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Abstract 

Cardiac arrhythmia is a life-threatening heart rhythm disorder affecting 

millions of people worldwide. The underlying structure of the heart plays an 

important role in cardiac activity and could promote rhythm disorders. Accurate 

knowledge of whole-heart cardiac geometry and microstructure in normal and 

disease hearts is essential for a complete understanding of the mechanisms of 

arrhythmias.  

This dissertation presents novel structural data at the whole-heart level aimed 

at advancing knowledge of cardiac structure in normal and infarcted hearts, and at 

constructing whole-heart computational models. A 3D diffusion tensor MRI 

(DTMRI) technique was implemented on a clinical scanner to image intact large 

animal and human hearts with high image quality and spatial resolution ex vivo. 

This method was first applied to reconstruct the 3D myofiber organization in 8 

human atria nondestructively and at submillimeter resolution. The findings showed 

that the main features of atrial anatomy are mostly preserved across subjects 

despite variability in the exact location and orientation of the bundles. Further, we 

were able to cluster, visualize, and characterize the distinct major bundles in the 

human atria. Quantitative analysis of the fiber angles across the atrial wall 

revealed that the transmural fiber angle distribution is heterogeneous throughout 

the atria. 

We next studied microstructural remodeling in infarcted porcine and human 

hearts by combining DTMRI with high-resolution Late Gadolinium Enhancement 

imaging. This enabled us to provide reconstructions of both fiber architecture and 

scar distribution in infarcted hearts with an unprecedented level of detail, and to 

systematically quantify the transmural pattern of diffusion eigenvector orientation. 

Our results demonstrated that the fiber orientation is generally preserved inside the 

scar but at a higher transmural gradient of inclination angle. 
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Lastly, we employed the obtained data to generate whole-heart computational 

models of infarcted hearts with detailed scar geometry and subject-specific fiber 

orientation. We used these models in simulations to investigate the contribution of 

the infarct microarchitecture to ventricular tachycardia. The simulation results 

showed that the reentry circuits traverse thin viable tissues with complex 

geometries located inside of the infarct. The high resolution of the images enabled 

3D reconstruction and characterization of such structures. 
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1.1 Overview 

Cardiac arrhythmias are strongly associated with structural remodeling in the 

heart. However, despite broad clinical and experimental research, the exact 

mechanisms by which cardiac structure contributes to function are incompletely 

understood in the normal state, let alone in structural heart disease. This is chiefly 

due to the fact that the heart is a multi-scale, structurally heterogeneous organ and 

that electromechanical abnormalities emerge in a complex fashion in space and 

time. Complete understanding of the structure-function linkage thus necessitates 

detailed structural data in individual hearts as well as in the population. Such data 

will be useful not only to advance the current knowledge of cardiac histo-anatomy, 

but importantly, as a basis for the generation of accurate electromechanical models 

of the heart. These computational models provide an unparalleled opportunity to 

uncover mechanistic links between structure and function and could further 

improve therapeutic approaches such as cardiac ablations. 

Cardiac fiber architecture in normal and disease states plays a crucial role in 

the electrical and mechanical function of the heart. The anisotropic nature of 

myocardium provides a preferential direction for electrical propagation and directly 

influences the mechanical strain and stress. In addition, the spatial organization of 

myofibers in the heart has been shown to be important in the initiation of rhythm 

disorders in both the ventricles and atria. Diffusion Tensor Imaging (DTI) is a non-

destructive tool that utilizes the restricted diffusivity of water molecules to 

elucidate information regarding the tissue microstructure. DTI has been widely 

used to explore the fiber architecture in normal and disease ventricles. Accurate 

assessment of microstructure using DTI necessitates an MR sequence that produces 

high image resolution and high image quality. This in particular is crucial for 

imaging regions of the heart with thin walls, complex architecture, and low 

structural anisotropy, such as atria and infarcted tissue. 
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 Myocardial infarction (MI) or heart attack, is major cause of death affecting 

millions of people worldwide. Occurrence of MI results in structural remodeling in 

the infarcted tissue and could eventually lead to heart failure. While the presence 

of an infarct is associated with an increased risk for ventricular arrhythmia, not all 

patients with MI have the same risk for arrhythmias. Infarct architecture is an 

important determinant of electrical abnormalities. In particular, it has been 

demonstrated that the substrates for ventricular arrhythmias are co-localized with 

the surviving myocardium surrounding the infarct. These substrates are often 

targets of cardiac ablation therapy. However, the current techniques to image the 

infarct geometry and the associated electrical activity are confronted with major 

limitations. These shortcomings primarily include low spatial resolution of in vivo 

Late Gadolinium Enhancement (LGE) MRI and point-by-point and surface 

recording of activity using electroanatomical mapping techniques. Computational 

models of the whole heart with detailed infarct structure could create a valuable 

framework to study the structural contribution of the infarct to arrhythmia. 

