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It is now recognized that regional estimates of myocardial function are necessary 

to understand the underlying basis of global cardiac function.  Moreover, these regional 

measures are more meaningful when expressed in terms of the muscle fiber architecture.  

In addition, myocardium has been shown to be a syncytium of myofibers organized into 

branching laminar “sheets”, and recent evidence suggests that the sheet structure is 

important to systolic wall thickening.  Therefore, we studied the regional mechanics of 
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both the normal heart and a model of dyssynchronous activation, and related each to the 

local fiber and sheet structure. 

Regional deformation was assessed by implanting beads into the canine heart and 

imaging them with biplane cineradiography.  After the functional data was acquired, fiber 

and sheet orientations were determined by histological sectioning.  In the model of the 

dyssynchronous heart, myofibers in the late-activated region continued to stretch 44 ms 

after local tissue activation, and was associated with little stretching perpendicular to the 

fibers or shearing.  Despite occurring primarily during isovolumic systole, this 

deformation differed markedly from what has been observed during passive inflation, 

reflecting the state of partial activation.  In addition, this dyskinetic contraction did not 

alter the motion of myocardial sheets relative to wall motion.  The relative contributions 

of sheet lengthening and shearing represented most of the overall wall thickening, and no 

acute interventions changed this relationship.  Therefore, the structural architecture of the 

ventricular wall appears to be the dominant factor for its regional mechanical function.  

Using detailed histological measurements of the myocardial sheets, we attempted to 

derive a mathematical model coupling myofiber tension to active stress transmission 

through the myocardium.  When simulating ventricular mechanics with a finite element 

model, it appears that a stress component transverse to the myofibers is necessary to 

replicate experimental measurements.  However, the direction of transverse stress 

transmission is not bounded by the sheet orientation (i.e. only within sheets), so the 

mechanistic role of the sheets on active contraction remains unclear.  
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1. General Introduction 

 
The heart is the driving force which pumps blood throughout the body, perfusing 

all of the body’s organs and sustaining life.  Implicit in the ability of the heart to act as a 

circulatory pump is it’s ability to contract and generate pressure.  This is especially 

important in the left ventricle, which consists of 70-80% of the total mammalian heart 

mass and shoulders the largest load: perfusion of the systemic circulation.  Therefore, the 

mechanics of the left ventricle are critical to a properly functioning heart. 

The heart undergoes a complex deformation in order to eject blood with high 

mechanical efficiency, that is, near complete ejection in each cardiac cycle.  Researchers 

have described many changes in the diseased heart, particularly the failing heart.  These 

pathophysiologic mechanisms fall into the general categories of 1) cardiac abnormalities 

(structural and functional) and 2) biologically active agents in both the myocardial tissue 

and the circulation.  For a complete list of currently known factors, see Jessup and 

Brozena (41).  Those in the former group have a direct effect on myocardial deformation, 

such as dyssynchrony, hypertrophy, loss of viable muscle, and fibrosis.  Those in the 

latter group act both directly on the heart (e.g. production of brain natriuretic peptide), 

and indirectly by affecting the peripheral resistance encountered by the heart (e.g. 

upregulation of the renin-angiotensin-aldosterone and sympathetic nervous systems).  

This dissertation focuses on the effects of cardiac abnormalities, and in particular, 

describes the roles of synchrony and anatomic structure in the functioning of the normal 

heart in comparison to the diseased heart.  
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A basic scientific and physiologic understanding of mechanical synchrony and the 

role of myocardial anatomy may prove vital for the proper treatment of, or prevention of, 

heart failure.  The increasingly frequent use of cardiac resynchronization therapy for the 

treatment of heart failure and dyssynchrony, accompanied by an approximately 30% 

nonresponder rate (1, 8), underscores this need.   

1.1. Statistics And Rationale 

 
 According to the American Heart Association, cardiovascular disease affects over 

80 million people in the United States, at an estimated annual cost of $448.5 billion (2).  

Cardiovascular disease encompasses a number of different conditions, with coronary 

artery disease and hypertension being the largest contributors.  A subset of this 

population has heart failure (5.3M Americans, annual cost $34.8B), a syndrome 

characterized primarily by inadequate pumping function.  These patients typically have 

an increased end diastolic volume and reduced stroke volume, resulting in a reduction in 

ejection fraction (=stroke volume/end diastolic volume).  In a normal patient, ejection 

fraction has been found to be approximately 65% (54).  In a patient with heart failure, 

ejection fraction is typically reduced below 50% (97).  However, patients with severe 

heart failure can have ejection fractions below 20% or can retain normal ejection 

fractions.  Despite this, the common link between these patients is the inability of the 

heart’s output to keep up with the body’s demands.  As a result, these patients suffer from 

decreased quality of life.  For instance, they may have difficulty walking up a flight of 

stairs or may even be bedridden.   
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 There are a number of therapies that have proven to be successful for treating 

heart failure, including administration of beta-blockers (18) to decrease sympathetic 

nervous activity; angiotensin-converting enzyme (ACE) inhibitors (30), angiotensin-

receptor blockers (ARBs) (22), or spironolactone (68) to reduce the effects of the renin-

angiotensin-aldosterone system; diuretics such as furosemide (25) to reduce congestion.  

All of these therapies have an indirect action on the heart, acting primarily by changing 

the loading conditions and peripheral resistance.  Direct cardiac interventions have been 

attempted as well, such as ventricular reduction surgery (4), passive ventricular 

constraints (89), and ventricular reshaping devices (46, 79).  Unfortunately, these 

approaches have led to mixed results and they are not ideal options because they require 

invasive surgeries in high-risk patients.   

 A large subset of heart failure patients suffer from dyssynchrony (47), including 

1/3 of patients with a narrow QRS complex (12).  For this subset of patients, a less 

invasive treatment with a direct mode of action is available, termed cardiac 

resynchronization therapy (CRT).  This involves pacing both ventricles of the heart to 

restore electrical synchrony, and, in responder patients (~70%), results in increased 

contraction synchrony and improved ejection fraction.  The 30% nonresponder rate 

associated with CRT suggests there may be room for improvement with better 

understanding of dyssynchrony.  Moreover, there may be other direct cardiac targets to 

treat heart failure that have yet to be discovered.  A more thorough understanding of the 

roles of dyssynchrony and anatomic structure on cardiac deformation should provide 

further insight on this topic. 
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1.2. Relationship Between Global Function and Regional Mechanics 

 
 The ventricles of the heart undergo contract to eject blood to the lungs and body.  

Ideally, this contraction is synchronous and powerful, the result of many muscle fibers 

shortening and generating force synergistically.  Furthermore, the relaxation of the heart 

should be rapid, with muscle fibers returning to their original length quickly following 

the ejection period.  This allows for maximum diastolic filling time.   

 The reality of myocardial contraction is quite a bit more complicated, even in the 

healthy heart (13).  The left ventricle (LV) is asymmetric, with an approximately 

ellipsoidal, thick-walled shape (77).  Its wall thickness varies, decreasing from the base to 

the apex of the heart (90).  Two papillary muscles tether the mitral valve to the LV wall.  

Electrical activation is somewhat heterogeneous (26), and the LV has an outflow tract 

which channels flow toward the aorta as the ventricle undergoes a counter-clockwise 

twisting motion (viewed from the apex).  The end result of all these complicating factors 

is that the deformation of the heart is complex and varies regionally and transmurally (i.e. 

across the wall).  Nonetheless, this deformation field exists and it can be quantified and 

used to interpret how the normal heart functions. 

 Likewise, the diseased heart, which has reduced global output, can be analyzed in 

terms of its regional and transmural patterns of deformation.  For example, a myocardial 

infarction causes tissue necrosis and scar formation, eliminating the shortening in that 

local region.  However, the heart remains able to pump blood, despite three distinct 

regions of mechanical function: the infarcted region, the border zone, and the remote 

(healthy) region.  This is elegantly described in the review by Holmes et al. (37).  None 
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of these three regions behaves exactly like it did in the non-ischemic heart.  This example 

highlights the link between regional and global function. 

 Besides ischemia, other important factors influencing the deformation pattern of 

the heart include: 1) the transmural sequence of electrical activation/repolarization, 2) 

regional heterogeneity of electrical activation, and 3) regional differences in anatomic 

structure.  These factors will be discussed in the following sections. 

Role of Depolarization/Repolarization Sequence 

 
The ventricles of the normal heart are rapidly activated by the Purkinje fibers, a 

special cell type of the cardiac conduction system.  These Purkinje fibers are spread 

throughout the ventricular endocardium (74), with additional morphological features 

varying across species (65, 93).  As the Purkinje fibers activate the regular cardiac muscle 

cells, the depolarization (activation) wave continues and the cells are eventually all 

activated.  This intramuscular propagation occurs at a slower rate than in the Purkinje 

fibers.  Because the mechanical activity of a cell is linked to its electrical activation 

through a process known as excitation-contraction coupling (11), this order of cell 

depolarization and repolarization affects mechanical function.   

Normal Transmural Gradients of Electrical activity 

 
Because the Purkinje fibers are distributed throughout the endocardium, the 

depolarization wave normally spreads from the endocardium to the epicardium.  This is 

the normal transmural gradient of electrical activation.  Once activated, the cells undergo 

an action potential, whereby they remain depolarized for a period of time before 

repolarizing.  The duration of this action potential is longer on the endocardium than on 
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the epicardium (3).  As a result of this action potential heterogeneity, the sequence of 

repolarization is typically more synchronous than the sequence of depolarization.  In 

other words, the epicardial cells are depolarized later, but have a shorter action potential.   

Cordeiro et al. (23) showed that differences in cellular properties at different wall 

depths serve to convert the endocardial to epicardial activation sequence into a 

synchronous attraction.  This appears to be achieved by a difference in electromechanical 

delay, i.e. delay from electrical activation to the onset of shortening. Although 

endocardial cells are electrically activated prior to epicardial cells, they have a longer 

electromechanical delay before shortening. 

Pharmacological approaches to alter Repolarization Gradient 

 
The action potential duration (APD) of a myocardial cell can be altered in many 

ways.  The body has some natural mechanisms for this; for instance, an increase in heart 

rate will reduce the action potential duration.  As a result, many pharmaceuticals also 

affect the action potential duration.  This is typically an unwanted side effect of the drug 

that precludes further development, due to its arrhythmogenic potential.  Interestingly, 

there are drugs which have been shown to have heterogeneous transmural effects on APD 

in isolated tissue, such as flecainide and propranolol (48).  If these drugs have similar 

effects in the intact heart, they could be used to change the transmural repolarization 

sequence.  This would likely have an important mechanical effect, by altering the 

sequence of myofiber relengthening.  Such an intervention would improve understanding 

of the significance of the normal transmural gradient. 
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Ventricular Epicardial Pacing Alters Transmural Activation Gradient 

 
While a pharmacological approach might be used to gain understanding of 

ventricular repolarization, a pacing approach might be used to gain understanding of the 

depolarization sequence. As stated above, the depolarization wavefront normally travels 

from endocardium to epicardium.  By pacing from a point on the left ventricular 

epicardium, this sequence would be reversed in that local region.  Due to the complexities 

of cardiac electrophysiology, however, this reversal of transmural activation would not be 

realized across the entire left ventricle (unless the entire epicardium were simultaneously 

paced).  Therefore, only the area immediately surrounding the pacing site would be 

appropriate for analysis of the significance of normal transmural activation on myocardial 

mechanics. 

Role of Dyssynchrony 

 
Dyssynchrony, also known as asynchrony, refers to the inability of different 

segments of the heart to contract simultaneously.  This may occur in multiple ways, the 

most common examples being structural abnormalities and myocardial infarction.  

Structural abnormalities often lead to electrical conduction defects, which indirectly 

create mechanical dyssynchrony by creating an electrically dyssynchronous activation 

pattern.  Left bundle branch block is the most common of these abnormalities, affecting 

30% to 50% of patients with advanced HF (50).  Alternatively, myocardial infarction can 

cause cell death which results in the formation of a non-contractile scar (95).  When the 

surrounding healthy myocardium contracts, the infarcted tissue stretches and energy is 

wasted.  Currently, it remains unknown whether ventricular dyssynchrony is fundamental 
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to the pathogenesis of dysfunctional hearts. Experimental studies have demonstrated 

regional molecular changes in discoordinately contracting myocardium, a finding that is 

consistent with the idea that dyssynchrony contributes to disease pathophysiology(87) 

To study dyssynchrony in an animal model, a choice must be made to focus on 

ischemic or non-ischemic etiologies, as the resulting pathophysiologies may differ.  To 

reproduce the ischemic etiology, an infarct could be created or stunning induced (58).  

For the non-ischemic etiology, RF ablation of a bundle branch or ventricular pacing may 

be used (35, 72).  For the purposes of this dissertation, only the type of dyssynchrony 

induced by altered electrical activation (non-ischemic) will be considered.   

Ventricular Pacing as a Model of Dyssynchrony 

 
Structural abnormalities can disrupt the normal sequence of activation and greatly 

increase ventricular activation times.  For example, in patients with left bundle branch 

block, the right ventricle is activated by the fast-conducting Purkinje network but the left 

ventricle is not.  A depolarization wavefront then progresses from the right ventricle to 

the left ventricle through slower, intramuscular conduction.  The net result is high 

activation times (>120 ms) in the left ventricle, particularly in the posterior basal and 

lateral basal epicardial regions (107).   

Dyssynchrony can be created in a healthy animal by radio-frequency (RF) 

ablation of the left bundle branch, recreating the human etiology (49).  This can be 

technically challenging and has the disadvantage of being irreversible.  Alternatively, 

atrio-ventricular sequential pacing can be used, in an approach which is reversible and 

simulates the type of dyssynchrony witnessed in non-ischemic heart failure associated 
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with structural abnormalities such as left bundle branch block.  In this approach, bipolar 

electrodes are placed on the right atrium and the left ventricular epicardium.  The atrium 

is paced first, then after a short delay, the ventricle is paced.  This short delay ensures that 

the ventricular pre-excitation leads to complete depolarization of the ventricles that is 

independent of any native conduction through the atrio-ventricular (AV) node (28).   The 

ventricular pacing approach, although not directly resembling the human condition, has 

it’s advantages.  Synchrony can be restored (by turning off the pacemaker) and the initial 

site of activation can be relocated to different regions of the heart. 

Regional Mechanics of the Dyssynchronous Heart 

 
The characteristic deformation pattern of the dyssynchronously contracting heart 

has been described in patients (62, 69) as well as animals (10, 49, 70).  In the early-

activated region, the tissue initially shortens rapidly, followed by a period of bulging, or 

relengthening, late in systole (10).  In some cases, the relengthening is followed by 

another period of shortening (72, 105).   In the late-activated region, there is a period of 

early stretch (“prestretch”) followed by an augmented contraction that exhibits post-

systolic shortening (shortening that extends beyond the ejection phase into diastole) (15).   

The majority of these studies to date have relied on echocardiography, MRI, and 

ultrasonic crystals to observe the segmental deformation patterns.  Therefore, little 

information is available about how the deformation varies transmurally or how it relates 

to the fiber anatomy.  These limitations will be discussed in greater detail in Section 1.3. 
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Chronic Remodeling 

 
Animal models have shown that concomitant with the dyskinetic contraction 

pattern is a related pattern of hypertrophy (71, 96).  The early-activated sites undergo 

wall thinning while the late-activated sites hypertrophy.  Furthermore, there is evidence 

that dyskinesis spatially polarizes ventricular protein expression, generating transmural 

and transventricular gradients in phosphorylated erk mitogen-activated protein kinase, 

sarcoplasmic reticulum Ca2+-ATPase (SERCA2a), phospholamban, and connexin43 

levels (87).  This remodeling extends to electrophysiologic properties, mediated by a 

rearrangement of connexin43 at the subcellular level (86). 

Cardiac Resynchronization Therapy 

 
Cardiac Resynchronization Therapy (CRT) is used clinically for the treatment of 

cardiac dyssynchrony in heart failure patients.  In brief, CRT is defined as the stimulation 

of the left ventricle or simultaneous stimulation of both the right and left ventricles after 

atrially sensed or paced events (27).  Like a standard pacemaker, a CRT device typically 

consists of leads in the right atrium and right ventricle to control sensing and pacing of 

the heart.  In addition, CRT devices have a third lead placed in the left ventricle.  An 

epicardial coronary vein is used for this because it can be accessed by catheterization of 

the coronary sinus, and thus does not require an invasive thoracotomy.  This LV lead 

serves to correct, in whole or in part, atrioventricular, interventricular, and 

intraventricular dyssynchronies, by pre-exciting a region of the heart which would 

otherwise be late-activated (27).   
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Large-scale, randomized clinical trials have shown improvement in symptoms and 

longevity in patients with advanced heart failure and QRS prolongation (1, 17, 19, 21, 36, 

78, 108).  In addition to improving electrical synchrony, CRT has been shown to promote 

reverse LV remodeling and reduce mitral regurgitation, in addition to improvement in 

systolic and diastolic function (88).  Unfortunately, it still suffers from a 30% 

nonresponder rate (1, 8), most likely due to inadequate patient identification.  Hopefully, 

animal research in combination with future clinical trials will reduce this nonresponder 

percentage without excluding those patients who would benefit from the therapy. 

Role of Myocardial Anatomy 

 
Excitation of the ventricular muscle results in force directed along the myofiber 

axis.  Therefore, the arrangement of myofibers throughout the heart affects the regional 

mechanics.  Beyond myofibers, there is a secondary layer of organization known as the 

myocardial laminae, or sheets.  There is evidence to suggest that this sheet organization 

also plays a role in the regional mechanics of the heart.  The following sections describe 

the fiber and sheet orientation in the canine heart and the resulting effects on tissue 

mechanics. 

Myofibers 

 
The myofibers of the heart are oriented roughly in the epicardial tangent plane 

(small imbrication angle).  Within this circumferential-longitudinal plane, fiber angle is 

defined as the angle from the positive circumferential direction.  It is well known that the 

fiber angle varies transmurally in a linear or slightly sigmoidal fashion, as has been 

shown in canine (91), as well as other mammalian species (64, 81).  This transmural 
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variation is exhibited through the heart, but the absolute values on the endocardium and 

the epicardium vary regionally (91). 

Cardiomyopathy and Genetic Disease 

 
The myofibers of the healthy heart are highly aligned at any given wall depth.  

Disruption of this pattern is the hallmark of familial hypertrophic cardiomyopathy, a 

genetic disease often leading to focal myofiber disarray (57, 102).   Karlon et al. (44) 

utilized a genetically-modified mouse model expressing the human oncogene ras as a 

model of familial hypertrophic cardiomyopathy.  They found that the dispersion of 

myofiber angle about the mean was significantly increased compared to the normal 

mouse heart (standard deviations of ~25º vs. 12º). 

Effect of Myofiber Distribution on Regional Mechanics 

 
The transmural arrangement of myofibers has been shown to have functional 

implications.  For example, Boovendeerd et al. determined through a modeling approach 

that the distribution of systolic fiber stress and strain through the thickness of the wall is 

sensitive to the fiber angle distribution (14, 76).  Moreover, the physiological transmural 

distribution results in transmural fiber stress and strain which are approximately 

homogeneous; this result has been shown experimentally for fiber strain in several 

species (7, 20) although a small but significant gradient has been observed in human (55). 

The heart also exhibits significant torsion during contraction (5), of a left-handed 

sense (counter-clockwise as viewed from the apex).  Taber et al. suggested this to be a 

result of the epicardial fiber angle; given equal force generation, the epicardial fibers will 

produce more torque because they have a  longer moment arm than the inner layers (92).  
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With the aid of a model, they also found that this result was sensitive to the transmural 

distribution.  An increase in fiber angle span ( = epicardial fiber angle – endocardial fiber 

angle) from 120º to 180º was associated with a doubling of twist angle.   

Myocardial torsion may also be affected by local disruptions to the fiber 

distribution.  In a mechanical study of the ras-expressing mouse, myofiber disarray was 

found to affect the pattern of surface deformation in a heterogeneous way (normal vs. 

disarrayed regions).  Specifically, surface shearing was found to be reduced in the 

disarrayed regions (45).  This loss of shear suggests that disarray interferes with the 

heart’s ability to twist.   

Myocardial Laminar Sheets 

 
Cardiac myofibers are part of a secondary level of structural organization of the 

myocardium.  These secondary structures are referred to as myocardial laminae, or sheets 

(32).  They were described by Spotnitz et al. (85), as “sliding planes” in a long axis 

section of the rat heart.  The authors suggested that these sliding planes could provide a 

mechanism for the paradoxically large changes in wall thickness observed in the left 

ventricle (discussed further in the following section).   

Legrice et al. showed that these sliding planes represented gaps between 

myocardial sheets, defined as tightly coupled layers 4-8 cells thick (51).  Through 

electron microscopy, they showed that adjacent sheets are loosely connected via collagen 

struts.  These loose connections are observed as gaps in gross histological sections. 

Interestingly, the orientations of these sheets varies regionally and transmurally (51).  

Furthermore, there is considerable variation of these sheets at the microstructural level.  
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This can be seen in images of sheets in sheep (34) and pigs (38), and has been observed 

by the author in canine tissue sections. 

