between time and pacing. 

Magnitudes of sheet thickening and sheet shearing were reduced compared with normal 

transmural activation. The relative contributions to end-systolic wall thickening strain 

were also altered, as indicated by a significant effect of pacing site on sheet extension 

and sheet thickening. Overall, these findings suggest that the laminar sheet structure and 

transmural sequence of activation are important determinants of wall thickening 

mechanics in the dyssynchronously failing heart. These findings may also have 

important implications on the clinical use of left ventricular epicardial leads during 

cardiac resynchronization therapy. Selecting better pacing sites that restore normal 

electrical activation and mechanical function may allow for greater hemodynamic 

improvement in heart failure patients with dyssynchrony.  
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Collectively, the findings presented in this dissertation provide new insights into 

the mechanisms by which the degree of electrical dyssynchrony determines left 

ventricular function in the setting of dyssynchronous heart failure. In the context of 

cardiac resynchronization therapy for heart failure patients with dyssynchrony, 

optimizing the left ventricular pacing site to improve global hemodynamic performance 

will require a comprehensive understanding of the interaction between altered electrical 

activation and regional wall mechanics. Current advances in cardiac MRI and 

echocardiography are improving the accuracy and efficiency in non-invasive 

assessment of left ventricular mechanics, with the ultimate goal of providing better tools 

for identifying potential candidates for therapy and in selecting optimal pacing sites. 

The large non-responder rate associated with cardiac resynchronization therapy 

underscores the need for such technological advances and provides motivation for 

future basic research in the fields of cardiac pacing and left ventricular mechanics.  

 

 