The overall goals of this thesis are to provide high-resolution structural data on 

intact normal and infarcted hearts and to employ that data in multi-scale 

computational models of the heart to obtain new insight into the mechanisms of 

scar-related arrhythmias. The new knowledge of cardiac structure and the 

mechanisms of infarct-related arrhythmia obtained in this thesis could ultimately 

lead to optimal design of therapies aimed at cardiac arrhythmias and improve the 

risk stratification for such arrhythmias in patients. 
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1.2 Specific Aims 

The specific aims of this thesis are: 

Specific Aim 1: Implement a sub-millimeter 3D diffusion tensor magnetic 

resonance imaging (DTMRI) technique on a clinical scanner to reconstruct whole-

heart fiber orientation in large-animal and human hearts ex vivo with improved 

accuracy than before (chapter 3). 

Specific Aim 2: Reconstruct the 3D myofiber architecture in human atria, 

characterize the major fiber bundles as well as transmural fiber orientation, and 

assess the inter-subject variability in the fiber structure using the method 

developed in Aim 1 (chapter 4). 

Specific Aim 3: Apply the method developed in Aim 1 in conjunction with high-

resolution ex vivo LGE-MRI to provide 3D reconstructions of both fiber 

architecture and scar distribution in intact hearts. Use this data to study the 

microstructural remodeling in the infarct and test the hypotheses that infarcted 

tissue has an anisotropic structure, and that the orientations of primary 

eigenvectors are preserved inside the chronic infarct (chapter 5).  

Specific Aim 4: Employ the data obtained in Aim 3 to construct whole-heart 

computational models of infarcted hearts with detailed infarct geometry and 

subject-specific fiber orientation. Use these models in simulations to explore the 

contributions of the infarct geometry and viable tissue to ventricular tachycardia 

(chapter 6). 
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Chapter 2 

Background and Significance 
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2.1 Cardiac Anatomy and Electrophysiology 

2.1.1 Cardiac Anatomy 

The heart is a muscular organ responsible for pumping blood throughout the 

circulatory system, supplying the body with enough oxygen and nutrients while 

removing metabolic waste. In humans and other mammals, the anatomy of the 

heart consists mainly of four chambers: the blood-receiving left and right atria and 

the blood-discharging left and right ventricles. The left and right chambers are 

divided by interatrial and interventricular septums. During the normal 

synchronized contraction of the heart, the blood flows unidirectionally through 

these chambers. Deoxygenated blood flows from the systemic circulatory system to 

the right atrium (RA) through the superior and inferior vena cavae. It then passes 

the tricuspid valve into the right ventricle (RV) where it gets pumped to the 

pulmonary circulation and the lungs. The oxygenated blood from the lungs returns 

to the left atrium (LA) via the pulmonary veins and crosses the mitral valve to the 

left ventricle (LV), before being discharged again to the systemic circulation and 

the entire body through the aorta. The blood pressure during the discharge phase 

is the highest in the LV chamber and as a result it contains the thickest wall 

among the four chambers. By comparison, atria have the smallest wall thickness 

due to the low blood pressure. Lastly, the heart is enclosed in the pericardium, a 

sac filled with pericardial fluid that fixes the heart to the mediastinum. The 

pericardium provides protection against infection, prevents the heart from 

overexpanding when blood volume increases and provides lubrication for the heart. 

overexpanding when blood volume increases and provides lubrication for the 

heart. 



+!

 

Figure 2.1: Schematic of heart anatomy (left) and conduction system (right). 

Reused from Wikipedia (https://en.wikipedia.org/wiki/Heart) under the Creative 

Commons License. 