Wall Thickening Mechanics 

 
Ventricular wall thickening is an important mechanism for systolic ejection.  

Radial strain, a measure of local wall thickening, can be as large as 0.4 in the inner wall 

(approximately 40% thickening) (100, 101).  A simple model of an incompressible cell 

suggest that the maximum fiber shortening (15%) only increases cellular thickness by 

about 8%.  Therefore, some mechanism for cellular rearrangement must exist.   

The ability of these gaps to promote sliding of adjacent sheets, as suggested by 

Spotnitz et al. (85), was further reinforced by measured shear strains in the canine left 

ventricle (52).  Costa et al. later related ventricular wall thickening to deformation of the 

sheets by a simple equation (24), finding sheet extension and shearing to be the primary 

contributors to wall thickening. 

Implications for Heart Failure 

 
There are structural changes associated with the failing heart.  However, there is 

little evidence to support any change in the transmural distribution of fiber angle with any 

heart failure model.  The sheet orientation, on the other hand, has been shown to undergo 

up to a 15º change in a dyssynchronous failing heart model (35) and 10º in the infarct 

border zone (110).  While such changes are relatively small, they may be important.  In 

addition, it is well known that there are substantial changes to the collagen structure of 

the failing heart (16, 75, 103).  It is therefore very likely that these changes affect the 
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structure and connectivity of the myocardial laminar sheets.  For example, this might 

inhibit the cellular rearrangement along the sliding planes. 

Summary 

 
Both dyssynchrony and anatomic structure play important roles in the 

pathophysiology of heart failure.  Using a ventricular pacing model, the characteristic 

deformation pattern can be reproduced in order to better understand the mechanics of 

dyssynchrony and to relate those findings to ventricular pressure generation.  In addition, 

histological measurement of myocardial sheets facilitates the expression of cardiac 

deformation with respect to this relevant anatomic structure.  This may help elucidate the 

mechanism of paradoxical systolic wall thickening. 

1.3. Techniques for Studying Intact Heart Mechanics 

 
Many techniques have been used to study the deformation of the ventricles of the 

heart, and each has advantages and disadvantages.  Several of the most commonly used 

techniques will be described, in brief, in the following sections.  In order to perform an 

in-depth, mathematically rigorous analysis of deformation, there is one factor that each 

technique must have in common: material markers.  These are markers that are fixed to 

one particular point in space within the heart, and thus can be used to track its motion.   

Based on the relative motions of several markers, the deformation can be calculated and 

expressed in terms of a spatially-varying quantity such as Lagrangian strain.  This strain 

tensor fully describes the deformation from one configuration to another at any point in 

space.  Non-marker based methods have been used to describe myocardial strain (66), but 

these techniques are indirect estimations of strain and will not be discussed here. 
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Ultrasound 

 
Ultrasound refers to any use of sound waves with frequency greater than 20 kHz, 

and has wide-ranging uses in medicine.  Most commonly, ultrasound is used to visualize 

the motion of a boundary between area of different densities.  For example, a fetus can be 

visualized inside of the womb(42), or a heart can be visualized inside the chest in a 

process known as echocardiography(43, 67).  However, because traditional ultrasound 

does not make use of material markers, it is unable to provide information about the 

deformation of the heart.  Applications have been developed for ultrasound that 

circumvent this problem; these will be described in the following sections. 

Intramyocardial crystals 

 
In an alternative use of ultrasound, “crystal” pairs can be implanted into the wall 

of the ventricle.  The crystals are made from a piezo-electric ceramic material.  One of 

the crystals emits sound in the 5-10 MHz range and the either receives it.  This allows for 

a real-time measurement of the distance between them.  In addition to the invasiveness of 

the open-chest preparation necessary for implantation, the crystals themselves are large 

(at least 2mm diameters) and have wires attached to them.  This can create a significant 

amount of damage to the myocardium upon implantation, as well as limiting how closely 

the emitter/receiver pair can be placed.  Therefore, intramyocardial crystals are best for 

measuring changes in segment length along a single dimension (82).  However, by using 

3 or more emitter/receiver pairs, it is possible to measure 2D or 3D deformation(98).  

Additionally, crystals have two major advantages: high temporal resolution and real-time 
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viewing.  Finally, arrays of crystals placed about the left ventricle can be used to estimate 

changes in cavity volume (56). 

 

Speckle Tracking 

 
Echocardiography is traditionally used to visualize the motions of the heart wall 

to determine the synchrony of contraction and the ejection fraction.  It has been observed 

that the myocardium contains an acoustic signature, a unique speckling pattern (61, 63).  

These speckles remain fixed within the myocardium over time, providing material 

markers.  Therefore, post-processing of traditional echocardiographic images can be used 

to determine 2D or 3D cardiac deformation (83).  This technique is new, and still being 

validated against other more established methods.  Like intramyocardial crystals, speckle 

tracking also has excellent temporal resolution.  In addition, it has much better spatial 

resolution, with the ability to measure local deformation in multiple regions and at 

different transmural depths.  It also has the advantage of being non-invasive. 

X-Ray 

 
X-rays are typically used to image dense materials such as bone.  Soft tissues, 

such as myocardium, provide limited resistance to x-ray penetration.  These dense 

markers block the x-rays, creating a material marker in the x-ray images.  These markers 

could then be imaged with biplane cineradiography, and their three-dimensional 

coordinates reconstructed.  Records of this method date back to at least the 1960’s, when 

lead beads were used to track changes in left ventricular dimensions (104).  Though 

invasive, this technique has also been applied to (transplanted) human hearts (40), to 
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determine shortening and twisting of the left ventricle.  The technique was modified by 

Fenton et al. to measure local three-dimensional strains (29), then improved by Waldman 

et al. (101), and is still in use today (7, 20). 

The major advantage of the x-ray technique is its ability to track remodeling in a 

chronic preparation (6, 110), because the markers remain fixed within the tissue over 

time.  However, like crystals, the x-ray technique also requires an open-chest preparation 

and implantation into the heart.  However, these markers are usually smaller (<1mm) and 

do not have attached wires.  The temporal resolution is typically better than magnetic 

resonance imaging (MRI) based techniques, but equal to or worse than echocardiographic 

techniques.  This technique is still considered the gold standard for myocardial 

deformation, particularly for describing transmural deformation in a small volume of the 

heart (~25mm2). 

Magnetic Resonance Imaging (MRI) 

 
Similar to echocardiographic images, MRI images do not contain material points.  

However, a technique known as myocardial tagging has become popular, in which 

“taglines” are created by saturation of radio frequency energy (9, 60, 109).  These 

taglines persist for a brief period, typically less than one cardiac cycle, before 

disappearing.  The intersections of taglines provide material points which can be tracked 

through time.  More recently, a harmonic phase (HARP) approach has been used to 

simplify post-processing (31).  HARP is analogous to echocardiographic speckle 

tracking, except that the material point is tracked by the phase of the MR signal. 
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MRI is one of the best methods for overall assessment of myocardial strain.  It can 

be used to determine deformation simultaneously over the entire heart non-invasively.  

High spatial and temporal resolution can be achieved, as part of a tradeoff with longer 

imaging times (because averaging is used).  Despite the obvious advantages, there are 

several limitations as well.  Perhaps the most important is the inability to put ferrous 

metals in the scanner due to the magnetization effect.  Other foreign objects, such as 

catheters, electrodes, etc. can introduce artifacts into the image.  Another limitation is the 

inability to acquire data for the duration of the cardiac cycle simultaneous, but this can be 

avoided by triggering the taglines at different times in the cycle (84). Transmural 

resolution is limited, as there are typically only 3 tag intersections across the wall (72, 

106).  However, the HARP technique improves this by utilizing more of the data.  Lastly, 

MRI can not be used measure chronic remodeling. 

Optical Imaging 

 
Optical imaging of the myocardium has also been used to study deformation (45, 

59, 73).   These techniques utilize markers affixed to the epicardial surface, which are 

then imaged by one or two cameras.  The markers themselves can be of different 

compositions; adhesive paper (73), suture (59), and titanium dioxide (45) have all been 

used.  The use of one camera prevents the tracking of fully three-dimensional material 

points; in this case the projection of these points onto the plane of the camera is used 

instead.  This is equivalent to making the assumption that the radius of curvature at the 

point of measurement approaches infinity (and thus curvature is negligible).  Using two 
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cameras, three-dimensional points can be reconstructed as described for the biplane x-ray 

technique. 

 The major limitation with this technique is that the observed deformation is 

limited to the epicardium.  The temporal resolution is camera limited, while the spatial 

resolution is limited by the marker size and camera resolution. 

Summary 

 
Several techniques have been developed for the study of cardiac mechanics over 

the last thirty years.  Despite it’s limitations, X-ray imaging of implanted markers 

remains the gold standard in the field.  However, MR tagging and echocardiographic 

speckle tracking will likely become increasingly popular in the coming years due to their 

suitability for use in patients.  This is becoming apparent as we further our understanding 

of dyssynchrony and develop techniques for diagnosing and correcting it.   

1.4. Computational Modeling of Myocardial Laminae 

 
 Continuum models of ventricular wall mechanics solve the partial differential 

equations governing the conservation of mass, momentum, and energy subject to 

prescribed ventricular geometry and wall structure, myocardial material properties and 

hemodynamic boundary conditions.  With these inputs, the models can compute the 

distributions of wall displacement, strain and stress as a function of time.  These outputs 

can then be compared with experimentally measured strains, to see how well the models 

predict the observed phenomena. 

 Current models of ventricular wall mechanics include: a realistic three-

dimensional thick-walled geometry and muscle fiber and sheet orientation throughout 
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both ventricular walls (99); nonlinear, anisotropic material properties with respect to local 

fiber and sheet axes (94); contractile models incorporating the kinetics of sarcomere 

length-dependent myofilament activation and crossbridge cycling that are consistent with 

isometric and isotonic sarcomere mechanics in isolated trabeculae (39); and active 

systolic stresses that are three-dimensional with components directed transverse to the 

muscle fiber axis consistent with biaxial test measurements in tonically activated 

myocardium (53). 

 These models are comprehensive and reproduce many of the observed 

deformation patterns.  However, they do not yet accurately reproduce the strain tensor at 

all depths through the wall.  The shear components and the radial strain are least well 

approximated (101).  The net result is an underestimation of systolic wall thickening, 

which may be related to the simplified representation of the fiber and sheet anatomy, 

which utilize only the mean orientations. 

Biaxial Stress Development 

 
There is evidence that suggests that myofibers develop force not only along their 

axis, but also perpendicular to it (53).  The mechanism for this might be at the subcellular 

level, at the tissue level, or through a combination of the two.   

Sub-Cellular Level 

 
On the most basic level, electrical excitation of a cardiac muscle cell sets off a 

trigger of events that lead to shortening.   Because the myofilaments of the cells are 

arranged longitudinally, force develops along the axis of the cell.  Assuming a cell is 

nearly incompressible, axial shortening is accompanied by radial stretch.  The reality is a 
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bit more complex.  Myofiber force is created by the attachment of crossbridges, followed 

by a power stroke, which advances the actin and myosin filaments past each other.  

Schoenberg has shown that, if the subfragment-2 portion of the myosin cross-bridge to 

actin does not lie parallel to the myofilament axes then when a muscle fiber contracts, 

there will be a radial component to the cross-bridge force (80).  This would provide a 

sub-cellular mechanism for observed cross-fiber stress. 

Tissue Level 

 
In addition to sub-cellular mechanisms, the observed cross-fiber stress could also 

be generated at the tissue level.  For instance, a dispersion of myofiber angles about the 

mean would have the effect of reducing the total axial force while introducing a radial-

directed component of force.  Alternatively, the laminar structure of the myocardium may 

affect the force transmission at the tissue level.  This might lead to a triaxial stress state, 

with different force magnitudes 1) along the myofibers, 2) perpendicular to myofiber axis 

but within the sheet, 3) perpendicular to the myofiber but across the sheet. 

Modeling Passive Stress 

 
Computational models have traditionally used a transversely isotropic, 

hyperelastic constitutive equation (33).  Recognizing the anisotropic nature of the laminar 

structure, Usyk et al. (94) used an anisotropic constitutive equation.  Interestingly, they 

found that simulations of systole were insensitive to changes to the within-sheet and 

across-sheet stiffness parameters.  
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Modeling Active Stress 

 
In order to understand the effects of experimentally-measured biaxial force 

development (53), Usyk et al. also implemented a biaxial active stress law.  In this model, 

there is assumed to be a sub-cellular mechanism for force generation, as well as an effect 

due to myofiber dispersion (94).  By simulating the experimental conditions, they were 

able to choose matching model parameters.  They then showed improved agreement 

between the finite element model and experimental deformation , as compared to the 

previous uniaxial model.   

Summary 

 
Finite element models of cardiac mechanics are a valuable tool for testing our 

understanding of myocardial function.  Computational models also provide the unique 

opportunity to perform numerical experiments which are not possible in the laboratory.  

In an acute animal experiment, it is clearly not possible to remove the sheet architecture 

or alter the sheet coupling properties.  However, these quantities can be included as 

parameters in a computational model and perturbed to better understand their influence, 

for example, on ventricular wall thickening.  This finite element model might then be 

used to make predictions about changes in anatomic structure which accompany genetic 

abnormalities or heart failure.  

1.5. Conclusion 

 
Dyssynchrony and changes in sheet structure are both thought to play important roles in 

the pathophysiology of heart failure.  Through a combination of experimental and 
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computational approaches, we can further our understanding of these conditions using 

rigorous engineering analysis and potentially direct future clinical diagnosis and 

treatment.  Ultimately, this information might be used to reduce the nonresponder rate of 

cardiac resynchronization therapy without excluding good candidates, as well as 

understanding the importance of the change in sheet architecture during heart failure. 
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2. Methods 

 
In order to develop an understanding of the three-dimensional electromechanics 

of the canine left ventricle, several methods were developed or adapted from previous 

use.  In all of the experiments, analysis of deformation was a primary goal, regardless of 

experimental treatments (e.g. physiologic/hemodynamic changes, artificial pacing).   All 

deformation analyses were performed using biplane X-ray imaging of implanted, 

radiopaque markers in open-chest, anaesthetized dogs.   

2.1. Open-Chest Surgical Preparation 

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

Guide for the Care and Use of Laboratory
 
Animals. All protocols were 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. 

 Adult mongrel dogs (20–28 kg) were anesthetized with intravenous propofol (6 

mg/kg), intubated, and mechanically ventilated with isoflurane (0.5–2.5%), nitrous oxide 

(2 l/min), and medical oxygen (2 l/min) to maintain a surgical plane of anesthesia.  

Catheters were inserted into the right and left femoral veins for venous access.  A 9-Fr 

arterial introducer was placed in the left femoral artery.  The heart was exposed via a 

median sternotomy and a left thoracotomy at the fourth intercostal space.  The 

pericardium was opened, and the heart suspended in a pericardial cradle.  A pair of 

pacing wires were sutured to the right or left atrium and used for atrial pacing.  An 8-Fr 

pigtail micromanometer catheter with a lumen (Millar Instruments, Houston, TX) was 

inserted through a 9-Fr arterial introducer placed in the left femoral artery, and the 
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catheter tip was advanced into the LV.  LV pressure was recorded with the pigtail 

micromanometer catheter, and the calibration was adjusted such that the end-diastolic 

pressure and peak LV pressure matched those recorded from a fluid-filled transducer 

connected to the lumen of the catheter.  LV end diastolic pressure (LVEDP) was 

calculated by finding dP/dtmax and working backwards in time until dP/dt reached 5% of 

the maximum value.  In the case of atrial pacing, this coincided closely with the notch in 

the pressure trace as well as the peak of the R-wave on the electrocardiogram (ECG).  A 

flow probe (Transonic Systems, Model #T208, Ithaca, NY) was placed on the ascending 

aorta to assess the onset and end of ejection.  Stroke volume was obtained by integration 

of the aortic blood flow signal.   

2.2. Bead Insertion 

 
In order to track the deformation of the myocardium, material markers are 

necessary.  For the purposes of these experiments the markers must be radio-opaque so 

that they appear clearly on the X-ray images (e.g. lead, gold).  They may, however, be 

placed at any depth within the ventricular wall, because the X-rays easily penetrate 

through the tissue.  Figure 2.1 shows the tools typically used to insert the beads.  In short, 

the bead inserter consists of a sharp, hollow trocar and a plunger.  The procedure is as 

follows: 1) The trocar is inserted into the myocardium to the desired depth; 2) A small 

(0.8-1.0mm diameter) bead is dropped into the trocar; 3) the plunger is inserted the full 

length of the trocar, forcing the bead to the extent of the trocar; and finally 4) the 

trocar/plunger combination is removed, leaving the bead in place.  In the case of the 

adjustable depth trocar (figure 2.1), multiple beads are placed approximately 1-2 mm  
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Figure 2.1: Bead Inserting Instruments 
The platform (top, left) is sutured to the epicardial surface by 2-3 of the 6 flanges.  The 
plexiglass guide (top, right) is then placed within the platform.  The 3 guide holes can be 
rotated, and then fixed with a set screw.  Rotating the guide holes makes it possible to 
avoid coronary arteries.  The trocar (bottom) is then inserted through each of the guide 
holes.  The trocar length can be varied by the screw mechanism. 
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apart through the thickness of the wall.  Typically, three columns of transmural beads are 

inserted close together so that three-dimensional deformations can be determined.   

In addition to this intramyocardial bead technique, beads (with drilled holes) can 

also be sewn to the epicardial surface with standard 4-0 suture.  These are typically larger 

than the intramyocardial beads, ranging from 1.3 mm to 2.0 mm in diameter.   

2.3. Cineradiography 

 
The laboratory is equipped with a high speed (125 frames/s) bi-plane 

cineradiographic system with multiple degrees of freedom.   This allows for non-

orthogonal imaging planes.  The anteroposterior (A/P) view is mounted on a C-arm and 

can be rotated about the animal’s caudal-cranial axis or skewed along that axis.  It can 

also be translated medially/laterally.  The lateral view can be translated along the caudal-

cranial axis or the dorsal-ventral axis, and also can be rotated about the caudal-cranial 

axis.  In addition, the table can be translated in all directions and rotated in the plane 

parallel to the floor. 

Digital cameras are mounted on the back of each x-ray image intensifier.  In 

continuous capture mode, the cameras run at 125 frames/s with an exposure time of 7.8 

ms.  The cameras can also run in triggered mode, using slower acquisition rates and 

variable exposure times.  The images are saved as 640 x 480 pixel bitmaps 

(uncompressed).    
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2.4. Correction of Spherical Distortion 

 
The digital images are recorded from the X-ray image intensifiers.  Due to the 

shape of the camera lens, all the light focused by the lens does not have a common focal 

point, a phenomenon known as spherical aberration.  The result is a distorted two 

dimensional image.  This can be visualized by placing a rectangular object that spans the 

camera’s field of view; the resulting image will look like a pincushion (this is a special 

case – other image deformations are possible with different lens types).  In order to 

minimize the effects of distortion on the precision of the two-dimensional coordinates, 

the images were corrected based on the known distortion profile of the camera lens.  To 

determine this distortional profile, we imaged a grid of beads with known spacing, 

affixed as closely as possible to the image intensifier.  This was done separately for each 

of the two cameras, prior to performing a three-dimensional reconstruction. 

Cubic Hermite interpolation was used to determine the distortional effects on the 

rectangular grid of beads.  This requires solution of the following least squares 

minimization problem: 

∑
=

⋅−
40

1

2)(minarg
i

ii

actual

i XHP  (2.1) 

where Pactual represents the known coordinates of the beads, Hi represents the values of 

the Hermitian basis functions at point i, and Xi represents the parameters characterizing 

the distortion of the element (the values and derivatives at the corners of the element).  

Because Pactual is known and H can be determined from the measured coordinates of the 

bead grid, equation (2.1) can be rearranged as a least squares minimization to solve for X: 

X = (HT
H)-1

H
T
P

actual  (2.2) 
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Once X is determined, it can be used to transform coordinates of any arbitrary point from 

image coordinates to “true” coordinates through the equation: 

Q = X*Hmeas (2.3) 

Where Q is the corrected coordinate, X is found from the solution of Equation (2.2), and 

Hmeas contains the values of the Hermitian basis functions evaluated at an image 

coordinate. 

2.5. Three-Dimensional Reconstruction 

 
The non-orthogonal biplane X-ray images dive projections of the three-

dimensional image space.  In order to back-calculate the perspective transformations, a 

phantom is inserted into the X-ray field at the completion of the experimental study.  The 

phantom consists of 1 mm beads drilled into a plexiglass cylinder in a helical fashion.  

The relative three-dimensional coordinates of the phantom’s beads are known.  Using a 

linear least-square fitting procedure, perspective transformations can be calculated for the 

A/P and lateral views:   

 
(2.4) 

where Ti represents the true coordinates of the phantom in the form [x,y,z,1] with 

size, C is a camera matrix which represents the perspective transformation [4 x 3], and Mi 

is the measured image coordinates in the form [u,v,1].  Once again, this equation can be 

rearranged to solve for the 4 x 3 perspective transformation C. 

 
(2.5) 

A minimum of approximately nine phantom beads are required for stability of the 

fitting procedure. 

∑ − 2)(minarg ii MT C

1)( −= TT MMTMC
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2.6. Histology 

 
In order to determine fiber and sheet orientations, the hearts were fixed in situ 

with 2.5% gluteraldehyde, at the end diastolic pressure of the study.  To avoid the 

distortional effects of dehydration and shrinkage associated with embedding, histological 

measurements were obtained with freshly fixed heart tissue.  A transmural rectangular 

block of tissue in the implanted bead set was carefully removed from the ventricular wall, 

with the edges of the block cut parallel to the local circumferential, longitudinal, and 

radial axes of the LV as determined from the same epicardial markers used for the strain 

analysis. The transmural thickness of the block was measured, and the block was sliced 

into 1-mm-thick sections parallel to the epicardial tangent plane, forming a series from the 

epicardium to the endocardium to measure the fiber angles across the LV wall. Fiber 

angle (α) was determined under a dissection microscope with reference to the positive 

circumferential axis (figure 2.2). Mean α was measured at each transmural depth as 

described previously. Each 1-mm slice of tissue was then embedded with Tissue-Tek 

OCT compound (Sakura Finetek USA, Torrance, CA) and quickly frozen in a 2-

methylbutane bath cooled with dry ice. Multiple serial thin sections (5-10 µm) 

perpendicular to the mean fiber direction were made from each slice of tissue, transferred 

to a glass slide, and allowed to desiccate for 10 min. Digital images of the tissue section 

were acquired at low-power magnification (x20) with a digital camera (Coolpix 990; 

Nikon, Melville, NY) mounted on a light microscope (Optiphot-2; Nikon). The images 

were transferred to a Windows-based computer with image processing software (Image J 

version 1.36; NIH). Myocardial laminae, or sheets, were directly visible with no further 

enhancement.  Sheet angle ( ) was measured with reference to the positive radial axis 
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(figure 2.2).  Approximately 10 sections were taken from each depth through the wall.  

This process was repeated from the epicardial slice to the endocardial slice to yield 

transmural distribution of sheets.  The process is summarized in figure 2.2.  In the 

analysis of chapter 4, the sections were used to determine the mean sheet angle, while in 

chapter 5, the distributions of sheet angle were used as is. 
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Figure 2.2: Sectioning Scheme 
First, a short-axis slice is cut from the heart in the region of interest, such that it is parallel 
to the long axis of the heart.  This is then further sectioned into a block in the region of 
interest.  At each depth through this transmural block, the following iterative process is 

repeated: 1) measure the mean fiber angle, α; 2) make a cut perpendicular to the mean 
fiber direction; 3) section the remaining piece of the heart to determine either the mean 
sheet angle or its distribution. 
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3. Dyssynchronous Ventricular Activation: Mechanics of the Late-Activated Regions 

 

3.1. Abstract 

 
Abnormal electrical activation of the left ventricle results in mechanical 

dyssynchrony, which is in part characterized by early stretch of late-activated myofibers.  

To describe the pattern of deformation during ‘prestretch’ and gain insight into its causes 

and sequelae, we implanted midwall and transmural arrays of radiopaque markers into 

the left ventricular anterolateral wall of open-chest, isoflurane-anesthetized, adult 

mongrel dogs.  Biplane cineradiography (125 Hz) was used to determine the time course 

of two- and three-dimensional strains while pacing from a remote, posterior wall site.  

Strain maps were generated as a function of time.  Electrical activation was assessed with 

bipolar electrodes.  Posterior wall pacing generated prestretch at the measurement site, 

which peaked 44 ms after local electrical activation.  Overall magnitudes and transmural 

gradients of strain were reduced when compared to passive inflation.  Fiber stretch was 

larger at aortic valve opening compared to end diastole (p < 0.05).  Fiber stretch at aortic 

valve opening was weakly but significantly correlated with local activation time (R2 = 

0.319, p < 0.001).  With a short atrio-ventricular delay, fiber lengths were not 

significantly different at the time of aortic valve opening during ventricular pacing 

compared to atrial pacing.  However, ejection strain did significantly increase (p < 0.05).  

We conclude that the majority of fiber stretch occurs after local electrical activation and 

mitral valve closure, and is different from passive inflation.  The increased shortening of 

these regions appears to be due to a reduced afterload rather than an effect of length-

dependent activation in this preparation. 
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3.2. Introduction 

 
Ventricular epicardial activation results in a heterogeneous pattern of contraction 

such that the timing of the onset of local shortening mirrors the spread of the electrical 

depolarization wave front.  As the region near the pacing site shortens, remote late 

activated regions lengthen.   Previous studies have observed this lengthening in late 

activated regions which has been termed ‘prestretch’ by several investigators (2, 6, 16).  

These studies have used a wide variety of techniques including ultrasonic crystals (2), 

surface markers (16), and magnetic resonance imaging (MRI) (17) to quantify the 

prestretch.  Most of these studies have shown augmented ejection shortening at late 

activated sites relative to early activated sites, implying that prestretch may improve 

performance via muscle fiber length-dependent activation.  However, they did not 

determine if prestretch is different from passive distension or assess its timing relative to 

ventricular pressure generation.  Moreover, none have examined the transmural gradient 

in prestretch or muscle fiber length changes in the prestretched, late activated areas.  

Thus the aim of the present study was to test the hypothesis that the late-activated 

regions of the left ventricle distend in the same manner as passive filling, and that the 

functional consequences of prestretch are the result of changes in length-dependent 

activation.  To achieve this, midwall and transmural arrays of radiopaque markers and 

bipolar electrodes were implanted into the left ventricular (LV) free wall of open-chest 

dogs to describe myofiber deformation at high temporal and spatial resolution during 

atrial and ventricular activation.   

In this study we show that, in contrast to passive distension, prestretch is uniform 

transmurally.  The majority of prestretch occurs during isovolumic contraction, after the 
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prestretched tissue has been electrically activated and the mitral valve has closed.  Both 

of these findings support the conclusion that prestretch occurs in tissue that is actively 

generating force. We confirm that at aortic valve opening late-activated tissue is at a 

longer muscle length than early-activated tissue.  This dyskinesis is widely thought to 

produce the decrease in function observed in epicardial pacing. However, at least at short 

atrioventricular (A-V) delays, the muscle length in late-activated tissue is not 

significantly different from normal contraction, while early-activated fibers are shorter.  

This not only provides insight into the decrease in function occurring with epicardial 

activation but also emphasizes the importance of A-V delay for clinical approaches such 

as cardiac resynchronization therapy.   
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3.3. Materials and Methods 

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

Guide for the Care and Use of Laboratory
 
Animals. All protocols were 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 

 
Ten adult mongrel dogs (21–24 kg) were anesthetized with intravenous propofol 

(6 mg/kg), intubated, and mechanically ventilated with isoflurane (0.5–2.5%), nitrous 

oxide (2 l/min), and medical oxygen (2 l/min) to maintain a surgical plane of anesthesia.  

Five dogs were implanted with midwall marker arrays, and five were implanted with 

transmural marker arrays.  All underwent the same surgical procedure, as follows.   The 

heart was exposed via a median sternotomy and a left thoracotomy at the fourth 

intercostal space, and then placed in a pericardial cradle.  An 8-Fr pigtail 

micromanometer catheter with a lumen (Millar Instruments, Houston, TX) was inserted 

through a 9-Fr arterial introducer placed in the left femoral artery, and the catheter tip was 

advanced into the LV.  LV pressure was recorded with the pigtail micromanometer 

catheter, and the calibration was adjusted such that the end-diastolic pressure and peak 

LV pressure matched those recorded from a fluid-filled transducer connected to the 

lumen of the catheter.  LV end diastolic pressure (LVEDP) was calculated by finding 

dP/dtmax and working backwards in time until dP/dt reached 5% of the maximum value.  

In the case of atrial pacing, this coincided closely with the notch in the pressure trace as 

well as the peak of the R-wave on the electrocardiogram (ECG).  A flow probe 
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(Transonic Systems, Model #T208, Ithaca, NY) was placed on the ascending aorta to 

assess the onset and end of ejection.  Stroke volume was obtained by integration of the 

aortic blood flow signal.   

In one group of five dogs, radiopaque markers were used as follows to measure 

2D myocardial deformation in each heart.  Lead beads (2 mm diameter) were sutured to 

the apical dimple (apex bead) and on the epicardium at the bifurcation of the left anterior 

descending (LAD) and left circumflex coronary arteries (base bead) to provide end points 

for a LV long axis.  Gold (0.9 mm) or lead (1.2 mm) beads were plunged into the 

anterolateral wall in a rectangular pattern, forming a surface approximately parallel to the 

epicardium  (see figure 3.1).   

Bipolar plunge electrodes were constructed by passing two 36-gauge dual-

insulated magnet wires (Belden CDT Inc., Richmond, IN) through the end of a 23-gauge 

needle and bending back the tips to form hooks.  The wires were electrically isolated 

except at the tips, with inter-electrode spacing varying between 1 and 5 mm, depending 

on how the hooks (and non-insulated wire tip) engaged the myocardium.  Eight 

electrodes were evenly spaced around the edges of the array and a ninth was placed in the 

center, all at the approximate depth of the beads (see figure 3.1).  Bipolar electrodes were 

also used to pace the LV from the posterior wall epicardium, near the equator.  Finally, a 

pair of pacing wires was sutured to the left atrium (LA).   

Experimental Protocol 

 
Atrial pacing was performed by stimulating LA electrodes, and LV pacing was 

performed by stimulating both LA and LV electrodes (A-V delay = 35 ms), using a 
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square-wave constant-voltage electronic stimulator (model SD9; Grass Instruments, 

Quincy, MA) at a frequency 20% above baseline heart rate to suppress native sinus 

rhythm.  Stimulation parameters (voltage 10% above threshold, duration 8 ms, and 

frequency) were kept constant in each animal.   Each animal was positioned in a biplane 

radiography system, and synchronous biplane cineradiographic images (125 frames/sec) 

of the bead markers were digitally acquired with mechanical ventilation suspended at end 

expiration.  The LV pressure (LVP), arterial pressure, surface ECG and bipolar plunge 

electrograms were recorded simultaneously with the cineradiographic images. 

Recordings were obtained during atrial pacing and then following approximately 2 to 5 

minutes of ventricular pacing (to achieve a steady hemodynamic state). Atrial pacing was 

continued between ventricular pacing runs.   

Histology 

 
After the functional data acquisition was complete, a 22- to 26-Fr cannula with 

side holes was inserted into the ascending aorta through a brachiocephalic artery, and the 

animals were euthanized with pentobarbital sodium and the heart was brought to arrest. 

The coronary arteries were perfused with normal saline and the LV pressure was adjusted 

to the end-diastolic pressure observed during the study before fixing the heart with 2.5% 

buffered gluteraldehyde, as described previously (1).  The fixed, silastic-filled heart was 

skewered from the apical dimple to the mitral aspect of the aortic valve, to define the LV 

long axis (18).  It was then sectioned as shown in figure 3.3, yielding a total of 

approximately 25 transmural samples from within the bead array. The transmural 

thickness of the block was measured, and the block was sliced into 1-mm-thick sections 



51 

 

parallel to the epicardial tangent plane, forming a series of sections from the epicardium 

to the endocardium used to measure the fiber angles across the LV wall.  After measuring 

all of the angles in one transmural section, least squares linear regression was used to fit 

the transmural data.  This process was repeated in each of the samples, for use in the 

strain analysis described below. 

Data Analysis 

 
Nine electrode pairs were used in each experiment, but an average of 1 per study 

were excluded because the time of activation could not be determined due to system 

noise or recording failure.  Electrical activation time was defined as the time from the 

ventricular stimulus to the initial voltage deflection (see figure 3.4, dotted line).  This 

definition was used rather than other common definitions in order to remain consistent in 

the analysis of all electrograms, since some waveforms looked monophasic while others 

were biphasic. 

Three-dimensional coordinates of markers were reconstructed from the 

cineradiographic images (1).  The basic data analysis uses a homogenous strain 

calculation based on a triad of markers (13). This technique assumes a homogeneous 

distribution of strain within a triangle formed by 3 material markers (8).  Myocardial 

markers were grouped automatically to form triangles with minimum height of 2.5 mm 

and maximum area of 60 mm2.  Additional triangles of larger area were then added 

manually in areas of low bead density, to ensure coverage of the array.  A single marker 

was often used in multiple adjacent triangles. These constraints resulted in approximately 

50 triangles (functional data points) per array. The coordinate axes were defined 
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individually in each triangle, using the following method.  First, the outward facing 

normal vector (local radial direction) of the triangle was determined.  Next, the 

circumferential direction was determined by finding a vector perpendicular to both the 

radial direction and the LV long axis, pointing towards the septum.  Finally, the 

longitudinal direction was determined by finding a vector perpendicular to the radial and 

circumferential directions, pointing towards the apex.  This process ensures that the 

circumferential and longitudinal directions lie in the plane of the triangle (see figure 3.2).   

Two-dimensional Lagrangian finite strains could then be calculated with respect 

to cardiac coordinates at the centroid of each triangle, as reported previously (13, 19).  

Strains were also transformed into fiber coordinates by rotating the strains by the fiber 

angle α at the location of that triangle’s centroid.  This angle was calculated as a 

weighted average of the 3 nearest measurements to the centroid (weighting inversely 

proportional to distance).  Thus the fiber and cross-fiber strains within each triangle were 

found.  

Three-dimensional triangle centroid locations were then projected onto a two-

dimensional grid, such that the plane of the grid was perpendicular to the radial direction 

of an arbitrary triangle located near the center of the array.  By representing all the strains 

from a single time point at their respective centroid locations on the grid, a spatial 

distribution of strain could then be fit using the MATLAB function griddata (The 

Mathworks, Inc., Natick, MA) and visualized as a color map.  Cubic interpolation was 

used to ensure smooth gradients between adjacent strain measurements.   

Areas were considered prestretched if the maximum fiber strain prior to aortic 

valve opening (relative to the pacing stimulus) exceeded 0.02, the approximate resolution 
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limit of the technique.  Aortic valve opening strain was defined as the strain at the time of 

aortic valve opening during ventricular pacing with respect to that same hemodynamic 

reference during atrial pacing.  This quantity was only defined in areas that were 

prestretched with ventricular pacing.  Similarly, ejection strain was defined as the strain 

at the time when the aortic valve closes with respect to the time it opens, in the same 

areas used to define aortic valve opening strain.   

Transmural Arrays 

 
A second group of five dogs was used to measure 3-D myocardial deformation.  

The same surgical preparation was used, except that the midwall bead array was replaced 

with three transmural columns of four to five 0.8-mm-diameter gold beads and a 1.7-mm-

diameter surface gold bead above each column.  The beads were placed within the 

anterior wall between the first and the second diagonal branches of the LAD.  The 

experimental protocol was also the same, with the addition of epicardial pacing at the site 

of the array.  The data analysis was performed by determining a continuous polynomial 

position field that mapped the beads in the undeformed reference configuration to those 

in the deformed configuration.  Differentiation of this field with respect to undeformed 

position yields a continuous, nonhomogeneous transmural distributions of 3D finite 

strains(1, 5). 

 

Statistical Analysis 

 
Values are means ± SD unless otherwise specified.  A one-factor repeated 

measures ANOVA was used to assess the effect of time during the cardiac cycle on fiber 
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strain.  Tukey’s test was used for post hoc comparisons.  For aortic valve opening strains, 

a one-sample t-test with two-tailed P value was used.  For all other statistics, a paired t-

test with two-tailed P value was used.  Statistics were performed using SigmaStat version 

3.0 (SPSS; Chicago, IL).  Significance was accepted at P < 0.05. 
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Figure 3.1: Regional Bead Array Schematic 
The bead array consisted of alternating gold and lead beads, in order to simplify the 
matching of points in the anteroposterior (AP) and lateral (LAT) radiographic views.  
Beads were plunged into the midwall, approximately 60% through the transmural 
thickness.  The array spanned longitudinally from the apex to the first diagonal of the 
LAD, and circumferentially from the LAD to the posterior descending artery (not 
shown).  Circles with two straight lines protruding indicate location of bipolar electrodes 
for electrical activation recordings, which were at the same depth as the beads. 
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Figure 3.2: Cardiac Coordinate System 
Schematic representation of one triangle, illustrating the coordinate directions.  Xc and Xl 
represent the circumferential and longitudinal direction in terms of cardiac coordinates.  
Xc’ and Xl’ represent the equivalent coordinate directions in terms of a local triangle 
coordinate system, used in strain calculations.  Projections of Xc’ and Xl’ align with Xc 
and Xl.   
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3.4. Results 

Midwall Arrays 

 
The results of this study are from five open chest, isoflurane anesthetized dogs 

with bead arrays implanted into the left ventricular free wall.  Table 1 summarizes the 

hemodynamic results.  LVEDP was not significantly different following left ventricular 

pacing.  Peak LV pressure, average systolic pressure, stroke volume, dP/dtmax and 

dP/dtmin were all significantly reduced following ventricular pacing. 

Bead depths & Fiber Orientation 

 
25 ± 2 (range 23 to 28) beads (gold, 0.9mm or lead, 1.2mm) were plunged to an 

average depth of 7.0±1.6 mm (64.3±14.6 % wall depth) spanning from 31.4 ± 5.0 % to 

81.9 ± 3.5 % of the apex-base distance with a width of 5.0 ± 0.7 cm at the widest point.  

Myocardial markers were grouped to form triangles of area 41.6 ± 16.9 mm2 (range 10.6 

to 115.9 mm2).  In all five animals the number of triangles ranged from 37 to 59, with an 

average of 48 ± 10 triangles.     

In order to understand the deformation data in the context of the fiber anatomy, 

fiber angles throughout the array were measured histologically.  At the depth of the array, 

myofibers were found to be oriented at an average of +27.5 ± 22.1º from circumferential, 

consistent with previous findings of fiber angle at this depth when compared at apical (1, 

5) and basal sites (5).  The average range of fiber angle within the array was 72.0 ± 5.0º. 
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Table 3.1: Hemodynamic Results 
LVP, Left Ventricular Pressure, HR, heart rate, EDP, end-diastolic pressure.  * P < 0.05 
vs. Atrial Pacing.  

 
HR 

(bpm) 
LVEDP 
(mmHg) 

LVPpeak 
(mmHg) 

+dP/dtmax 
(mmHg/sec) 

-dP/dtmax 
(mmHg/sec) 

Average 
Systolic 
Pressure 
(mmHg) 

Stroke 
Volume 

(mL) 

 
Atrial Pacing 

 
104.2±4.1 

 
6.8±1.7 

 
97.3±11.4 

 
1776±505 

 
-1387±343 

 
87.7±10.1 

 
16.5±3.1 

 
LV Pacing 

 
104.1±4.1 

 
6.2±4.5 

 
84.2±9.0* 

 
1451±350* 

 
-1050±277* 

 
74.3±9.3* 

 
13.6±2.2

* 
 
% Change 
 

 
-0.1% 

 

 
-8.8% 

 

 
-13.4% 

 

 
-18.3% 

 

 
-24.3% 

 

 
-15.4% 

 

 
-18.0% 
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Figure 3.3: Histological Procedure for Measuring Fiber Angles 
A: The heart was skewered along the long axis and cut into 5 or 6 rings perpendicular to 
this axis.  B: Each ring was then further sectioned into blocks in the area of the beads.  C: 
Each block was sliced into 1 mm thick sections cut perpendicular to the epicardial 

tangent plane.  Fiber angle (α) was determined under a dissection microscope with 
reference to the positive circumferential axis.
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Timing of Prestretch 

 
Figure 3.4 shows a typical time course of fiber strain (Eff) in one triangle and the 

bipolar electrogram of the nearest electrode.  Fiber strain data from the whole array for 

this animal are shown in figure 3.5, where the location of the triangle shown in figure 3.4 

is outlined.  The strain maps shown in figure 3.5 were obtained at the times marked by 

vertical lines in figure 3.4.  Referring to figure 3.4, 85% of the prestretch occurs between 

end diastole (dashed line) and aortic valve opening (solid line); it peaks 59 ms after the 

time of local activation. 

Figure 3.6 shows the average values of strain components in areas that were 

prestretched.  Fiber strain (Eff) was significantly increased, with an average of 68% of 

total prestretch occurring during isovolumic contraction.  Crossfiber strain (Ecc) and 

fiber-crossfiber shear strain (Efc) were not significantly different.  In each animal peak 

prestretch occurred an average of 44 ± 23 ms after activation of the nearest bipolar 

electrode.  The spatial distribution of prestretch varied from animal to animal; figure 3.5 

shows a typical result.  The majority of prestretch occurred along the septal border and 

was somewhat patchy in distribution.   