2.1.2 Cardiac Electrophysiology 

The synchronous contraction of cardiac muscle is due to the underlying 

electrical activity in individual cardiac cells. The electrical impulse in the heart is 

initiated by spontaneous activity of the natural pacemaker cells or sino-atrial (SA) 

node located at the posterior wall of the right atrium. The spread of electrical 

activity in the heart occurs through a combination of passive and active electrical 

propagations. Cardiac myocytes are electrically connected to neighboring cells via 

gap junctions that passively transmit currents from one cell to another. The 

electrical activity of a single myocyte, however, is affected by the movement of ions 

through the transmembrane channels embedded in the cell membrane. This results 

in the generation of an action potential (AP) waveform that forms the basis for the 

propagation of electrical activity in the heart. A detailed review of the cardiac 

action potential can be found here [1]. Subsequent to the initiation of activity at 

the SA-node, the wave travels throughout the right and left atria and activates the 

cells at the atrioventricular (AV) node. The AV node is a specialized tissue located 
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at the posteroinferior region of the interatrial septum, and provides the only 

conducting pathway between the atria and the ventricles. The ventricles are 

otherwise electrically isolated from the atria by fibro-fatty tissues. After crossing 

the AV node, the electrical signal propagates through the specialized Bundle of His 

and Purkinje fibers to excite the ventricles. The coordinated activation of the heart 

leads to efficient pumping of the blood to the body. 

2.1.3 Myocardial Architecture 

It is well known that the muscular architecture of the heart plays a critical role 

in electrical wave propagation and mechanical force generation. The cardiac tissue 

structure leads to anisotropic electrical propagation wherein the spread of 

activation is fastest along the longitudinal axis of the myofiber [2–8]. Myocardial 

orientation has also been shown to be an important determinant of stress and 

strain [9–13] and therefore overall function of the heart [14, 15]. Further, the 

spatially varying fiber orientation in the heart directly influences whole heart 

activation patterns in normal and disease hearts under a variety of conditions [16–

22]. Particularly, the discontinuities and abrupt changes of fiber orientation have 

been shown to disrupt normal conduction [23], hence promoting ventricular and 

atrial arrhythmias [19, 24–26].  



-!

 

Figure 2.2: Photograph of a porcine left ventricle undergone a careful dissection 

process to remove the successive layers of the wall. The gradual change of fiber 

orientation through the wall is clear in this view. Reprinted from Anderson et al

[27] with permission from John Wiley and Sons. 

The knowledge of fiber architecture in the heart has been traditionally obtained 

using macrophotography and histological approaches. In the past several years, 

Diffusion Tensor MRI has been proven to be a powerful tool to image the fiber 

architecture in the ventricles non-destructively. The myocytes in the left ventricle 

follow a helical pattern around the chamber with a variable fiber orientation 

throughout the depth of the wall [28–30]. The fibers of the epicardial and 

endocardial layers of the wall are aligned obliquely and form angles of around -60°

and 60° with the equator, respectively. The transition between the left-handed 

epicardial fibers and the right-handed endocardial fibers happens smoothly, with 

the fibers at the midwall being roughly circumferential. Mathematically, it has 

been shown that the myofiber arrangement in the left ventricle may take the form 

of a special minimal surface throughout the myocardium [31]. In addition, 

computational modeling of cardiac mechanics has demonstrated that the fiber 

architecture of the left ventricle may be optimally organized to achieve a uniform 

distribution of stress and strain throughout the heart [14]. 



%.!

In comparison to the ventricles, the heart atria demonstrate significant 

differences in the shape, dimensions, and the level of complexity of the muscular 

architecture. The atria are comprised of thin walls (averaging 2-3 mm) with non-

uniform thickness throughout the chambers [32]. In addition, great variability in 

the shape and the basic anatomy of the atria has been observed in the human 

population. This includes inter-subject variability in the number and configuration 

of pulmonary veins in the left atrium [33, 34]. The muscular architecture in the 

atria has a complex organization with distinct bundles and structures that run at 

different orientations, leading to regions of overlapping fibers throughout the 

chambers. Despite extensive histological studies of atrial anatomy, and unlike that 

of the ventricles, the systematic characterization of 3D fiber architecture in the 

atria and its inter-subject variability is missing due to the lack of high-resolution 

data such as diffusion tensor MRI. 

Figure 2.3: Photographs of left human atria demonstrate the atrial gross anatomy 

and fiber orientation at (A) posterior and inferior wall and (B) roof the left atrium. 

The figures are reprinted from Ho et al [35] with permission from Wolters Kluwer 

Health, Inc. 



%%!

2.2 Cardiac Arrhythmia 

2.2.1 Basic Mechanisms 

Arrhythmia is a heart rhythm disorder in which the heartbeat is irregular, too 

slow, or too fast. Arrhythmias that lead to slower heart rates are called 

bradycardias while those that lead to faster rates are called tachycardias. In 

general, arrhythmias result from abnormalities in impulse initiation, impulse 

conduction, or a combination of both [36]. Abnormal impulse initiation can be 

caused by either automaticity or triggered activity in the heart, while abnormal 

impulse conduction could lead to reentry. Reentry is a condition in which the 

excitation travels in a circular path and re-excites the same region more than once. 

Reentry could have a relatively fixed reentrant pathway and persist to excite the 

heart at a fast rate. This condition is dangerous because it may not permit the 

heart to pump enough blood and often degenerates into a chaotic state called 

fibrillation that involves pathways that continuously change their size and location. 

Ventricular fibrillation is lethal as the heart loses its ability to pump sufficient 

blood. 

Figure 2.4: Mechanism of reentry circuit. Reprinted with permission from John 

Wiley and Sons: Grech [37]. 
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Formation of a reentrant circuit requires the presence of a unidirectional block 

as well as a pathway that produces enough conduction delay for the wave to re-

excite the tissue following the refractory phase. The latter condition implies that 

the pathway be greater than the wavelength, in which the wavelength is the 

distance traveled by the wave during the functional refractory period. In a normal 

heart the wavelength is often longer than any regular pathway in the heart. 

However, in diseased conditions, the wavelength could decrease due to 

electrophysiological remodeling that leads to conduction slowing, which could 

further lead to the formation of reentry. 

2.2.2 Myocardial Infarction 

Myocardial Infarction (MI) or heart attack is a result of blood blockage to the 

cardiac tissue. Atherosclerosis plaques in coronary arteries are the most common 

cause of MI. The plaque is the result of gradual buildup of fat, cholesterol, calcium 

and other substances in the blood that occurs in the arterial wall over time. The 

presence of plaque in the coronary arteries limits the flow of oxygen-rich blood to 

the heart. Over time, the plaque could become unstable and break up, which may 

lead to a clotting cascade that could result in complete occlusion of the artery. If 

the blood flow obstruction lasts long enough, the tissue downstream of the block at 

the coronary artery undergoes ischemia. This initiates a complex process of 

remodeling in the infarcted tissue that starts with inflammation, necrosis, and then 

subsequent removal of damaged muscle tissue over the following days and weeks. 

The lost myocytes are then gradually replaced by collagenous scar tissue. 



%'!
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Figure 2.5 Reconstruction of a section of infarct in rat obtained from confocal 

microscopy. Reprinted with permission from Wolters Kluwer Health, Inc. :

Rutherford et al [38]. 

The infarcted tissue plays an important role in the electrical and mechanical 

function/dysfunction of the heart post-MI. The scar tissue maintains the integrity 

of the heart wall even though essentially all of the muscle in the infarcted area is

lost [39]. The passive stretching and bulging of the scarred tissue by the 

surrounding myocardium impairs the overall efficiency of the heart in pumping 

blood. The structural anisotropy and the mechanical properties of scarred tissue 

have been shown to be a significant determinant of left ventricular pump function

[40!42]. However, the exact relationship between the mechanical and structural 

properties and cardiac function is not completely understood and is an active area 

of research [39]. 
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2.2.3 Scar-Related Ventricular Arrhythmias 

The presence of infarcted tissue impairs the normal conduction in the heart 

post-MI, which could result in ventricular arrhythmias. Sustained ventricular 

tachycardia (VT) is a VT that lasts longer than 30 seconds and/or requires an 

intervention or leads to severe hemodynamic compromise and other complications 

[43]. VT is classified as monomorphic if each QRS complex resembles the next. 