Activation Time vs. Prestretch 

 
Previous studies such as those performed with MRI (21) have shown that there 

appears to be a relationship between distance from the pacing site and midwall 

circumferential strain.  We sought to quantify this regional pattern of stretch in terms of 

fiber function.  As shown in figure 3.7, there was a general relationship between time of 
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electrical activation and magnitude of maximum prestretch.  Linear regression yielded a 

correlation coefficient R2 = 0.319, with a slope of 1.2935/sec which was significantly 

different from zero (P < 0.001).  The intercept, -0.0041, was not significantly different 

than zero. 
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Figure 3.4: Prestretch as a Function of Pressure and Activation 
LV pressure, fiber strain in one triangle, and nearest bipolar electrogram plotted as a 
function of time during ventricular pacing for dog 1.  Time = 0 represents the ventricular 
pacing stimulus, and the data depicts a full cardiac cycle.  Vertical lines indicate time of 
local activation (dotted), end diastole (dashed), and opening of the aortic valve (solid).   
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Figure 3.5: Strain Maps at Three Stages of the Cardiac Cycle 
Spatial distribution of fiber strain in dog 1 at 3 time points: (ACT) average time of 
activation, (ED) end diastole, and (AO) aortic valve opening.  Red (positive) strains 
indicate stretching, while blue (negative) strains indicate shortening.  X’s represent 
locations of beads.  The outlined triangle has the time course shown in figure 3.3.  B: 
base, A: apex, S: septum, L: lateral. 
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Figure 3.6: Average Values of Strain Components in Prestretched Areas 
Fiber strain (Eff) at aortic valve opening was significantly larger than at the time of local 
activation or end diastole; crossfiber strain (Ecc) and fiber-crossfiber shear strain (Efc) 
were not significantly different  * P < 0.05 vs. Local Activation, † P < 0.05 vs. End 
Diastole. 
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Figure 3.7: Magnitude of Fiber Strain vs. Activation Time 
Maximum regional fiber strain versus the local activation time of that region.  All regions 
with a quantifiable electrogram were used, for a total of 33 points. 
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Figure 3.8: Changes in Fiber Length with Activation Sequence 
Example of aortic valve opening strains in fiber coordinates.  (Eff) Fiber component, (Ecc) 
Cross-fiber component, (Efc) Fiber/Cross-fiber shear component.  All strain components 
are homogeneous and small. 
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To determine if prestretch provides a functional advantage, we next addressed the 

question of whether fiber length at the time of aortic valve opening in prestretched areas 

was longer than at aortic valve opening during atrial activation.  The bead configuration 

at the time of aortic valve opening during atrial activation is taken as the reference 

configuration, and the bead configuration at the time of aortic valve opening in 

ventricular pacing as the deformed configuration.  From the example in figure 8 there are 

negative aortic valve opening strains near the apex and slightly positive strains towards 

the base.  As shown in figure 3.9A, on average there were no significant aortic valve 

opening strains with a short A-V delay.  This is likely due to a shorter initial fiber length 

at the time of ventricular stimulation compared to atrial-paced end diastole (mean fiber 

strain = -0.058 ± 0.034, p < 0.05).  This suggests that in this preparation prestretched 

tissue provided no functional advantage relative to atrial pacing; however, fiber ejection 

strain was significantly increased as shown in figure 3.9B.  Overall, stroke volume was 

reduced by ventricular pacing, suggesting a net decrease in ejection strain over the entire 

left ventricle.  In addition, there was a relationship between magnitude of peak prestretch 

(PP) and ejection strain (EJS):  EJS = -0.6654 * PP – 0.0541 (R2 = 0.499, p < 0.001).    In 

light of the insignificant aortic valve opening strains, this functional improvement of 

prestretched tissue may instead be related to the 15.4% decrease in average systolic 

pressure observed in this preparation.   
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Transmural Arrays 

 

A second set of animals with transmural arrays was used to compare the pattern of 

three-dimensional deformation during prestretch to that of passive inflation.  Strains were 

calculated at 2% (‘epi’), 41% (‘mid’), and 79% (‘endo’) of the wall depth from 

epicardium in order to compare with literature values.  The magnitudes of the cardiac 

strain components at peak prestretch are listed in Table 2.  Note the limited transmural 

variation.  Peak prestretch occurred at 35.8 ± 37.5 mmHg, at a greater pressure (on 

average) than would occur as a result of a physiological passive inflation. 

In order to assess the degree of asynchrony, we calculated aortic valve opening 

strains between early-activated and late-activated tissue.  Because simultaneous 

measurements at early- and late-activated areas were not possible, the pacing stimulus 

was moved to vary the activation time of the measurement site.  Pacing at the epicardium 

over the bead array resulted in early activation, while the normal posterior wall pacing 

location resulted in late activation.  At the same depth as the midwall array, the fiber 

component of aortic valve opening strain was 0.080 ± 0.023 (wall depth = 64%, p < 

0.05), suggesting that the fibers in the late activated region are indeed longer than their 

early activated counterparts. 
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Figure 3.9: Changes in Ejection Strain with Activation Sequence 
A: Aortic valve opening strains in prestretched regions, average of 5 animals.  A value of 
zero indicates no change between atrial and ventricular pacing.  None of the strain 
components were significantly different at the time of aortic valve opening during 
ventricular pacing, as compared to atrial pacing.  Statistical comparisons were made with 
a one-sample t-test against a hypothesized mean of zero.  B: Ejection strains, average of 5 
animals.  Fiber strain (Eff) and crossfiber strain (Ecc) are enhanced by ventricular pacing.  
Fiber-crossfiber shear strain (Efc) was not significantly different.   * P < 0.05. 
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Table 3.2: Cardiac Strains at Peak Prestretch 
Strains during prestretch are of lesser magnitude and exhibit less transmural variation 
than during passive inflation.  E11: circumferential strain; E22: longitudinal strain; E33: 
radial strain; E12: circumferential-longitudinal shear strain; E23: longitudinal-radial shear 
strain; E13: circumferential-radial shear strain 

 

 

 Epi Mid Endo 

 
E11 0.051± 0.019 0.077±0.024 0.079±0.037 

 
E22 0.029±0.002 0.040±0.013 0.058±0.040 

 
E33 -0.071±0.034 -0.069±0.026 -0.065±0.028 

 
E12 -0.007±0.022 0.016±0.016 0.015±0.008 

 
E23 -0.012±0.028 -0.010±0.011 -0.007±0.014 

 
E13 -0.035±0.011 -0.016±0.009 -0.002±0.031 
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3.5. Discussion 

 
In this study, the mechanics of late activated myocardium during ventricular 

pacing were investigated in an in situ canine heart preparation. Electrical activation and 

mechanics were measured in the late-activated region by use of midwall material markers 

that covered approximately 20 - 25% of the LV (N = 5) and transmural arrays (N = 5).  

The results show that prestretch mostly occurs after time of end diastolic pressure and 

differs from passive inflation.  At short A-V delays, fiber length in prestretched regions 

was longer than early-activated regions, but not compared to atrial pacing, suggesting an 

overall decrease in preload which is consistent with decrease in stroke volume.     

Ejection strain was increased, however, potentially as a secondary result of diminished 

pressure generation caused by the dyskinetic contraction.   

Badke et al. were among the first to recognize prestretch, which we and others 

have defined as tissue lengthening occurring prior to aortic valve opening (2).  Since then 

it has been studied by several investigators using various techniques such as epicardial 

video markers (6, 16), MRI (17, 20), radionuclide angiography(3, 4), tissue Doppler 

imaging (11), and finite element modeling (9). The hemodynamic effects of ventricular 

activation are well known and the results in this study are similar to many early 

publications.  LV systolic pressure was reduced, within the range of 12 – 25% found in 

most previous studies (2, 6, 14).  A few studies showed no change in systolic pressure, 

but this was probably due to unmatched heart rate (15) or differences in anesthesia (16).  

LVEDP was reduced in at least one study (14), but LVEDP was unchanged in most 

studies of AV sequential pacing, when there is a component of atrial filling (2, 6, 15).  
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These studies also found a decrease in stroke volume of between 13% and 23%, 

consistent with the 18% decrease seen here.  In the current study, dP/dtmax was reduced 

by 18%, also similar to these other studies (8 – 27%). 

The time course of prestretch has been reported, but with lower temporal 

resolution (15, 16, 21), has not been expressed in terms of fiber direction (20, 21), and 

has not been described relative to phases in the cardiac cycle.  Because activation is 

asynchronous, the pattern of regional contraction relative to LV pressure generation is 

altered.  During normal activation, the majority of the ventricle is activated within 20-30 

ms of end diastole.  With ventricular pacing, however, some areas are activated much 

earlier than this (during late diastole) and some areas are activated much later (during 

isovolumic contraction). Compared to other studies of ventricular activation, the delay to 

reach the latest activated region in the present study was comparable, on the order of 100 

ms (15, 16).   In this study we compared the magnitude of stretch at the time of 

activation, the end of diastole, and the time of aortic valve opening. An MRI study by 

Wyman et al. (20) showed that the prestretch begins in late diastole and continues 

through the isovolumic contraction phase, reaching magnitudes of as much as 20%.  

However, the time of end diastole was not available.  Also, midwall circumferential 

strains were used, which may have a different time course than fiber strain, with 

significant regional variation.  In studies with epicardial markers (15, 16), approximately 

10% fiber stretch was seen during isovolumic contraction, the lower number most likely 

reflecting that late diastole was not included in those results. Our results clearly show that 

very little prestretch occurs before the time of ventricular end diastole, and perhaps more 
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importantly when the tissue is lengthening it is also electrically depolarized and 

presumably capable of generating force. 

From the current data it is not possible to define the nature of the forces 

lengthening the prestretched tissue. However, it seems likely that the high intracavitary 

pressures during isovolumic systole play a major role in lengthening activated tissue. To 

determine if the three-dimensional deformation of prestretched tissues differs from 

passive inflation, we compared our transmural results to those of Omens et al (12).  In 

those experiments, isolated, arrested canine hearts were passively inflated to a normalized 

volume change of 0.20 ml/g, corresponding to a pressure change from 0-10 mmHg.  In 

the current experiments, the pressure changed from 3.9 mmHg (at stimulus) to 35.8 

mmHg (at peak prestretch).  Despite this larger pressure change, 6 of 9 normal cardiac 

strain components were significantly smaller in magnitude, as shown in Figure 3.10.  The 

transmural gradients were also reduced in prestretch.  For example, the gradient of radial 

strain (E33) was not significantly different from zero.  Moreover, the transmural gradient 

during passive inflation (-0.088 % depth-1) is greater than two standard deviations more 

than during prestretch (-0.010 ± 0.033 % depth-1), further emphasizing the difference in 

the mode of deformation.  The reduced transmural gradients suggest that the activation 

sequence in these late-activated regions may progress transmurally from endocardium to 

epicardium, beginning the stiffening of these endocardial cells earlier and preventing 

them from stretching as much.  In summary, the results of this study do not support the 
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Figure 3.10: Comparison Between Prestretch and Passive Inflation 
Cardiac strains during prestretch (“Current”) and passive inflation (“JO 1991”).  Average 
pressure changes were from 3.9 to 35.8 mmHg and 0 to 10 mmHg, respectively.  Strain 
magnitudes were reduced relative to passive inflation, and transmural gradients were 
reduced or eliminated.  E11: circumferential strain, E22: longitudinal strain, E33: radial 
strain.  * P < 0.05 vs. Passive Inflation at same depth (with Bonferroni correction). 
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concept that prestretched tissue is passively lengthened in the same manner as diastolic 

filling of the ventricle. 

Another possible mechanism of prestretch is that contracting early-activated areas 

could directly stretch late activated tissue.  First, the stretch is predominately in the fiber 

direction (figure 3.6), whereas passive filling at this wall depth has a larger crossfiber 

component (12).  Second, as time from the stimulus increases, the force developed by the 

early activated fibers increases, as well as the total number of force generating fibers.  

Thus, the overall deformation is likely the result of a combination of intracavitary 

pressure and fiber connectivity.  

In the present study peak lengthening in prestretched areas occurred 44 ms 

following local depolarization.  There was an increased magnitude of prestretch that was 

roughly proportional to the delay in local activation time.    It has been previously shown 

that the activation time correlates with the local ejection strain (9) and mechanical 

activation time (20), but to our knowledge no one has shown the relationship with 

magnitude of stretch.  

The question of whether ejection strain is augmented in late activated areas has 

received substantial attention.  Badke et al.(2) showed that late-activated segments had 

unchanged or depressed ejection strain, but larger “actual” shortening (total shortening 

regardless of phase in the cardiac cycle) when there was no contribution of atrial 

contraction to filling.  Prinzen et al.(16), using AV sequential pacing with a 30 ms delay, 

showed that ejection strain was larger in the late-activated region than the same areas 

during atrial pacing.  However, the 150% increase over atrial pacing is larger than the 

32% increase seen in the present study, likely due to the hemodynamic differences 
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between the two studies discussed above.  Despite these differences in magnitude, an 

increase was seen in both studies.  The mechanism of this increase is unknown.  

However, several authors have suggested there is a length-dependent activation effect due 

to increased fiber/sarcomere length in the prestretched areas (9, 15, 17).   

To investigate this possibility we compared the change in fiber length at aortic 

valve opening in prestretched areas to the same areas during atrial activation.  At an A-V 

delay of 35 ms, there was no statistically significant change in fiber length (mean fiber 

aortic valve opening strain = 0.005).  It therefore seems unlikely that length-dependent 

activation is responsible for the enhanced ejection strain in this preparation.  In fact, of 

the four well known regulators of ventricular performance (heart rate, preload, inotropic 

state, and afterload) only afterload changed significantly.  Although average systolic 

pressure is not a true measurement of local tissue afterload, this may be the best 

explanation for the observed increase in ejection strain.   

  Although fiber length at aortic valve opening was not different from atrial pacing, 

there was still a difference in fiber length between early and late activated regions.  This 

reflects the heterogeneous distribution of stretch in the ventricle.  Coupled with the aortic 

valve opening strain results this shows a net reduction in overall LV preload, which is at 

least partially responsible for diminished hemodynamic function. 

Aortic valve opening strain, the change in muscle fiber length from atrial to 

ventricular pacing in prestretched regions, was not significantly different from zero.  This 

can be explained by the pre-excitation that occurs at short A-V delays.  As a result, at the 

time of ventricular stimulation the fibers were shorter than at atrial-paced end diastole.  

We have anecdotal evidence in one dog with complete AV block that shows that aortic 
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valve opening strain increases with A-V delay, to a maximum of 100 ms.  Despite this, 

the ejection strain was unchanged over this range of A-V delays.  This likely reflects the 

balance between preload and afterload, both of which increase with A-V delay.  

Study Limitations 

 
The present study was designed to investigate the magnitude and timing of stretch 

in the late-activated region of the ventricular paced canine LV.  The approach has several 

limitations.  First, beads were plunged into the myocardium with the use of a trocar, 

which likely causes some local injury.  However, the overall deformation of the array 

region is unlikely to be affected by small areas of injury.  No evidence of ischemia was 

seen in the ECG in any of the animals.  Second, the interpretation of these data was made 

with the assumption that all the beads formed a surface at a fixed transmural depth, while 

in reality there was a small variation in bead depth.  Third, though the equations to 

calculate strain are exact, there are errors involved in bead digitization (the resolution of 

the radiographic system is ~0.02 mm), as well as the three-dimensional reconstruction 

from the two-dimensional images.  Fourth, the measured fiber orientations were 

registered with the strain data based on bead locations, which may have produced some 

inaccuracies.  Averaging of the 3 closest fiber angle measurements presumably reduced 

these errors.  Additionally, changes in segment length along the fiber direction were used 

for all fiber length comparisons rather than any direct measure of fiber or sarcomere 

length.  Lastly, with the current technique simultaneous strain measurements of the entire 

ventricle are not possible.  Therefore it is possible that the location of maximum 

prestretch is not encompassed by the array.   
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In this study we used a fixed A-V delay of 35 ms.  Because the experiments were 

performed in the presence of a functioning AV node, a relatively low A-V delay was 

chosen to insure that the activation wave front spread from the pacing site and activated 

the ventricles exclusive of native conduction.  In a similar model, Faris et al. showed that 

such fusion of activation sources did not occur at A-V delays below 60 ms (7).  However, 

this choice of delay likely results in sub-optimal filling and a reduction of end diastolic 

volume compared to atrial pacing (10).   

3.6. Conclusions 

 
In conclusion, during left ventricular pacing the mechanics of the late-activated 

tissue was studied using midwall and transmural marker arrays in the canine left 

ventricle.  In late activated tissue the majority of prestretch was found to occur during 

isovolumic systole, probably due to a combination of intracavitary pressure as well as 

series and parallel force generation by early activated fibers.  The deformation was 

different from passive inflation, reflecting the lengthening of already electrically 

activated tissue that resulted in reduced transmural gradients of strain.  At short A-V 

delays muscle fiber length in prestretched areas was unchanged compared to atrial 

activation while fiber length in early activated areas was reduced.  Although ejection 

shortening in late activated areas was increased compared to atrial activation likely due to 

a decrease in afterload, overall ejection shortening (as reflected by stroke volume) was 

reduced due presumably to dyskensis and to an overall reduction in muscle length. 
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4. Role of Myocardial Sheets in Ventricular Wall Thickening 

 

4.1. Abstract 

 
It is well known that systolic wall thickening in the inner half of the left 

ventricular (LV) wall is of greater magnitude than predicted by myofiber contraction 

alone.  Previous studies have related the deformation of the LV wall to the orientation of 

the laminar architecture.  Using this method, wall thickening (assessed as radial strain) 

can be interpreted as the sum of contributions due to extension, thickening, and shearing 

of the laminar sheets.  We hypothesized that the thickening mechanics of the ventricular 

wall are determined by the structural organization of the underlying tissue, and may not 

be influenced by factors such as loading and activation sequence.  To test this hypothesis, 

we calculated finite strains from biplane cineradiography of transmural markers 

implanted in apical (n = 22) and basal (n = 12) regions of the canine anterior LV free 

wall.  Strains were referred to three-dimensional laminar microstructural axes measured 

by histology.  The results indicate that sheet angle is of opposite sign in the apical and 

basal regions, but absolute value differs only in the subepicardium.  During systole, 

shearing and extension of the laminae contribute the most to wall thickening, accounting 

for >90% (transmural average) at both apex and base.  These two types of deformation 

are also most prominent during diastolic inflation.  Increasing afterload has no effect on 

the pattern of systolic wall thickening, nor does reversing transmural activation sequence.  

The pattern of wall thickening appears to be a function of the orientation of the laminar 

sheets, which vary regionally and transmurally. Thus, acute interventions do not appear 

to alter the contributions of the laminae to wall thickening, providing further evidence 
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that the structural architecture of the ventricular wall is the dominant factor for its 

regional mechanical function. 

4.2. Introduction 

 
Systolic wall thickening in the left ventricle has long been considered an 

important functional measure because of its significant contribution to stroke volume (9, 

12) and its sensitivity to local changes in perfusion (10) and metabolism (21).  The 

observed amount and pattern of wall thickening cannot be explained by cell thickening 

alone; fiber shortening is similar across the wall in dog (3, 29), sheep (6), and human (19, 

22), yet the radial strain increases significantly from epicardium to endocardium in these 

and other studies (11, 23).  In addition, the magnetic resonance imaging (MRI) studies of 

Rademakers et al. showed that radial strain is correlated with crossfiber rather than fiber 

shortening, and attributed this to tissue tethering between the endocardium and 

epicardium (22). This suggests either a change in individual fibers during contraction, 

toward a more oval cross-section, or a rearrangement of a bundle of fibers as the wall 

thickens.  There are a larger number of fibers across the wall during diastole than during 

systole (25), providing some evidence for the existence and function of fiber bundles.  

Additionally, there is transverse shear in the endocardium of sufficient magnitude and 

correct sign to account for radial strain in the endocardium, and these shearing planes are 

closely aligned with the myocardial laminae (18). 

Examination of the macrostructure of the heart reveals cleavage planes in the 

circumferential-radial and longitudinal-radial planes (25).  Electron microscopy further 

reveals that these cleavage planes arise from the organization of myofibers into laminar 
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sheets, approximately 4 to 8 cells thick (18).  These laminae exhibit variation in 

transmural and regional orientation (18).  Slippage between laminae may result in 

transverse shearing and thus provide a mechanism for additional wall thickening.  Costa 

and co-workers (7) explored this hypothesis by expressing radial strain as the sum of the 

thickening due to each of three types of sheet motion: extension, thickening, and 

shearing.  Using this same approach, Takayama et al. looked at the effect of changes in 

load during systole and diastole, and found the contributions to be qualitatively 

unchanged (27).   There are changes in the deformation of the sheets during ventricular 

epicardial pacing relative to normal activation (3), but the relative contributions to wall 

thickening are unchanged. 

In this study, we test the hypothesis that the thickening pattern of the ventricular 

wall occurs in a specific fashion based on the structural organization of the underlying 

tissue.  To test this hypothesis, we implanted transmural bead arrays into the left ventricle 

of open-chest dogs and imaged them with biplane cineradiography.  Finite strains were 

computed and referred to a histologically measured fiber-sheet coordinate system.  We 

studied the contributions of sheet deformation to radial strain during systole and diastole, 

with different loading conditions, and during ventricular pacing.  We conclude that the 

contributions of the myocardial sheet deformations to ventricular wall thickening are a 

fixed property of the tissue that does not appear to fluctuate acutely. It appears as though 

the structural architecture of the ventricular wall is the dominant factor for its regional 

mechanical function.  
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4.3. Materials and Methods 

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

Guide for the Care and Use of Laboratory
 
Animals. All protocols were 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. 