Recurrent monomorphic ventricular tachycardia (VT) is a particularly challenging 

scenario that cardiologists and electrophysiologists are confronted increasingly in 

clinical practice.  Sustained monomorphic VT occurs most frequently in the setting 

of healed MI, and may appear in the subacute phase or long after the ischemic 

injury. Reentry is the mechanism underlying the VT associated with healed or 

healing MI in more than 95% of the cases [44, 45]. It has been widely demonstrated 

that slow conduction at the infarcted area could provide substrates for ventricular 

arrhythmias. Impaired electrophysiological properties observed at the infarct border 

zone [46] could lead to conduction slowing and block. In addition, it has been 

shown that the surviving myocardium surrounding the scar could provide tortuous 

zig-zag pathways for the wave, that effectively leads to conduction slowing and 

could result in reentry [47].  

Radiofrequency ablation [48] is a procedure in which part of the cardiac tissue is 

ablated using the heat generated from radiofrequency current in the range of 350-

500 kHz. In patients with structural heart disease, catheter ablation of VT is used 

to reduce the frequency of symptomatic ventricular tachycardia that triggers ICD 

shocks, or to control incessant or very frequent VTs. The guidance of 

radiofrequency ablation is performed using electroanatomical mapping techniques. 

Scar-related reentrant VTs can cause hemodynamic instability, which prevents 

extensive mapping during VT. To avoid hemodynamic collapses, substrate 

mapping during stable sinus rhythm is often performed to identify the regions of 
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scar that the arrhythmia originates from [49]. Using voltage maps and electrogram 

characteristics, these regions can then be detected and subsequently targeted for 

ablation without inducing VT. In addition, the exit site of the VT may be found 

by pacing around the scar and finding matches in the observed 12-lead ECG to 

that of the patient’s clinical arrhythmia. The efficiency of cardiac ablation 

procedures depends on factors such as the location of the circuit (endocardial or 

epicardial) and the ability to induce VT in the electrophysiology lab [50]. Success 

rates for terminating clinical VT are close to 70%. However, recurrent VT from 

other reentrant circuits occurs in up to 50% of the patients over time [50]. The 

interplay of the activation wavefront and the infarct is a complex 3D phenomenon 

that occurs across the spectrum of scales ranging from molecular to whole-organ. 

2.2.4 Atrial Fibrillation 

Atrial Fibrillation (AF) is the most common sustained cardiac arrhythmia and 

is associated with significant morbidity and cost. The number of patients with AF 

is likely to double or triple within the next two or three decades [51]. AF is driven 

by high-frequency electrical activity that leads to desynchronized muscle 

contraction in the atria. This could further lead to slow blood flow in the atrium, 

and result in the formation of blood clots. If these blood clots leave the heart and 

travel to the brain, they can cause a stroke by blocking the blood flow through 

cerebral arteries. In fact, the presence of AF has been associated with an almost 

five-fold increase in the risk for stroke [52]. AF has been observed across patients 

with a variety of conditions including patients without structural heart disease 

(“lone AF”), patients in the postoperative settings, and patients with significant 

left ventricular dysfunction and advanced heart failure [53]. The mechanism of AF 

is not completely understood, but in general the fibrillatory behavior is thought to 

either be the result of triggered focal activity leading to the collision of multiple 

wavelets, or the result of spiraling reentrant waves also known as rotors [51]. AF is 
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clinically classified into different stages: paroxysmal (< 7days), persistent (> 7 days 

or requiring intervention to restore sinus rhythm), longstanding persistent (> 1 

year) or permanent, when restoration of sinus rhythm is no longer followed [53]. At 

least three main therapeutic approaches are available for patients with AF: (1) 

drug therapy, (2) catheter ablation, and (3) surgical intervention (maze procedure). 

Drug therapy usually includes treatments that aim to either control the heart rate 

(rate therapy) or to restore the normal rhythm (antiarrhythmic therapy). Such 

therapies have limited efficacy (40-60%), important side effects, and in multiple 

studies have been shown to be less effective than catheter ablation  [53]. There are 

multiple strategies to terminate AF using radiofrequency ablations [54]. Pulmonary 

vein isolation is a frequent approach in which circular lesions are created around 

the base of pulmonary veins to block the spontaneous ectopic beats generated in 

the veins [55]. Additional lesions may be delivered across the left atrial roof, 

between the left pulmonary veins and mitral valve, or in the regions of abnormal 

electrical activity such as complex fractionated atrial electrograms. Overall, the 

complexity of atrial activation during AF necessitates mechanistic-based 

approaches that take spatial organization of the structure and electrical activity 

into account to achieve better outcomes with catheter ablation. 