The data described herein comes from four different sets of animal experiments 

performed in this laboratory (Table 1) assembled here to examine different experimental 

conditions.  Three of these sets (groups A,B,C) have been previously published in some 

form (2, 3, 27); the raw data has been re-analyzed to fit the scope of this paper.  The 

fourth set (group D) is original data with ventricular pacing.  Several aspects of the 

experiments are identical, and will be discussed first. 

Common Preparation 

 
Adult mongrel dogs (19–27 kg, n = 22) were anesthetized with intravenous 

propofol (6 mg/kg), intubated, and mechanically ventilated with isoflurane (0.5–2.5%), 

nitrous oxide (2 l/min), and medical oxygen (2 l/min) to maintain a surgical plane of 

anesthesia. The heart was exposed via a median sternotomy and a left thoracotomy at the 

fourth intercostal space, and then placed in a pericardial cradle.  An 8-Fr pigtail 

micromanometer catheter (Millar Instruments, Houston, TX) was inserted through a 9-Fr 

arterial introducer placed in the left femoral artery, and the catheter tip was advanced into 

the LV.  LV pressure was monitored with the pigtail micromanometer catheter, and the 

pressure was matched with that recorded from the side holes of the same catheter that 

was connected to a fluid-filled transducer.  Columns of four to six gold beads (0.8 mm 
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diameter) were placed from the epicardial surface with the use of a trocar (7).  The apical 

marker implantation site for the set of three columns was selected approximately one-

third of the distance from apex to base along the LV long axis in the anterior wall.  After 

marker implantation, larger (2.0 mm diameter) lead beads were sewn to the epicardial 

surface above each column, as well as at the apex of the LV (apex bead), and at the 

bifurcation of the left main coronary artery (base bead). These epicardial markers were 

used to define a local set of circumferential, longitudinal, and radial cardiac coordinate 

axes {X1, X2, X3} at each site, as previously described (28). 

Each animal was positioned in a biplane radiography system, and synchronous 

biplane cineradiographic images (125 frames/s) of the bead markers were digitally 

acquired with mechanical ventilation suspended at end expiration.  After the functional 

data acquisition was complete, the animals were euthanized with pentobarbital sodium 

and the heart arrested and perfusion fixed with 2.5% buffered gluteraldehyde at the end-

diastolic pressure measured during the atrial paced run in the study, as described 

previously (1).  The fixed, silastic-filled heart was skewered from the apical dimple to the 

mitral aspect of the aortic valve, to define the LV long axis (26).  To avoid the 

distortional effects of dehydration and embedding, histological measurements were 

obtained using freshly fixed heart tissue (1, 7).  In the transmural block of tissue within 

the implanted bead set, the mean fiber (α) and sheet angles (β) were determined from 

epicardium to endocardium using the methods of Costa(7) or Ashikaga (1). 
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Differences between Preparations 

 
In two sets of animals (groups A & C) a second set of three columns was 

implanted at the basal site, approximately two-thirds of the distance from the apex to the 

base.  Fig. 4.1A depicts this arrangement.  In addition, an implantable micromanometer 

(Konigsberg Instruments; Pasadena, CA) replaced the Millar catheter in these groups.   In 

group C, a snare was placed around the inferior vena cava (IVC) for the preload studies.  

Group A differed the most - the chest was closed and the animal recovered for 7-10 days.  

Functional data was acquired with the animal lightly sedated and hanging in a sling as 

described by Ashikaga and co-workers (2).  We compared the mean sheet angles of 

Group A with Groups B-D and concluded that they were not significantly different.  The 

relative contributions to radial strain were also unchanged.  As a result, we chose to 

combine the data sets. 

Experimental Protocol 

 
All animals (groups A-D) were included as control data for the analysis of end-

systolic function.  In total, there were 22 animals with apical bead arrays and 12 with 

basal bead arrays.  All other experimental procedures involved only subsets of animals. 
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Table 4.1: Description of Data Sources 
The four sources (A-D) of the data in this paper. Groups A & B utilized only the control 
data from these experiments.  The largest complete sets of data are end-systolic control 
data at the apex (n=22) and base (n=12). 
 

 

Group Source Intervention Site Sample 
Size 

A Ashikaga et al. 2004 #1 Control only Apex/Base 6 

B Ashikaga et al. 2004 #2 Control only Apex 5 

C Takayama et al. 2002 Preload & Afterload Apex/Base 6 

D Original data Endo- and Epicardial Pacing Apex 5 
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Figure 4.1: Locations of Deformation Measurements 
A: schematic representation of the left ventricle with bead arrays at the apex and base 
(1/3 and 2/3 of the distance from apex and base, respectively).  X1, circumferential axis; 
X2, longitudinal axis; X3, radial axis; LAD, left anterior descending; LCX, left circumflex. 

B: schematic representation of local fiber-sheet axes. Fiber angle (α) was measured in the 

X1-X2 plane at each wall depth with reference to positive X1. Sheet angle (β) was 
measured in the plane perpendicular to the fiber angle at each wall depth with reference 
to positive X3. Xf, fiber axis, Xs, sheet axis, Xn, axis oriented normal to the sheet plane. 
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Preload (group C) 

 
Apical (n=6) and basal (n=6) bead arrays.  The preload studies are described in 

Takayama et al (27).  In brief, dextran was rapidly infused into the heart to raise end-

diastolic pressure (EDP) to ~20 mmHg.  The IVC was then abruptly occluded.  

Cineradiographic and hemodynamic data were acquired at levels of high EDP (17-22 

mmHg), medium EDP (12-14 mmHg), low EDP (7-9 mmHg), and a reference state (3-4 

mmHg). 

Afterload (group C) 

 
Apical (n=6) and basal (n=6) bead arrays.  The afterload studies are also 

described in Takamaya et al (27).  Briefly, methoxamine (5 to 10 µg · kg 1 · min 1) was 

infused to elevate LV end-systolic pressure (ESP) by at least 35 mmHg.  During 

methoxamine infusion, dextran was transfused as needed to elevate EDP or IVC 

occlusion as needed to reduce EDP was used to ensure that the EDP was matched with 

the initial value in each animal (within 1 mmHg).  Biplane cineradiography and 

hemodynamic data were then recorded. 

Pacing (group D) 

 
Apical bead array only (n = 5).  Atrial pacing was performed by stimulating LA 

electrodes, and LV pacing was performed by stimulating both LA and LV electrodes 

(LA-LV delay = 35 ms), via a square-wave constant-voltage electronic stimulator (model 

SD9; Grass Instruments, Quincy, MA) at a frequency 20% above baseline heart rate to 

suppress native sinus rhythm.  Stimulation parameters (voltage 10% above threshold, 
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duration 8 ms, and frequency) were kept constant in each animal.   Each animal was 

positioned in a biplane radiography system, and synchronous biplane cineradiographic 

images (125 frames/sec) of the bead markers were digitally acquired with mechanical 

ventilation suspended at end expiration.  Recordings were obtained during atrial pacing 

and then following approximately 2 to 5 minutes of endo- or epicardial pacing (to achieve 

a steady hemodynamic state). Atrial pacing was continued between ventricular pacing 

runs. 

Finite strain analysis 

 
The following methods were common to all animals.  Biplane cineradiographic 

images (125 frames/s) from the X-ray image intensifiers were spherically corrected, and 

the 3-D coordinates of the bead markers were reconstructed in each frame as described by 

Ashikaga et al (1). A continuous polynomial position field that mapped the beads in the 

undeformed reference configuration to those in the deformed configuration was 

determined (1, 17).  The order of the polynomial is at most linear in the circumferential 

and longitudinal directions, and the maximum order in the radial direction is typically 

quadratic.  With this continuous polynomial mapping from reference position to current 

position, differentiation with respect to reference position gives the deformation gradient 

tensor, F, which depends on position. The Lagrangian Green's strain tensor was then 

calculated as 0.5(FT
F – I) at various values of reference wall depth, where F

T is the 

transpose of 
F and I is the identity matrix. 

Six independent finite strains [circumferential (E11), longitudinal (E22), and radial 

(E33)
 strains, circumferential-longitudinal shear (E12), longitudinal-radial shear (E23), and 
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circumferential-radial sheer (E13)] were computed in the local cardiac coordinate system 

of circumferential, longitudinal, and radial axes (X1, X2, X3), which were subsequently 

used to compute another set of six finite strains [fiber strain (Eff),
 sheet strain (Ess), strain 

normal to the sheet plane (Enn),
 fiber-sheet shear (Efs), sheet shear (Esn), and fiber-normal 

shear (Efn)] in the local fiber-sheet coordinate system (Xf,
 
Xs, Xn) through an orthogonal 

transformation to convert the strain tensor using the values of α and β at each depth (7). 

The local fiber-sheet coordinate system defines the myofiber axis (Xf), the sheet axis (Xs) 

that lies within the sheet plane and is perpendicular to Xf, and the orthogonal Xn axis 

oriented normal to the sheet plane, as shown in Fig. 4.1B. 

Finite strains were calculated in fiber-sheet coordinates with local activation as 

the reference state.  During atrial pacing, this coincided with the peak of the ECG R 

wave.  In the case of ventricular pacing, the time of local stimulus was used as the 

reference state.  If an aortic flow probe was present, it was used to determine the time of 

end systole.  Otherwise, the pressure at the nadir of the dicrotic notch of the central aortic 

pressure was used to estimate the time of end systole from the micromanometer tracing.  

Strains were determined at three wall depths: 20% (sub-epicardium), 50% (midwall), and 

80% (sub-endocardium).  

Contributions of fiber-sheet strains to Radial Strain 

 
Deformations expressed in the cardiac coordinate system can be related to the 

laminar architecture as described by Costa and co-workers (7).  Because the sheet 

structure is believed to provide a mechanism for increased wall thickening, we can 
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rewrite the radial strain in terms of contributions due to sheet motion, as in Equation 

(4.1). 

 

ββββ cossin2sincos 22

33 ⋅⋅⋅+⋅+⋅= EsnEnnEssE  (4.1) 

 

The terms on the right-hand side of Eq. 1 can be interpreted as contributions due to sheet 

extension (=Ess cos2β), sheet thickening (=Enn sin2β), and sheet shearing (=2Esncosβsinβ) 

during systolic wall thickening.  Illustrations are provided in Fig. 4.2.  Conversely, during 

wall thinning they represent sheet shortening, thinning, and shearing of the opposite 

sense.   

Statistical analysis 

 
Values are means ± SD.  Repeated measures analysis of variance (RMANOVA) 

was used whenever applicable (see RESULTS for details).  Tukey’s method was used for 

ANOVA post hoc analysis. Statistical tests were performed with SigmaStat 3.0 (SPSS, 

Chicago, IL). Statistical significance was accepted at 
P < 0.05. 
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Figure 4.2: Contributions of Different Types of Sheet Deformation to Radial Strain 
Schematics show how a portion of the wall can thicken from an undeformed (top) to 
deformed (bottom) state, based on sheet movement.  A:  extension of the sheets, B: 
thickening, or separation of the sheets, C: shearing between sheets.  Positive radial strain 
is indicated by the widening of the vertical bars.  Open circles represent myofibers, gray 
bars represent sheets.  r, radial direction; s, sheet direction; n, sheet normal direction. 
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4.4. Results 

Sheet Angles 

 

Fig. 4.3 shows sheet angle (β) as a function of transmural depth for the apical and 

basal measurement sites (n = 22 and n = 12, respectively).  As opposed to the linear 

transmural distribution of fiber angle, β was a nonlinear function of depth, with the 

largest absolute value occurring at the midwall (-32.2±17.7º and +25.9º±18.3 at apex and 

base, respectively).  The sign of the sheet angle was negative at all depths at the apex, but 

only in the sub-epicardium at the base.  There was a significant transmural gradient at 

both sites by one-way RMANOVA.  Pairwise comparisons revealed a significant 

difference between midwall and sub-endocardial sheet angles at the apex, and between 

sub-epicardial and midwall sheet angles at the base.  The interaction between depth and 

site could not be tested for significance due to unequal sample size.  Instead, unpaired t-

tests were used to compare the two sites at each depth.   By this analysis, the sheet angle 

at the apex was significantly different from the base at each depth.  In the subset of 

animals that included both apical and basal data (groups A and C), a two-way 

RMANOVA was performed with depth and region as repeated variables.  With this 

smaller sample size (n = 12), the apex was significantly different from the base but the 

transmural gradient became insignificant.  There was also an effect of region on 

transmural gradient. 
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Figure 4.3: Measured Sheet Angles. 
Angle = 0º indicates a radial orientation.  Sheet angle has opposite sign at apical and 
basal sites, but similar absolute values.  The largest angle occurred at the midwall of each 
site.  There was a significant transmural gradient at each site (RMANOVA, p<0.05).  * p 
< 0.05 vs. other depths.  At each depth, the base was significantly different from the apex. 
† p < 0.05 vs. same depth, by unpaired t-test. 
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End-Systolic Contributions to Radial Strain 

 
Transmural deformation of the ventricular wall can be expressed in terms of the 

laminar architecture as described by Equation (4.1).  Fig. 4.4 shows how these three 

terms contribute (as a percentage) to the overall radial strain at end systole.  At the apex 

(n=22), sheet extension and shearing were the dominating components, contributing 47.2 

and 46.6% as a transmural average.  There was no significant transmural gradient.  At the 

base (n=12), sheet extension and shearing were also dominant, but in addition there was a 

significant transmural gradient.  Pairwise comparisons showed a decrease in sheet 

shearing and an increase in sheet extension in the sub-epicardium.  This shift from shear 

to extension in part reflects the more radial orientation of sheets in the basal sub-

epicardium.  Unpaired t-tests showed differences in each component of radial strain 

between apex and base in the sub-epicardium only.  Additionally, in the subset of animals 

that included both apical and basal data (groups A and C), a two-way RMANOVA was 

performed with depth and region as repeated variables.  This also showed a significant 

effect of both depth and region, with no significant interaction between the two.  These 

results were not qualitatively different from those presented in Fig. 4.4. 

Interventions 

 
The magnitude of radial strain can be altered by external factors.  Therefore, it is 

possible that such interventions would also affect the relative contributions to radial 

strain.  For example, a decrease in afterload increases the magnitude of radial strain.  This 

increase might be accompanied by an increase in shearing of sheets that is greater than 

the increase of the other components of radial strain, thus changing the relative 
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proportions.  To test this, we examined the effects of diastolic and systolic load, as well 

as activation sequence. 

Diastolic Wall Thinning 

 
In a subset of animals (group C) we examined the relative contributions of sheet 

motion to radial strain during diastolic inflation as a function of load.  Fig. 4.5 illustrates 

each component of radial strain when inflating hearts from a reference configuration of 3 

mmHg to a deformed configuration of 8 mmHg (“Low”), 13 mmHg (“Medium”), or 18 

mmHg (“High”).  Error bars tend to be bigger at lower loads due to smaller deformation 

and therefore greater relative noise levels.  A three-way RMANOVA (depth, pressure, 

site) showed only significant differences with depth.  None of the contributors of radial 

strain were significantly altered by diastolic load, at either the apex or base.  Similarly, 

the transmural gradients were not significantly altered by load.  There were significant 

transmural gradients in sheet extension and shearing at medium and high loads (by one-

way RMANOVA).   

We also compared the contributions during wall thickening vs. wall thinning (i.e. 

systolic versus diastolic contributions).  The contributions of sheet extension and shearing 

were significantly different between systole and diastole at the apical site, but not at the 

basal site.  The type of deformation did not affect the transmural gradient at either site 

(two-way RMANOVA). 
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Figure 4.4: End-Systolic Contributions to Wall Thickening 
Contributions to wall thickening (=radial strain) due to sheet extension (A), sheet 
thickening (B), and sheet shearing (C).  Relative contributions of sheet deformation 
modes were similar at both sites.  There were significant transmural gradients due to 
sheet extension and sheet shearing at the basal site (RMANOVA, p<0.05).  * p < 0.05 vs. 
other depths.  At the sub-epicardium only, the relative contributions to radial strain were 
significantly different between the apical and basal sites († p < 0.05 vs. same depth, by 
unpaired t-test). 
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Figure 4.5: Contributions of Sheet Deformation to Wall Thinning During Diastolic 
Loading 
Bars show relative contributions during diastolic inflation from a reference configuration 
of 3 mmHg to a deformed configuration of 8 mmHg (“Low”), 13 mmHg (“Medium”), or 
18 mmHg (“High”).  Contributions due to sheet shortening, thinning, and shearing were 
similar at apex (A) and base (B), and their transmural gradients were not significantly 
affected by diastolic load (* p < 0.05 vs. other depths).   
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Effect of Afterload on Contributions to Radial Strain 

 
In the same subset of animals (group C), we examined the effect of load on the 

contributions during systolic wall thickening.  Fig. 4.6 shows the changes in each 

component when peak systolic pressure was raised from 119 ± 22 to 169 ± 23 mmHg 

without significant change in end-diastolic pressure.  Sub-epicardial values were 

excluded because the increased afterload reduced the magnitude of the strains; in some 

animals this magnitude became less than the uncertainty of the measurement.  There were 

no significant differences in any of the components at the midwall or sub-endocardial 

levels at either the apex or base (two-way RMANOVA). 

Effect of Activation Sequence on Contributions to Radial Strain 

 
In a different subset of animals (Group D), we investigated the effect of activation 

sequence on the relative contributions to radial strain.  Fig. 4.7 shows the time course of 

radial strain over a single cardiac cycle in a representative animal (depth = 50%), 

beginning at local depolarization.  Stacked bars indicate contributions of sheet motion to 

overall radial strain (bar height = E33).  Fig. 4.7A shows an atrial paced beat with normal 

ventricular activation.  Sheet thinning occurs during the isovolumic contraction, which 

acts to inhibit the normal, positive radial strain.  During the ejection phase, all three 

components act together to increase radial strain (extension = 12%; thickening = 22%; 

shearing = 66% at peak wall thickening).  Their relative contributions were fairly 

constant, with sheet thickening becoming somewhat more important approaching peak 

radial strain.  The isovolumic relaxation phase varied much from animal to animal.  In 

this example, it primarily consisted of sheet shearing.  Fig. 4.7B and 4.7C depict the time 
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course of radial strain during local endocardial and epicardial pacing, respectively.  

Despite the differences in timing of peak radial strain, the contributions to radial strain 

was similar across pacing modes.   

Fig. 4.8 shows the average value of each component during each of the three 

pacing modes.  Only the time of peak radial strain is shown.  There was a significant 

transmural gradient in all components, but not a significant effect of pacing or an 

interaction between pacing and depth according to a two-way RMANOVA.   
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Figure 4.6: Effect of Afterload on Wall Thickening 
Bars indicate relative contributions to wall thickening (=radial strain) at midwall and sub-
endocardial depths.  Increased afterload was achieved by administering methoxamine 
(“Methox.”).  There were no significant differences at the apex (A) or base (B) in any of 
the contributors.  Sub-epicardial values were excluded due to insufficient strain 
magnitude to perform calculation.   
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Figure 4.7: Time Course of Radial Strain 
Time course of radial strain during atrial pacing (A), local endocardial pacing (B), or 
local epicardial pacing (C). Bar height indicates magnitude of radial strain at 50% depth 
as a function of time for one cardiac cycle, in a representative animal.  Stacked bars 
distinguish the relative contributions of the different sheet motions.  Though the time 
courses are different, the contributions of sheet deformation to radial strain are relatively 
constant throughout the cycle as well as with different pacing modes.  Differences tended 
to be greatest during the isovolumic phases. 
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Figure 4.8: Average Contributions to Radial Strain During Pacing. 
Stacked bars represent the average of each of the components of radial strain at three 
transmural depths.  For all components, there was a significant transmural gradient; 
however, ventricular pacing (endocardial or epicardial) was not significantly different 
from atrial pacing, nor was there a significant interaction with depth (2-way 
RMANOVA). 
 



106 

 

4.5. Discussion 

 
In this paper, we analyze the motion of myocardial sheets under a variety of 

circumstances, including passive inflation and active contraction with varying loads, as 

well as different ventricular activation sequences.  The deformation measurements 

spanned the wall transmurally at apical and basal sites.  The major findings of this study 

are that the mechanisms of wall thickening/thinning may be different in diastole than in 

systole at the apex, but are independent of load at either site.  Additionally, despite 

significant differences in the sign of sheet angle at the apex and base, there were minimal 

differences in the relative contributions of the three sheet deformation modes to radial 

strain.  Lastly, the sequence of activation did not alter the thickening mechanics when 

assessed at peak radial strain. 

Definition of Wall Thickening 

 
The term “wall thickening” is widely used but not clearly defined.  Wall 

thickening is simply the change in measured wall thickness from diastole to systole, but 

such a measurement is not based on material points.  Radial strain, on the other hand, is 

calculated based on the deformation of implanted markers that reflect material locations 

within the tissue.  The measured deformation gradient at any point in the tissue can be 

expressed as F = RU, where R represents the rotation and U the right stretch tensor.  This 

equation shows that total deformation is made up of both strain (contained in U) and 

rotation.  Furthermore, our choice to use Lagrangian strain also means that we track 

deformation along the initial radial direction in the reference configuration, rather than 
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the current radial direction (deformed configuration).  Therefore, radial strain may differ 

from what one thinks of as wall thickening.   

To test the magnitude of the difference between wall thickening and radial strain, 

we devised a method to estimate wall thickening from the material markers.  At each time 

t in the cardiac cycle, the current radial direction was calculated from the three epicardial 

beads in the transmural bead array.  The vector from the epicardial centroid to the deepest 

bead was projected onto the radial vector, as shown in Figure 4.9.  The length of this 

projection then represented the wall thickness at time t.  Thickening over time was 

represented as a percentage.  Next, a similar calculation was derived from the radial strain 

measurements.  At increments of 1% depth through the wall, radial stretch was calculated 

and then summed across the wall according to Equation (4.2).   
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This summation gives the change in wall thickness as a percentage, based on the radial 

strain.  We then compared the results obtained from each of the two methods, as shown in 

Figure 4.10.  The analysis shows that the radial strain overestimates the wall thickening, 

but only by a small amount (~5%).  Therefore, we feel that radial strain is a valid 

representation of wall thickening, despite the theoretical differences between the two 

measures. 

Diastolic vs. Systolic Deformation of the Wall 

 
For the first time we compared, quantitatively, the relative contributions of 

different sheet deformations to radial strain during diastole and systole.  There were 

significant differences in sheet extension and shearing between diastole and systole at the  
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Figure 4.9: Estimation of Ventricular Wall Thickness 
Schematic representation showing the configuration of a transmural bead array at two 
times during the cardiac cycle.  To estimate the wall thickness, a vector was constructed 
from the epicardial centroid to the deepest marker and then projected onto the current 
radial vector (denoted by ‘r’).  Projections represent the estimate of wall thickness, and 
are indicated by a bold line in the illustration.   
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Figure 4.10: Comparison of Wall Thickening Estimated by Different Methods 
A: Comparison of two estimates of wall thickening as a function of time throughout one 
cardiac cycle, in a representative animal.  Time = 0 represents end diastole.  The largest 
absolute difference occurs around end systole and is less than ½ of a millimeter. 
B: Plot showing the correlation between the two techniques in the same animal.  Dotted 
line represents a perfect correlation.  Dashed line represents a linear fit to the data, which 
has slope greater than unity. 
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apical site, but not the basal site, when compared with a two-way RMANOVA.  

Takayama and co-workers (27) concluded that the contributions were qualitatively 

similar during diastole and systole.  Our own quantitative analysis of the available raw 

data disagrees somewhat.  We show a significant change at the apex, manifested as a shift 

from sheet shearing to extension.  Nevertheless, sheet shearing remains the predominant 

mode of radial strain, consistent with the fundamental conclusions of Takayama (27) and 

Costa (7).  In addition, a comparison of Figs. 4.4 and 4.5 seems to show larger transmural 

gradients during diastole than systole.  However, a two-way RMANOVA with strain type 

(diastolic inflation to 18 mmHg vs. end-systolic) and depth found that there was no 

significant interaction of strain type on transmural gradient in any component.  Therefore, 

this appears to be an artifact due to the difference in sample size between the two sets.    

Choice of mean sheet angles 

 
In this analysis, we chose to use the mean sheet angle for our calculations.  This 

has previously been used when making histological measurements (1, 7, 13, 15) or using 

diffusion tensor MRI (DTMRI) (4, 5, 14).  This is also the typical approach to 

quantifying the fiber angle, which varies linearly from epicardium to endocardium (26) 

and has a narrow dispersion (angular SD < 20º) (16).  However, the structural 

arrangement of the laminae is somewhat more complex.  Our own unpublished 

observations indicate that there can be larger dispersions in the sheet angle, particularly 

nearing the endocardium.  In addition, the sheet angle can have a bimodal distribution, 

again near the endocardium.  This has been described in Hooks et al. (15), in which the 

authors observed a “dominant lamina population with interspersed small ‘pockets’ of 
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laminae approximately perpendicular to the principal alignment.”  The effects of both 

dispersion and bimodal populations on myocardial material properties is unknown, and 

may very well play an important role in the function of the myocardium, especially wall 

thickening.  Thus, use of the average value of sheet angle may be inaccurate and 

therefore the results misleading.  Further examination of the functional effects of the 

detailed laminar structure is ongoing in this laboratory. 

Differences among species 

 
In addition to dog, sheet angles have been measured in mice (20), rat (5), sheep 

(13), pig (30), and human (8).  Mice have the most similar pattern of sheet angle to the 

dog, remaining approximately constant near –40º from epicardium to endocardium (20).  

Rat sheets are orientated more radially than dogs in the outer half; in the inner half, the 

orientation differed in sign, i.e. they are negative at the base and positive at the apex (5).  

Sheep sheets follow a notched pattern when examined in a lateral wall site; sheets are 

oriented positive at the epicardium, negative in the midwall, and positive again at the 

endocardium (13).  Studies in pig and human do not provide data in a form suitable for 

direct comparison.  Interestingly, however, Dou et al. show with DTMRI that the 

contributions to radial strain vary greatly based on circumferential location (8).  Their 

anterior wall measurements are consistent with the data given here.  It is not clear from 

their data whether or not these differences in contributions to radial strain are correlated 

with differences in sheet orientation. 
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Activation sequence 

 
The transmural sequence of activation could also play a role in wall thickening.  

Myofibers are physically coupled between the endocardium and the epicardium, such that 

the deformation of one depends on the deformation of the other.  This is a concept known 

as tissue tethering (3, 24).   Because the epicardial and endocardial fiber angles are 

roughly perpendicular, endocardial fiber shortening will result in epicardial crossfiber 

shortening and vice-versa.   In the normal sequence of activation (endo -> epi), the earlier 

activation of the endocardium causes epicardial deformation of the sheets that results in a 

unique profile of contributions to radial strain.  When the activation sequence is reversed, 

the epicardium now deforms as a result of its own fiber shortening, and causes an 

endocardial deformation.  This theory may have merit due to the early differences 

between endocardial and epicardial pacing (Fig. 4.7).  However, the effect appears to be 

small, as the relative contributions at peak radial strain are not significantly different. 

Limitations 

 
There is a possibility that the insertion of beads into the myocardium causes 

significant damage, particularly in the short term.  Due to surgical trauma and loss of the 

normal intra-thoracic pressure gradient, wall thickening is reduced in open-chest 

preparations.  If the chest is closed and the animal is allowed to recover, the magnitude of 

radial strain increases while leaving the relative contributions to radial strain unchanged 

(6).  This suggests that neither bead insertion injury nor the open-chest nature of the 

experiments has any qualitative effect on the results.  DTMRI of a beating heart (8) is an 
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alternative method that can provide non-invasive measurements throughout the whole 

heart, but with limited resolution.   

There are also limitations related to the histological assessment of sheet angle.  

The methods were somewhat different for the estimation of mean angle in groups A and 

B compared to groups C and D.  In groups A and B, cleavage plane angles were 

measured in circumferential-radial and longitudinal-radial sections.  The sheet angles 

were then reconstructed from the two views using a least squares fitting routine to 

provide a transmural distribution.  For groups C and D, sheet angle was measured directly 

in a plane perpendicular to the local fiber direction.  These measurements were performed 

from epicardium to endocardium at approximately 1mm intervals.  The sheet angles used 

in the analysis were then interpolated at 20, 50, and 80% depth (linear interpolation using 

two nearest neighbors).  

In conclusion, the myocardial wall deforms radially in a similar pattern with 

respect to the underlying sheet architecture regardless of whether it is thickening or 

thinning, at the apex or base, at different depths, different loads, or with different 

activation patterns.  Myocardial sheets have a fixed behavior relative to wall motion that 

we were not able to change acutely.  We do not rule out the possibility of chronic 

changes, which may provide a mechanism for wall thickening changes during disease 

states such as heart failure. 
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5. A Microstructurally-Based Model of Active Myofiber Mechanics 

5.1. Abstract 

 
Contraction of cardiac myocytes provides the basis for ventricular pressure 

generation.  The primary component of this contractile force acts along the axis of the 

myofilament; however, there may be a component directed radially as well.  Biaxial 

testing of cardiac tissue has shown that cardiac muscle can generate as much as 50% of 

its fiber tension in the transverse direction.  The structural basis for this is not clear.  We 

hypothesized that transverse active stress is developed at the myofilament level, and 

transmitted through the myocardial laminar sheets (approximated as plane stress objects).  

To test this hypothesis, in one open-chest, anesthetized dog we implanted radiopaque 

markers into the left ventricle and imaged them with biplane cineradiography.  After the 

functional data acquisition, the heart was fixed in situ at the end diastolic pressure of the 

study.  Histological sectioning was used to determine the average fiber angle and 

distribution of sheet angles at every 1 mm depth through the wall in the region of the 

functional measurements.  These measurements were incorporated into a finite element 

model which included a mathematical relationship representing active stress transmission 

through the myocardial sheets.  Simulations were performed to determine strains in the 

measurement region at end systole, which were compared with the experimental results.  

The results indicate that the addition of a transverse active stress component improves the 

agreement between simulation and experiment, relative to a purely uniaxial simulation.  

Interestingly, the transmission of this transverse stress appears to be independent of the 

local sheet microstructure.  We conclude that the myocardial sheets most likely do not 
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behave as plane stress objects.  Despite the anisotropic structure of myocardium in the 

plane perpendicular to the myofibers, the ventricular wall appears to uniformly transmit 

stress within this transverse plane. 

5.2. Introduction 

 
It is well known that myofiber contraction creates force along the axis of a cardiac 

myocyte.  Both the actin and myosin filaments are oriented along the myocyte axis, and it 

is their relative motion that leads to muscle shortening.  The connections between the 

actin and myosin filaments (crossbridges) are most likely not oriented parallel to the 

myofilaments.  This has not been experimentally verified, but a theoretical radial force 

component is expected when the crossbridge binding angle is non-zero (20, 26).  The 

magnitude of this radial component depends on this binding angle, the filament spacing, 

and the sarcomere length.  Lin and Yin (18) showed in an isolated tissue preparation that 

the myocardium generates significant transverse stresses (greater than 40% of those in the 

fiber direction).  They concluded that fiber dispersion would be insufficient to generate 

forces of this magnitude, thus implicating an active mechanism of transverse tension 

generation.  Finite element models of the heart have traditionally used uniaxial active 

stress models (8, 12).  However, the discovery of transverse active tension has led to the 

development of models with improved agreement with experimentally-measured 

deformations (24). 

The crossbridge binding angle provides a mechanism for radial force development 

at the level of the myofilament.  There may be additional factors at other scales which 

also have an effect on myocardial stress development.  For example, dispersion of 



120 

 

myofibers about the mean as measured by Karlon et al. would be one such mechanism 

(13).  Another attractive tissue-scale mechanism is the myocardial laminae, or sheets.  

Myocardial sheets consist of layers of 4 –8 myocytes which are roughly stacked apex to 

base (16).  A network of extracellular collagen fibers appears to provide tight coupling of 

myocytes within the sheet and looser coupling between adjacent sheets (2, 16).  It has 

been suggested that a primary role of sheets may be to allow rearrangement of myofiber 

bundles by sliding along cleavage planes during the cardiac cycle (5, 17).  These cleavage 

planes may have implications for active stress transmission as well.  Because sheets are 

loosely coupled across cleavage planes, there may be  less resistance to deformation 

between sheets than within.  Based on this assumption, we might approximate an 

individual sheet as existing in a state of plane stress (7), unconstrained to 

thickening/thinning.  Moreover, myocardial sheets are known to exhibit significant 

dispersion at the microscopic level, to a greater extent than fibers.  Though not widely 

reported, this is evident in images of sheets in sheep (3) and pigs (11). 

In order to test the hypothesis that myocardial sheets play a role in transverse 

stress development and that individual sheets behave as plane stress objects, we 

developed a biophysically-detailed model coupling active stress development at the 

cellular and tissue scales.  This was integrated into a three-dimensional finite element 

model, and coupled to a 3-element Windkessel afterload model.   The finite model 

includes detailed anatomical measurements of sheets from one dog.  Simulation results 

were compared with experimentally-measured deformations from the same dog in order 

to determine the validity of the hypothesized sheet connections.  
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5.3. Methods 

Animal Studies 

 
Animal studies were performed according to the National Institutes of Health 

Guide for the Care and Use of Laboratory
 
Animals. All protocols were 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. 

 The experimental protocol is described in detail in Chapter 2.  In brief, three 

columns of radiopaque beads were inserted into the anterior wall of a canine heart and 

imaged with biplane cineradiography to determine the transmural deformation.  

Following the surgical procedure, the heart was fixed in situ with 2.5% gluteraldehyde 

and stored in 10% formalin.  The heart was then sectioned for fiber and sheet angles as 

described in Chapter 2.  However, rather than measuring only the mean sheet angle, 

several measurements were taken at each wall depth using the method or Karlon et al. 

(13).  At each depth, approximately ten 8-10 µm sections were analyzed for a total of 

500-700 measurements of the sheet angle, β, per depth.  These angles were later 

incorporated into the biophysical model. 

Computational Studies 

 
Ventricular mechanics during active contraction where simulated with a non-

linear finite element model.  The chosen model includes realistic geometry, passive 

material properties, biophysically-based tension generation, realistic boundary conditions 

and an afterload model (15, 19, 23).  It is a 120 node, 48 element, tri-cubic Hermite mesh 

of a dog heart (Fig 5.1) which is synchronously activated and contracts against a 3-
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element Windkessel afterload model.  This model has been used before (14) and will not 

be fully described here. 

Myocardial stresses are determined at each integration point within the finite 

element mesh by a summation of passive stress (due to distension) and active stress (due 

to crossbridge cycling).  The passive stress model described by Guccione et al. (9) is used 

as is.  The active stresses are determined by the model described in the next section.  The 

integration of these local stresses forms the basis of ventricular pressure generation in the 

model.  

Active Stress Coupling model 

 
At each integration point, the axial tension of a myocyte is calculated from the 

Guccione cellular model (8) as a function of several parameters, such as sarcomere length 

and activation history.  This tension is then turned into a three-dimensional stress tensor 

by the active stress coupling model.  This section describes the derivation of the coupling 

model.  
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Figure 5.1: Wireframe Image of the Finite Element Mesh 
The finite element mesh consists of 48 elements and represents both ventricles.  The left 
ventricle is on the right side of the image.  This mesh contains four elements in the 
transmural direction of the left ventricular wall, to provide adequate resolution of 
transmural deformation gradients.  The region of interest is on the left ventricular wall 
near the equator. 
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1. Suppose the axial stress calculated from the cellular model output is Tff.  Further 

suppose that, due to some crossbridge binding angle, there is a radially-directed 

stress that is a fraction, k, of the axial stress.   Therefore, the radial stress is equal 

to k times Tff.  This describes the stresses at the myocyte level. 

2. Now suppose that this myocyte is part of a sheet.  If we further assume that the 

sheet behaves as a plane stress element due to weak sheet-sheet coupling, then 

there can be no stress acting in the direction of the thickness of the sheet 

(sometimes referred to as the sheet-normal direction).  Therefore, the active stress 

in a single sheet can be represented by: 

 

(5.1) 

where ef represents the fiber direction, es represents the within-sheet direction, and 

en represents the cross-sheet direction associated with this individual sheet. 

3. Generally speaking, the myofibers which make up the sheet may have their axes 

oriented at some angle φ to the mean fiber direction (i.e. angle about the sheet-

normal direction).  This angle lies in the fiber-sheet plane (See figure 5.2).  

Taking into account this distribution, the stresses in this single sheet can be 

expressed in terms of an integral: 
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(5.2) 

 

 

 where f(φ) represents the distribution of φ.  Tsheet is still a plane stress object, but 

it is no longer a diagonal tensor in general.  In other words, there may be a shear 

stress component due to the dispersion of φ within the sheet. 

4. In the finite element formulation, stresses are integrated at the tissue scale.  At this 

scale, there are many sheets.  Each sheet has an orientation associated with it, 

which can be described as a function of two angles: β, which is the histologically 

measured sheet angle(5), and theta, which is the angle relative to the mean fiber 

direction (about the sheet direction).  For an illustration of these angles, see figure 

5.2.  Now the stress at the tissue level can be integrated: 

 
(5.3) 

  

 

 
 

where ef represents the fiber direction, er represents the radial direction, and ec 

represents the crossfiber direction (ec = er x ef) associated with the bulk tissue;  
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f(θ) and f(β) represent the distributions of θ and β, respectively.  Note that the 

different format of Rβ is consistent with Costa's definition (5). 

5.  The angles φ, θ, and β change through time as the heart deforms.  In other words, 

they are functions of Lagrangian strain (E), as shown by figure 5.10 in Appendix 

A.  Because these quantities vary through time, the integration has to be 

performed at each time step of the finite element solver.  This is computationally 

intensive, and yields an impractical problem to attempt to solve.  In order to 

simplify the problem, the equations can be linearized using a first-order Taylor 

series expansion.  For example, the sheet angle can be linearized as follows: 
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where f* represents the linearized function.  More details are given in Appendix 

A.  The resulting linearized equations now depend on φ0, θ0, and β0, the 

distributions of angles in the reference configuration.  Therefore, all integrations 

are dependent on geometric quantities in the reference configuration and can be 

pre-computed before attempting to solve the finite element problem.   

6.   Finally, Equation (5.3) can be expanded in terms of the distributions of the angles 

in the reference configuration.  The equations for all six independent terms of the 

stress tensor look similar, and are of the following form: 
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 where g0, g1, …, g114 are pre-computable functions of the initial angle 

distributions, which are then multiplied by components of Lagrangian strain (less 

than or equal to Order(E4).  This reduces the theoretical maximum number of 

components from 115 to 61 (i.e. there are 64/4! = 54 components of Order(E4)).  

Since there are six independent components of stress, there could be as many as 

115*6 = 690 different functions of the measured angle distributions in a given 

location. 

 

Simplifying Assumptions 

 
In addition to the assumptions inherent to the construction of the model, a few 

additional simplifying assumptions were made.  Because we have no detailed 

measurements of the angles φ and θ, these angles were replaced with a normal 

distribution centered about the mean axes.  This simplifies the resulting model due to the 

symmetry of these normal distributions.  In addition, the effect of shear strain terms on 

the changes in the angular distribution was neglected.  While these terms may in fact be 

significant, their behavior appears to be quite non-linear and the Taylor series expansion 

approach was not successful.  This is a shortcoming of the model which might be 

addressed, for instance, with higher order Taylor series expansion or other linearization 

methods. 
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Figure 5.2: Description of Angles in Model 
A: Schematic representation of a single sheet.  ef’ represents the sheet mean fiber axis, es 
represents the direction transverse to the fiber direction but within the sheet, and en 

represent the sheet normal direction (across the thickness of the sheet).  φ represents the 

deviation in a single myocytes fiber axis relative to the mean fiber axis.  φ is measured in 
the (ef’, es) plane. 
B: Schematic representation of several sheets.  ef represents the tissue mean fiber axis, er 
represents the radial direction, and ec is perpendicular to both (ec = er x ef).  Each sheet 

has a sheet mean fiber axis at an the angle θ to the tissue mean fiber axis, in the (ef, er) 

plane.  Each sheet also has an angle β, which is in the (ec, er) plane.  
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Implementation 

 
The model was derived analytically with Python code utilizing a Swiginac library 

(Appendix B).  The Swiginac library allows for MATLAB-style manipulation of linear 

algebra.  The resulting code was then implemented into the laboratory’s custom finite 

element modeling environment (Continuity 6.3, www.continuity.ucsd.edu).  All 

simulations were run using 8 nodes of a computing cluster (granite.ucsd.edu).  

Computational time was approximately 1hr per simulation (end diastole to end systole). 

The finite element mesh is 4 elements thick (5 nodes) at the location of the sheet 

measurements.  These nodes were considered to be at 0, 25, 50, 75, and 100% depth 

through the wall.  Sheet distributions from the nearest measurement location to each of 

these depths were used to compute the geometric parameters required as input to the 

active stress coupling model.  Values at the integration points were found by linearly 

interpolating the nodal values. 

Simulations 

 

A total of 24 simulations were run. f(φ0) and f(θ0) were each represented by a 

standard deviation of either 0º or 12º about a mean angle of 0º.  For f(β0), either the 

measured distributions or the mean angles were used.  Values of 0, 0.3, or 0.5 were used 

for k.  The results of these 24 simulations were compared to a previous implementation of 

a biaxial stress which did not include measured sheet orientations.  This baseline model 

has active stress generated in the crossfiber and radial direction which is 30% of the 

stress along the fiber direction. 
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Table 5.1: Simulation Parameters 
 
 

simulation σσσσφφφφ σσσσθθθθ ββββ    k 

1 0º 0º mean 0 

2 0º 12º mean 0 

3 12º 0º mean 0 

4 12º 12º mean 0 

5 0º 0º mean 0.3 

6 0º 12º mean 0.3 

7 12º 0º mean 0.3 

8 12º 12º mean 0.3 

9 0º 0º mean 0.5 

10 0º 12º mean 0.5 

11 12º 0º mean 0.5 

12 12º 12º mean 0.5 

13 0º 0º distribution 0 

14 0º 12º distribution 0 

15 12º 0º distribution 0 

16 12º 12º distribution 0 

17 0º 0º distribution 0.3 

18 0º 12º distribution 0.3 

19 12º 0º distribution 0.3 

20 12º 12º distribution 0.3 

21 0º 0º distribution 0.5 

22 0º 12º distribution 0.5 

23 12º 0º distribution 0.5 

24 12º 12º distribution 0.5 
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5.4. Results 

Experiments 

 
The end systolic strains are summarized at 25, 50, and 75% depth from the 

epicardium in Table 5.1.  They correspond to an end-systolic pressure of 88 mmHg.  The 

results are somewhat atypical.  For instance, the transmural gradient of fiber shortening 

(Eff) is usually much more uniform.  The transmural gradient of radial thickening (Err) is 

typical but the magnitudes are uncharacteristically small.  Table 5.2 provides a 

comparison to average data for 11 animals; these animals have been previously published 

in two separate groups by Ashikaga (1) and Coppola (4).  Because the model geometry is 

not taken from the same animal as the sheet architecture measurements, it is important to 

intrepret the model results relative to both the specific animal as well as the general 

trends.  This is especially important because several parameters of the finite element 

model are based on average data.  Experiments in the laboratory are currently ongoing to 

try to create a more animal-specific model, where as many measurements are made from 

one animal as possible. 

 Automated measurements of sheet angle were performed on 5-10 µm sections at 

every 1 mm depth through the ventricular wall.  These sections are cut perpendicular to 

the mean fiber direction so that the sheet angle β can be visualized directly.  Figure 5.3 

shows an example of one section, as well as the results of the automated processing 

scheme, which was performed as described by Karlon et al. (13).  Results from the 

subendocardial and subepicardial regions are shown in figure 5.4.  Note that there is 
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substantial dispersion about the mean sheet angle (σ > 10º), particularly deeper in the 

wall.  In addition, there is a second population of sheets deeper in the wall, oriented at 

approximately 90º to each other. 
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Table 5.2: End Systolic Strains 
Strain at end-systole relative to end diastole, at three depths through the wall.  % Depth is 
measured from the epicardium.  Eff = fiber strain, Ecc = crossfiber strain, Err = radial 
strain, Efc = fiber-crossfiber shear, Ecr = crossfiber-radial shear, Efr = fiber-radial shear. 
 

% Depth 25 50 75 

Eff -0.025 -0.053 -0.092 

Ecc -0.02 -0.055 -0.095 

Err 0.04 0.12 0.205 

Efc 0.016 0.011 0.012 

Ecr 0.016 -0.01 -0.054 

Efr 0.029 0.044 0.053 

 

 

 

 

 

Table 5.3: Average End Systolic Strains 
Average strains at end systole relative to end diastole from a set of four animals.  Data are 
mean ± SD.  Abbreviations as in Table 5.1. 
 

% Depth 25 50 75 

Eff -0.093±0.037 -0.116±0.041 -0.118±0.050 

Ecc -0.0134±0.022 -0.061±0.027 -0.14±0.061 

Err 0.109±0.050 0.206±0.049 0.317±0.079 

Efc 0.010±0.023 0.042±0.025 0.051±0.035 

Ecr 0.036±0.031 0.033±0.036 0.000±0.062 

Efr 0.042±0.031 0.069±0.030 0.097±0.052 
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Figure 5.3: Automated Measurements of the Sheet Angle β 
Top: 5 µm section of myocardium cut perpendicular to fiber angles.  Gaps in tissue 
represent cleavage planes between myocardial sheets, which have opened up as tissue 
was allowed to desiccate for 10 mins.  In this image, two distinct populations of sheets 
are present. 
Bottom: Enlarged view of tissue section showing automated measurements of sheet 

angle.  The region of interest for each measurement was 76 µm2. 
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Figure 5.4: Experimental Distributions of the Sheet Angle β 
Rose plots (circular histograms) showing the distribution of the sheet angle β in the sub-
epicardium (top) and sub-endocardium (bottom).  0º/180º indicates that the sheet lie 
along the radial direction.  It is clear that this animal has a second population of sheet 
angles in the sub-endocardium. 
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Model 

 
The final form of the active stress coupling model has 76 pre-computable terms 

based on the three angular distributions f(φ0), f(β0), f(θ0), and k, the transverse active 

stress generated at the cellular level.  All 24 simulations were run to an end systolic state 

with a left ventricular pressure of approximately 76 mmHg.   

The uniaxial simulation (Simulation 1) had unanticipated behavior.  It is 

compared with the baseline simulation (biaxial model) and with the experimental data in 

figures 5.5.  It is also compared with the average experimental data in figure 5.6.  In both 

comparisons the biaxial model is superior.  The uniaxial model does poorly in the inner 

half, where the transverse shear (fiber-radial component) is large and negative.  The 

biaxial model predicts this component to be close to zero, which agrees well with all of 

the experimental data.  The uniaxial model has more of a transmural gradient in radial 

strain, but it is not smooth like the experimental data.  The lines representing the 

simulation data in the figures are linear connections between the values at the 12 

transmural integration points (4 elements times 3 integration points/element). 
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Figure 5.5: Uniaxial and Biaxial Simulations 
Removing the transverse component of active stress had the effect of dramatically 
increasing radial strain on the inner half of the wall.  This occurred along with a large 
negative fiber-radial shear, which was not seen experimentally. 



138 

 

 

 

 

 

 

 

Figure 5.6: Uniaxial and Biaxial Simulations Compared With Average Data 
Same as Figure 5.5 except experimental data now reflects the average of 11 animals 
(mean ± SD).  Biaxial model reproduces experimental behavior better than uniaxial 
model, with significant deviation only in the radial strain component. 
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 Next, we tested the effect of the parameter k, the fraction of fiber stress which is 

transmitted within the sheet.  The results are shown in figure 5.7 for values of k = 0, 0.3, 

and 0.5, and again compared to the experimental strains (one animal only).  The effect of 

k was most pronounced on the radial strain and the transverse shears (crossfiber-radial 

and fiber-radial).  Small values of k led to unrealistic fiber-radial shear, while 

intermediate and large values of k led to unrealistic crossfiber-radial shear.  Increasing k 

also decreased the radial strain (wall thickening) in the inner half. 

 Changes in the distributions of φ and θ had very little effect.  Figure 5.8 shows 

that standard deviations of 12º in φ, θ, or both were negligible with k fixed at 0.3.  

Increasing the standard deviation of θ did have the effect of reducing radial strain, and a 

larger dispersion would likely have increased this effect.  Due to the definition of φ as the 

fiber angle change within the sheet, it is unlikely that its standard deviation would be as 

large as 12º.  Even if it was, there is little indication that would have much effect in this 

simulation. 

 Lastly, we examined the effect of representing the sheet distribution by its mean 

angle rather than its measured distribution.  Figure 5.9 shows the results when transverse 

stress fraction k = 0.3.  There are differences between the two simulations which are most 

pronounced in the sub-endocardium.  Though neither model is particularly good in terms 

of radial strain or crossfiber-radial shear, the distribution model is closer to the 

experimental results. 
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Figure 5.7: Effect of Transverse Stress Fraction k 

In a model with no dispersion of φ or θ, and with a distribution of β, the transverse active 
stress parameter was varied from 0 to 0.5.  This corresponds to simulation numbers 
13,17, and 21.   
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Figure 5.8: Effect of Variations in φ and θ 
The individual and combined effects of including a normal distribution with standard 

deviation of 12º for φ and θ.  All four simulations were performed with a transverse 
active stress fraction (k) of 0.3 (Simulation numbers 17-20). 
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Figure 5.9: Effect of Sheet Angle Distribution Versus Mean Angle 

The use of distributions of β rather than the mean angle (Simulations 5,17) had a small 
but appreciable effect on the strains, which was most notable in the radial strain 
component.  
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5.5. Discussion 

 
In this study, we derive a mathematical relationship between active twitch force 

development at the sub-cellular scale and the resulting transverse force transmission at 

the tissue scale.  The primary assumption behind this relationship is that force is 

transmitted within, but not between, myocardial sheets.  The validity of this relationship 

is tested by making detailed histological measurements of sheet orientation and 

implementing the hypothesized sheet connections along with measured anatomic data 

into a finite element model.  The simulated deformation of the finite element model is 

then compared to the measured experimental deformation.  The results suggest that the 

hypothesis is incorrect, and therefore the mechanism for transverse force transmission 

differs from our assumption.  Specifically, there is a significant component of force 

which is transmitted between adjacent sheets, reflecting a need for better understanding 

of the connections between sheets.   

 Using purely uniaxial force (force generated only along myofiber axis), the finite 

element simulations yielded physiologically inconsistent results –specifically, abnormally 

large fiber-radial shear strain.  This result is in agreement with the findings of Lin and 

Yin, who observed biaxial active force generation in a slab of rabbit myocardial tissue 

(18).  Despite this shortcoming of the uniaxial simulation, it predicted deformation that 

was closer to the experimental data than any of the simulations which included sheets; 

these simulations all predicted less radial strain on the endocardium than the epicardium.  

This is a surprising result considering that investigators have previously suggested that 

sheets may provide a mechanism for increased wall thickening(17, 22).  In the current 
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implementation, sheets appear to have a much different effect, reducing wall thickening 

while increasing the effect of shearing across the wall.   

Myocardial sheets have been shown to have unique passive material properties.  

For instance, they are stiffer within the plane of the sheet than across it (6).  Despite this, 

it has been shown that simulations of systole are insensitive to changes in parameters 

controlling passive sheet properties (24).  Nevertheless, it has been speculated that sheets 

might also affect the transmission of active stress transverse to the myofibers.  Our results 

suggest that this may not be the case.   

Of all the simulations, the baseline biaxial simulation appeared to have the most 

realistic behavior.  In this simulation, active stress was transmitted in the crossfiber and 

radial directions, and is therefore independent of any sheet orientations.  This finding 

clearly supports the notion of transverse force transmission both within and between 

myocardial sheets,  suggesting that the coupling across sheets is more significant than it 

appears in confocal (25) or scanning electron microscope (SEM) sections (16).  This 

could be due to a variety of reasons.  First, there could be artifacts due to the preparation 

of the samples.  The dehydration associated with this preparation is thought to exaggerate 

the size of the gaps between sheets.  Secondly, dispersion of sheets may vary 

substantially regionally and transmurally, creating an interconnected web with no 

preferred direction of transverse force transmission.  Further study using confocal 

imaging of extended volume might be able to clarify this. 

There are several limitations to this modeling approach.  First, the ventricular 

geometry used for the simulation was not measured in the same animal as the sheet 

orientations.  Second, because sheet angles were not measured everywhere, one 
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transmural set of sheet angles had to be applied to the whole heart.  There is known to be 

transventricular variation (5, 17), which likely influences the external load experienced 

by the tissue in the region of interest (left ventricular free wall).  Third, the ventricle was 

synchronously activated, rather than having a realistic activation sequence.  This could 

also affect tissue loading, although we predict this effect is small due to the near 

synchronous activation during normal sinus rhythm.   

The results of the current study might be improved by obtaining geometry, strains, 

and microstructural anatomy all from the same animal, which is now possible using 

diffusion tensor magnetic resonance imaging (DTMRI).  DTMRI can be used to 

determine the mean fiber and sheet orientation in the fixed heart with high resolution.  

They have been shown to correspond to the first and second eigenvectors of the diffusion 

tensor (21), and appear to be an effective way of determining the cardiac microstructure 

in areas of one sheet population (10).  When two sheet populations exist, the diffusion 

tensor becomes transversely isotropic, and the sheet orientations are unknown (i.e. the 

second and third eigenvalues are of approximately equal value).  The DTMRI data can 

then be registered to anatomic data also obtained with MRI.  It may be worthwhile to 

repeat the simulations described here with a more realistic model to verify our results. 

In conclusion, we constructed a mathematical relationship describing a proposed 

mechanism of force transmission transverse to myofibers that is dependent upon the 

locally measured sheet microstructure.  A transverse component of active stress does 

appear to be important for normal wall function, however, the orientation of the sheet 

structure does not bound the direction of transverse force transmission.  Interestingly, the 

ventricular wall appears to have a mechanism that allows it to behave in a relatively 
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uniform manner transverse to the myofiber direction in the active state, despite the sheet 

anisotropy in that plane. 

5.6. Appendix A: Linearization 

 
In continuum mechanics, deformations of bodies can create changes in angles.  

For example, consider the two-dimensional example in figure 5.10.  Suppose the fibers in 

this tissue are originally oriented at an angle θ0.  At some time t, after undergoing 

deformation, this angle is represented by θ.  The relationship between θ and θ0 can be 

derived from continuum mechanics principles (7), and is given by: 

 

(5.6) 

For the purposes of the finite element method, this relationship is cumbersome.  This is 

because the calculation of active stress requires the current angle θ, but we have only 

measured θ0.  Any calculations which depend on the integral of cos(θ) must then be 

performed at every time step of the finite element solution.   

 To avoid this, we can use a linearization strategy.  By using a first-order Taylor 

series expansion, Equation (5.6) can be re-written as a product of linear functions.  If we 

linearize about the point E11 = E12 = E22 = 0, the resulting equation is: 

 

(5.7) 
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Substituting gives: 

 
(5.8) 

which can now be integrated to give: 

 

(5.9) 

Notice that the strain terms (E11, E12, E22) are not functions of θ0 and thus they can be 

moved outside of the integral.  All of the remaining integrands are functions of θ0, which 

remains constant throughout the simulation.  Therefore, they can be pre-computed and 

multiplied by the appropriate values of strain at the current time step. 
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Figure 5.10: Wireframe Image of the Finite Element Mesh 

Schematic diagram representing the change in angle θ as a body deforms from time t = 0 

to t = T.  As a result of horizontal lengthening and vertical shortening, θ < θ 0.  The angle 
would also be affected by shearing deformation (not shown). 
 

t = 0 t = T 

θ0 θ 
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5.7. Appendix B: Python Code to Generate Active Stress Coupling Model 

Main function 

 
#import swiginac 
from swiginac import symbol 
from swiginac import transpose 
from swiginac import matrix 
from swiginac import subs 
from swiginac import sqrt 
from replace_functions import * 
 
 
#p stands for phi, the angle within a sheet 
#b stand for beta, the Costa-defined sheet direction 
#t stands for theta, the angle in the remaining direction 
 
#define some swiginac objects===================== 
cp = symbol('cp') 
sp = symbol('sp') 
cb = symbol('cb') 
sb = symbol('sb') 
ct = symbol('ct') 
st = symbol('st') 
c0 = symbol('c0') 
s0 = symbol('s0') 
k = symbol('k') 
cp0 = symbol('cp0') 
sp0 = symbol('sp0') 
ct0 = symbol('ct0') 
st0 = symbol('st0') 
E11 = symbol('E11') 
E22 = symbol('E22') 
E12 = symbol('E12') 
Efc = symbol('Efc') 
Ecc = symbol('Ecc') 
Eff = symbol('Eff') 
Efr = symbol('Efr') 
Ecr = symbol('Ecr') 
Err = symbol('Err') 
for i in range(6): 
    for j in range(6): 
        exec("cp%dsp%d = symbol('cp%dsp%d')")%(i,j,i,j) 
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for i in range(6): 
    for j in range(6): 
        exec("ct%dst%d = symbol('ct%dst%d')")%(i,j,i,j) 
 
for i in range(20): 
    for j in range(20): 
        exec("c%ds%d = symbol('c%ds%d')")%(i,j,i,j) 
 
list = ['Eff', 'Ecc', 'Err', 'Efc', 'Efr', 'Ecr'] 
strlist = [] 
#strlist = [0]* 1554 
count = 0 
#need to define the symbols before reading back into swiginac 
for x in list: 
    strlist.append("%s"%x) 
 
for x in list: 
    for y in list: 
        exec("%s%s = symbol('%s%s')")%(x,y,x,y) 
        strlist.append("%s%s"%(x,y)) 
 
for x in list: 
    for y in list: 
        for z in list: 
            exec("%s%s%s = symbol('%s%s%s')")%(x,y,z,x,y,z) 
            strlist.append("%s%s%s"%(x,y,z)) 
 
for x in list: 
    for y in list: 
        for z in list: 
            for w in list: 
                exec("%s%s%s%s = symbol('%s%s%s%s')")%(x,y,z,w,x,y,z,w) 
                #strlist.append("%s%s%s%s"%(x,y,z,w)) 
# end defining symbols =================================== 
 
Tfiber = matrix([[1, 0, 0],[ 0, k, 0], [0, 0, 0]]) 
rotation_matrix = matrix([[cp, sp, 0],[-sp, cp, 0],[0, 0, 1]]) 
Tlocal = rotation_matrix*Tfiber*rotation_matrix.transpose() 
print Tlocal 
Tsheet = Tlocal 
 
Tsheet = Tsheet.subs(sp**2 == 1-cp**2) 
Tsheet = Tsheet.subs(cp**2 == cp0**2 + 2*cp0**2*sp0**2*(E11-E22)) 
Tsheet = Tsheet.subs(sp==sp0 + (sp0*cp0**2)*(E22-E11) ) 
Tsheet = Tsheet.subs(cp == cp0 + (-sp0**2*cp0)*(E22-E11) ) 
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#now substitute the correct strains for E11, E12, E22 
 
#~ Tsheet = Tsheet.subs(E11== Eff) 
#~ Tsheet = Tsheet.subs(E22 ==s0**2*Ecc + 2*s0*c0*Ecr + c0**2*Err) 
#~ Tsheet = Tsheet.subs(E12==s0*Efc + c0*Efr) 
Tsheet=Tsheet.expand() 
print Tsheet 
 
lines = [str(Tsheet[0,0]), str(Tsheet[0,1]), str(Tsheet[0,2]), str(Tsheet[1,1]), 
str(Tsheet[1,2]), str(Tsheet[2,2])] 
cnt = 0 
for line in lines: 
    line_out = '' 
    line = line.replace('-', '+-1*') 
    terms = line.split('+') 
    for term in terms: 
        new_term = MakeReplacements(term.strip(), 'cp0', 'sp0') 
        newer_term = MakeSinReplacements(new_term.strip()) 
        #reassemble terms into a new string 
        if term == terms[0]: 
            line_out = newer_term 
        else:  
            line_out = line_out + '+' + newer_term    
    if cnt == 0: 
        Tsheet[0,0]  =  eval(line_out) 
    elif cnt == 1: 
        Tsheet[0,1] = eval(line_out) 
    elif cnt == 2:         
        Tsheet[0,2] = eval(line_out) 
    elif cnt == 3:         
        Tsheet[1,1] = eval(line_out) 
    elif cnt == 4:         
        Tsheet[1,2] = eval(line_out) 
    elif cnt == 5:         
        Tsheet[2,2] = eval(line_out) 
    cnt = cnt + 1 
 
#do the replacements for theta 
Tsheet[1,0] = Tsheet[0,1] 
Tsheet[2,0] = Tsheet[0,2] 
Tsheet[2,1] = Tsheet[1,2] 
Tsheet = Tsheet.expand() 
 
Rt = matrix([[ct, 0, st],[ 0, 1, 0],[ -st, 0, ct]]) 
Rb = matrix([[1, 0, 0],[ 0, sb, cb],[ 0, -cb, sb]]) 
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Tsheet = Rt*Rb*Tsheet*Rb.transpose()*Rt.transpose() 
Tsheet[1,0] =0 
Tsheet[2,0]=0 
Tsheet[2,1] =0 
#Tsheet = Rb*Tsheet*Rb.transpose() 
print Tsheet 
 
#peform the linearization of theta 
Tsheet = Tsheet.expand() 
Tsheet = Tsheet.subs(st**2 == 1-ct**2) 
Tsheet = Tsheet.subs(ct**2 == ct0**2 + 2*ct0**2*st0**2*(E11-E22)) 
Tsheet = Tsheet.subs(st==st0 + (st0*ct0**2)*(E22-E11) ) 
Tsheet = Tsheet.subs(ct == ct0 + (-st0**2*ct0)*(E22-E11) ) 
Tsheet = Tsheet.subs(E11 == Eff) 
Tsheet = Tsheet.subs(E22 == c0**2*Ecc-2*s0*c0*Ecr+s0**2*Err) 
Tsheet = Tsheet.subs(E12 == -c0*Efc+s0*Efr) 
 
Tsheet = Tsheet.expand() 
 
lines = [str(Tsheet[0,0]), str(Tsheet[0,1]), str(Tsheet[0,2]), str(Tsheet[1,1]), 
str(Tsheet[1,2]), str(Tsheet[2,2])] 
cnt = 0 
for line in lines: 
    line_out = '' 
    line = line.replace('-', '+-1*') 
    terms = line.split('+') 
    for term in terms: 
        new_term = MakeReplacements(term.strip(), 'ct0', 'st0') 
        newer_term = MakeSinReplacements(new_term.strip()) 
        #reassemble terms into a new string 
        if term == terms[0]: 
            line_out = newer_term 
        else:  
            line_out = line_out + '+' + newer_term    
    if cnt == 0: 
        Tsheet[0,0]  =  eval(line_out) 
    elif cnt == 1: 
        Tsheet[0,1] = eval(line_out) 
    elif cnt == 2:         
        Tsheet[0,2] = eval(line_out) 
    elif cnt == 3:         
        Tsheet[1,1] = eval(line_out) 
    elif cnt == 4:         
        Tsheet[1,2] = eval(line_out) 
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    elif cnt == 5:         
        Tsheet[2,2] = eval(line_out) 
    cnt = cnt + 1 
 
Tsheet = Tsheet.expand() 
Tsheet = Tsheet.subs(sb**2 == 1-cb**2) 
Tsheet = Tsheet.subs(cb**2 == c0**2 + 2*c0**2*s0**2*(E11-E22) ) 
Tsheet = Tsheet.subs(sb==s0 + (s0*c0**2)*(E22-E11) ) 
Tsheet = Tsheet.subs(cb == c0 + (-s0**2*c0)*(E22-E11) ) 
 
Tsheet = Tsheet.subs(E11 ==s0**2*Ecc + 2*s0*c0*Ecr + c0**2*Err) 
Tsheet = Tsheet.subs(E22 == c0**2*Ecc-2*s0*c0*Ecr+s0**2*Err) 
Tsheet = Tsheet.subs(E12 == -s0*c0*Ecc + (s0**2-c0**2)*Ecr +s0*c0*Err) 
Tsheet = Tsheet.expand() 
 
#Tsheet = Tsheet.subs(sign_b**2 == 1) 
 
cnt = 0 
lines = [str(Tsheet[0,0]), str(Tsheet[0,1]), str(Tsheet[0,2]), str(Tsheet[1,1]), 
str(Tsheet[1,2]), str(Tsheet[2,2])] 
for line in lines: 
    line_out = '' 
    line = line.replace('-', '+-1*') 
    terms = line.split('+') 
    for term in terms: 
        new_term = MakeReplacements(term.strip(), 'c0', 's0') 
        #reassemble terms into a new string 
        if term == terms[0]: 
            line_out = new_term 
        else:  
            line_out = line_out + '+' + new_term 
    if cnt == 0: 
        Tsheet[0,0] = eval(line_out) 
    elif cnt == 1: 
        Tsheet[0,1] = eval(line_out) 
    elif cnt == 2:         
        Tsheet[0,2] = eval(line_out) 
    elif cnt == 3:         
        Tsheet[1,1] = eval(line_out) 
    elif cnt == 4:         
        Tsheet[1,2] = eval(line_out) 
    elif cnt == 5:         
        Tsheet[2,2] = eval(line_out) 
    cnt = cnt + 1 
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Tsheet = Tsheet.expand() 
#print Tsheet 
f = open('Tsheet_070708_new.txt', 'w') 
f.write(str(Tsheet[0,0])) 
f.write('\n') 
f.write(str(Tsheet[0,1])) 
f.write('\n') 
f.write(str(Tsheet[0,2])) 
f.write('\n') 
f.write(str(Tsheet[1,1])) 
f.write('\n') 
f.write(str(Tsheet[1,2])) 
f.write('\n') 
f.write(str(Tsheet[2,2])) 
f.write('\n') 
f.close() 
#part 2 
 
#a stands for alpha, t stands for theta 
P1 = symbol('P1') 
P2 = symbol('P2') 
P3 = symbol('P3') 
P4 = symbol('P4') 
P5 = symbol('P5') 
P6 = symbol('P6') 
T1 = symbol('T1') 
T2 = symbol('T2') 
T3 = symbol('T3') 
T4 = symbol('T4') 
T5 = symbol('T5') 
T6 = symbol('T6') 
Tsheet = Tsheet.subs(cp1sp0 == P1) #=exp(-1/2.*vpr_p)) 
Tsheet = Tsheet.subs(ct1st0 == T1) #= exp(-1/2.*var_t)) 
Tsheet = Tsheet.subs(cp2sp0 == P2) #= 1/2.*(1+exp(-2*var_a))) 
Tsheet = Tsheet.subs(ct2st0 == T2) #= 1/2.*(1+ exp(2*var_t))) 
Tsheet = Tsheet.subs(cp2sp2 ==P3) #=1/8.*(1 - exp(-8*var_a))) 
Tsheet = Tsheet.subs(ct2st2 == T3) #= 1/8.*(1 - exp(-8*var_t))) 
Tsheet = Tsheet.subs(cp0sp2 == P4) #= 1/2.*(1 - exp(-2*var_a))) 
Tsheet = Tsheet.subs(ct0st2 == T4) #= 1/2.*(1 - exp(-2*var_t))) 
Tsheet = Tsheet.subs(cp1sp2 == P5) #= 1/4*(-1+exp(4*var_a))*exp(-9/2*var_a) 
Tsheet = Tsheet.subs(ct1st2 == T5) #= 1/4*(-1+exp(4*var_t))*exp(-9/2*var_t) 
Tsheet = Tsheet.subs(cp3sp2 == P6) # = -1/16*(1+exp(8*sigma^2)-
2*exp(12*sigma^2))*exp(-25/2*sigma^2) 
Tsheet = Tsheet.subs(ct3st2 == T6) # = -1/16*(1+exp(8*sigma^2)-
2*exp(12*sigma^2))*exp(-25/2*sigma^2) 
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lines = [str(Tsheet[0,0]), str(Tsheet[0,1]), str(Tsheet[0,2]), str(Tsheet[1,1]), 
str(Tsheet[1,2]), str(Tsheet[2,2])] 
cnt = 0 
for line in lines: 
    line_out = '' 
    line = line.replace('-', '+-1*') 
    terms = line.split('+') 
    for term in terms: 
        new_term = MakeELinear(term.strip()) 
        print new_term 
        newer_term = MakeEReplacements(new_term.strip()) 
        print newer_term 
        if term == terms[0]: 
            line_out = newer_term 
        else:  
            line_out = line_out + '+' + newer_term   
    if cnt == 0: 
        Tsheet[0,0] = eval(line_out) 
    elif cnt == 1: 
        Tsheet[0,1] = eval(line_out) 
    elif cnt == 2:         
        Tsheet[0,2] = eval(line_out) 
    elif cnt == 3:         
        Tsheet[1,1] = eval(line_out) 
    elif cnt == 4:         
        Tsheet[1,2] = eval(line_out) 
    elif cnt == 5:         
        Tsheet[2,2] = eval(line_out) 
    cnt = cnt + 1 
 
#part 3 
 
def reformat(el): 
    replacements = [['Eff', 
'E11'],['Ecc','E22'],['Err','E33'],['Efc','E12'],['Efr','E13'],['Ecr','E23']] 
    for replacement in replacements: 
        el = el.replace(replacement[0], replacement[1]) 
    if (len(el) == 3): 
        el_out = el 
    elif (len(el) == 6): 
        el_out = el[0:3]+'*'+el[3:6] 
    elif (len(el) == 9): 
        el_out = el[0:3]+'*'+el[3:6] + '*' + el[6:9] 
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    elif (len(el) == 12): 
        el_out = el[0:3]+'*'+el[3:6] + '*' + el[6:9] + '*' + el[9:12] 
    else:  
        print "Error in reformat" 
        return None 
    return el_out 
 
 
T = [0,0,0,0,0,0] 
T[0] = Tsheet[0,0] 
T[1] = Tsheet[0,1] 
T[2] = Tsheet[0,2] 
T[3] = Tsheet[1,1] 
T[4] = Tsheet[1,2] 
T[5] = Tsheet[2,2] 
 
Tout = open('Tsheet_part3_070708_new.txt','w') 
CalcBeta = open('Constants.txt','w') 
#strlist = [Eff,Ecc,Err,Efc,Ecr,Err] 
 
swig_comp= symbol('swig_check') 
component_list = ['active_stress(1,1)', 'active_stress(1,2)', 
'active_stress(1,3)','active_stress(2,2)','active_stress(2,3)','active_stress(3,3)'] 
cnt = 1 
 
for j in range(6): 
    constant_term = str(T[j]) 
    for index in strlist: 
        constant_term = constant_term.replace(index, '0') 
    swig_constant_term = eval(constant_term) 
    if (constant_term.find('k') != -1) : 
        swig_constant_term = swig_constant_term.collect(k) 
    CalcBeta.write("%s\n"%(str(swig_constant_term))) 
    Tout.write("      %s = rPar_stress(%d) + \n"%(component_list[j],cnt)) 
    cnt = cnt+1 
    #now do Eff, Ecc, etc. 
    for el in strlist: 
        T[j] = T[j].collect(eval(el)) 
        a = str(T[j]) 
        #a.rindex('Eff*') 
        #~ try: 
        if (a.rfind('%s*('%el) != -1): 
        #a.rindex('%s*('%el) 
        #comp = a[(a.rindex('%s*('%el)+len(el)+2):a.rindex(')')] 
            comp = a[(a.rfind('%s*('%el)+len(el)+2):a.rfind(')')] 
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            swig_comp = eval(comp) 
            swig_comp = swig_comp.collect(k) 
            CalcBeta.write("%s\n"%(str(swig_comp))) 
            el_out = reformat(el) 
            Tout.write("     ' %s*rPar_stress(%d) + \n"%(el_out,cnt)) 
            cnt = cnt + 1 
        T[j] = T[j].expand() 
    Tout.write("\n")     
 
 
Tout.close() 
CalcBeta.close() 
 

Auxiliary Functions 

 
def operandFromPow(pow, name): 
        if pow == 0: 
            search = None 
        elif pow == 1: 
            search = name 
        else: 
            search = "%s^%d"%(name,pow) 
        return search 
 
def replaceBoth(operands, cospow, sinpow, cName, sName): 
        if (cospow != 0) or (sinpow !=0): 
            operands.append("%s%d%s%d"%(cName[:-1],cospow,sName[:-1],sinpow)) 
        cossearch = operandFromPow(cospow, cName) 
        sinsearch = operandFromPow(sinpow, sName) 
        if cossearch != None: 
            del operands[operands.index(cossearch)] 
        if sinsearch != None: 
            del operands[operands.index(sinsearch)] 
 
def getScore(chars): 
    a = chars[0] 
    b = chars[1] 
    if (a == 'f' and b=='f'): 
        score = 1 
    if (a == 'c' and b=='c'): 
        score = 2 
    if (a == 'r' and b=='r'): 
        score = 3 
    if (a == 'f' and b=='c'): 
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        score = 4 
    if (a == 'f' and b=='r'): 
        score = 5 
    if (a == 'c' and b=='r'): 
        score = 6 
    return score 
 
def rearrangeLetters(letters, count): 
    first_group = letters[1:3] 
    first_group_sum = getScore(first_group) 
    if count > 1: 
        second_group = letters[4:6] 
        second_group_sum = getScore(second_group) 
        if (second_group_sum <= first_group_sum): 
            tmp  = first_group 
            tmp_score = first_group_sum 
            first_group = second_group 
            first_group_sum = second_group_sum 
            second_group = tmp 
            second_group_sum = tmp_score 
    if count > 2: 
        third_group = letters[7:9] 
        third_group_sum = getScore(third_group) 
        if (third_group_sum <= first_group_sum): 
            tmp = first_group 
            tmp_score = first_group_sum 
            first_group = third_group 
            first_group_sum = third_group_sum 
            third_group = second_group 
            third_group_sum = second_group_sum 
            second_group_sum = tmp_score 
            second_group = tmp 
        elif (third_group_sum <= second_group_sum): 
            tmp = second_group 
            tmp_score = second_group_sum 
            second_group = third_group 
            second_group_sum = third_group_sum 
            third_group = tmp 
            third_group_sum = tmp_score 
    if count > 3: 
        fourth_group = letters[10:12] 
        fourth_group_sum = getScore(fourth_group) 
        if (fourth_group_sum <= first_group_sum): 
            tmp = fourth_group 
            fourth_group = third_group 
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            third_group = second_group 
            second_group = first_group 
            first_group = tmp 
        elif (fourth_group_sum <= second_group_sum): 
            tmp = fourth_group 
            fourth_group = third_group 
            third_group = second_group 
            second_group = tmp 
        elif (fourth_group_sum <= third_group_sum): 
            tmp = fourth_group 
            fourth_group = third_group 
            third_group=tmp 
    letters = "E" + str(first_group) 
    if count > 1: 
         letters = letters + "E" + str(second_group)  
    if count > 2:  
        letters = letters + "E" + str(third_group) 
    if count > 3: 
        letters = letters + "E" + str(fourth_group) 
    return letters 
 
def MakeELinear(term): 
    #this is fiercely ghetto code 
    term = term.replace("**","^") 
    operands = term.split("*") 
    for operand in operands:  
        if (operand.count('E') >= 1): 
            if (operand.count('^')==1): 
                letters = get_operand_letters(operand) 
                letters = letters[:-2] 
                halves = operand.split('^') 
                pow = int(halves[1]) 
                new_term = '' 
                for i in range(pow): 
                    new_term = new_term + ("%s*")%letters 
                new_term = new_term[:-1] 
                operands.append(new_term) 
                del operands[operands.index("%s^%d"%(letters,pow))] 
    for operand in operands:  
        if (operand.count('E') >= 1): 
            if (operand.count('^')==1): 
                letters = get_operand_letters(operand) 
                letters = letters[:-2] 
                halves = operand.split('^') 
                pow = int(halves[1]) 
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                new_term = '' 
                for i in range(pow): 
                    new_term = new_term + ("%s*")%letters 
                new_term = new_term[:-1] 
                operands.append(new_term) 
                del operands[operands.index("%s^%d"%(letters,pow))] 
    term = "*".join(operands) 
    term = term.replace("^","**") 
    return term 
 
def replaceE(operands, letters, count): 
        letters = rearrangeLetters(letters,count) 
        operands.append("%s"%(letters)) 
        for i in range(count): 
            a = str(letters[(i*3+1):(i*3+3)]) 
            #print operands.index("E%s")%a 
            del operands[operands.index("E%s"%(a))] 
 
def get_operand_pow(operand): 
        #look for carrot 
        #if carrot, read numbers after carrot 
        pow = 1 
        if (operand.count('^')==1): 
            halves = operand.split('^') 
            pow = int(halves[1]) 
        return pow     
         
def get_operand_letters(operand): 
    if (operand.count('E')==1): 
        letters = operand 
    return letters 
 
def MakeReplacements(term, cName, sName): 
    term = term.replace("**","^") 
    operands = term.split("*") 
    #print "operands:", operands 
 
    cPow = 0 
    sPow = 0 
    for operand in operands: 
      if cName in operand: 
        cPow = get_operand_pow(operand) 
      if sName in operand: 
        sPow = get_operand_pow(operand) 
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    replaceBoth(operands, cPow, sPow, cName, sName) 
    term = "*".join(operands) 
    term = term.replace("^","**") 
    return term 
     
def MakeEReplacements(term): 
    term = term.replace("**","^") 
    operands = term.split("*") 
    #now look for combinations of E's 
    letters = '' 
    count = 0 
    for operand in operands: 
        if 'E' in operand: 
            letters += get_operand_letters(operand) 
            count = count +1 
    if (count > 0): 
        replaceE(operands, letters, count)    
    #look for "E", then look for exponent 
    #drop all E^6 or higher??? 
     
    term = "*".join(operands) 
    term = term.replace("^","**") 
    return term 
     
def MakeSinReplacements(term): 
    term = term.replace("**","^") 
    operands = term.split("*") 
    for operand in operands: 
        if "st1" in operand: 
            term = "0" 
            return term 
        if "st3" in operand: 
            term = "0" 
            return term 
        if "st5" in operand: 
            term = "0" 
            return term 
        if "sp1" in operand: 
            term = "0" 
            return term 
        if "sp3" in operand: 
            term = "0" 
            return term 
        if "sp5" in operand: 
            term = "0" 
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            return term 
    #get rid of any odd sin terms in alpha and theta, such as c0s1 c1s1 c2s1 c3s1 c4s1 c0s3 
c1s3 c2s3 c3s3 c4s3 
    term = "*".join(operands) 
    term = term.replace("^","**") 
    return term 
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6. Conclusions 

 
The work presented in this dissertation was guided by two goals, the first dealing 

with the mechanics of asynchronous activation, especially in the late activated, 

“prestretched” region and the second with the role of the heart’s fiber-sheet structure and 

its potential relationship to large myocardial wall thickening.  In this chapter, conclusions 

from the work in each of these areas are briefly reviewed. 

6.1. Asynchronous Activation 

 
 Asynchronous activation is characterized by shortening in the early activated 

regions concurrent with prestretch , or early lengthening, in the late activated regions.  In 

late activated tissue the majority of prestretch was found to occur during isovolumic 

systole, after the time of electrical activation.  The deformation was determined to be 

different from that which occurs during passive inflation.  Both of these results suggest 

that the prestretch phenomenon is an active lengthening process which is at least in part 

mediated through direct tissue tethering between early and late activated regions.  The 

deformation patterns also suggest that the transmural activation sequence in the late 

activated region is from the endocardium to the epicardium, regardless of the initial site 

of activation.  This likely reflects the faster conduction in endocardial cells, or possibly 

Purkinje fibers, though the overall activation times did not support the latter explanation.   

 At short A-V delays, relative muscle fiber length in prestretched areas was 

unchanged compared to atrial activation, and fiber length in early activated areas was 

reduced.  Although ejection shortening in late activated areas was increased compared to 

atrial activation likely due to a decrease in afterload, overall ejection shortening (as 
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reflected by stroke volume) was reduced due presumably to dyskinesis and to an overall 

reduction in initial muscle length in our preparation. 

6.2. Laminar Architecture and Wall Thickening 

 
 The heart undergoes a paradoxically large change in thickness as it contracts, 

converting a 15% change in fiber length into a 40% or greater change in wall thickness.  

An incompressible cylinder model predicts cellular thickening of only 8%.  This five-fold 

difference has brought attention to cleavage planes between myocardial laminar sheets, 

which are thought to offer little resistance to sliding due to the loose collagen tethers 

connecting adjacent sheets.   

 In the experimental studies of Chapter 4, we show that the myocardial wall 

deforms radially in a similar pattern with respect to the underlying sheet architecture 

regardless of whether it is thickening or thinning, at the apex or base, at different depths, 

different loads, or with different activation patterns.  We also show this radial strain to be 

well correlated with myocardial wall thickening as it is thought of in the traditional sense, 

despite theoretical differences between the two quantities.  Therefore, we conclude that 

myocardial sheets have a fixed behavior relative to wall motion that cannot be changed 

acutely.   

 In Chapter 5, we construct a mathematical relationship describing the 

transmission of force within, but not between, myocardial sheets.  This relationship is 

dependent upon the locally measured fiber-sheet microstructure of the tissue.  The results 

suggest that a transverse component of active stress is important for normal wall function.  

However, the orientation of the sheet structure does not bound the direction of this 
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transverse force, as was expected.  is an insufficient explanation for this transverse force.  

Rather, closer agreement with experimental data was obtained when transverse force was 

transmitted both within and between myocardial sheets.  In other words, the tissue 

appears to behave uniformly in directions transverse to the myofibers, despite its sheet 

anisotropy . 

 The consistency of the relative contributions of sheet deformation to radial strain 

does not imply a mechanistic understanding of the structure-function relationship.  In 

Chapter 5 we attempt to elucidate the mechanism by which these sheets contribute to 

radial strain, by hypothesizing that sheets provide preferred planes for force transmission 

perpendicular to myofibers.  In this computational analysis, distributions of sheet 

orientations were included in a finite element model, based on measurements in one 

transmural block of ventricular tissue.  This approach also has limitations.  First, the 

geometry of the finite element model was based on a different dog heart than the 

experimental data, and geometry is well known to have significant effects on cardiac 

mechanics.  Second, detailed distributions of myocardial sheets were not measured 

throughout the heart.  Though simulation results were only analyzed within the region of 

interest (defined by the location of the bead array in the animal experiment), there could 

be an effect of relative loading between different areas of the heart which depends on the 

specific anatomic structure. 

 In combination, the findings of chapters 4 and 5 suggest that myocardial sheets 

have a fixed behavior relative to the radial deformation of the wall, but the orientation of 

myocardial sheets (i.e. the angle β) is not the dominant feature determining active stress 

transmission perpendicular to myofibers.  There may be other factors related to the 
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laminar architecture that differentiates the deformation patterns in different areas of the 

left ventricular wall.  For example, the strength or concentration of collagen tethers 

between sheets may be more important to function than the orientation of the sheets 

themselves.  Further work needs to be done in this area, for example to look for changes 

in the fiber-sheet structure of animals in heart failure. 