2.3 Computational Cardiac Electrophysiology 

The current limitations in recording the electrical activity in the heart have 

hindered a full understanding of cardiac arrhythmia mechanisms. Computational 

modeling is a powerful tool to study complex systems such as those found in the 

biological sciences and including cardiac research. The heart is a multiphysics and 

multiscale system and over decades sophisticated mathematical models have been 

employed to describe its behavior. In this section we will briefly review some of the 

fundamental methods used in mathematical modeling of the electrophysiology in 

the heart. 
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2.3.1 Single-Cell Modeling 

The main component of modeling electrical activity in the heart involves the 

behavior of single cardiac cells and the associated action potential waveforms. This 

usually starts with developing a model of transmembrane currents. The cell 

membrane is a lipid dielectric that could be modeled as a capacitor. The ion 

channels embedded in the cell membrane provide pathways for the ions to cross the 

membrane.  

 

Figure 2.6: The parallel conductance model of single cell. The model consists of a 

capacitor associated with the membrane current, and the individual ion channels 

that act like variable conductances in series with equilibrium potentials for the 

corresponding ions. 

Therefore, the total transmembrane current, !", can be represented as: 

!" # $"
%&'
%(

) !*+, - !.(*"! ! ! ! ! ! ! (2.1)

where /"  is the transmembrane voltage (0* - 01 ), defined as the difference 

between the intracellular and the extracellular potentials2 3$" is the membrane 

capacitance per unit area, !*+, is the current density flowing through the ionic 

channels, and !.(*", if present, is the transmembrane stimulus current density as 

delivered by the intracellular electrode [56]. While he complexity of the chosen 

ionic model heavily depends on the application and the computational power, the 

most important ion channels are Na+, K+ and Ca2+. 
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2.3.2 Modeling the Electrical Propagation in Tissue 

The propagation of AP in cardiac tissue is facilitated by gap junctions that 

provide conduction pathways between the neighboring cells. This propagation can 

be represented by the bidomain model [57] that is a generalization of one-

dimensional cable theory. The bidomain formalism is a continuum model meaning 

that it represents the average properties of many cells, as opposed to discrete 

models that describe each cardiac cell individually [58]. The bidomain model 

assumes the presence of intracellular and extracellular domains at each point in 

space. It consists of two coupled reaction-diffusion equations that represent the 

behavior of intracellular and extracellular potentials that are coupled by the 

membrane current: 

∇. 𝜎*∇𝜙* = 𝛽𝐼"         (2.2) 

∇. 𝜎1∇𝜙1 = −𝛽𝐼" 

where 𝜎* and 𝜎1 are respectively the intracellular and extracellular conductivity 

tensors and 𝛽 is the surface to volume ratio of the cardiac cells. The media by 

themselves are linear, however the non-linearities arise from the current-voltage 

relationships across the membrane (Equation 2.1) and could be described by a set 

of non-linear ordinary differential equations (ODE). 
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Figure 2.7:  Bidomain representation of cardiac tissue in 2D. Reprinted from 

Vigmond et al [59] with permission from Elsevier. 

The anisotropy of conduction due to myofiber and myolaminar orientations 

could be incorporated in the conductivity tensors. If either the extracellular electric 

field can be ignored, or the ratios of the longitudinal and transverse conductivities 

in the intracellular and extracellular spaces are equal, the above bidomain 

equations could be simplified to the monodomain equation [56, 60]: 

45 6"4/" # 7!"        (2.3)

where /"  is the transmembrane voltage, and 6" # 6*86* ) 619:;61  is the 

monodmain conductivity tensor. It has been demonstrated that the mondomain 

formulation could reasonably approximate the electrical activity in the heart, with 

significantly less computational expenses than those associated with the bidomain 

model [60]. Finally, the governing monodomain or bidomain equations could be 

solved using finite element methods on a spatially discretized version of the heart

[59]. 
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2.4 Cardiac Imaging 

2.4.1 Magnetic Resonance Imaging 

Magnetic Resonance Imaging (MRI) is a non-invasive imaging technique widely 

used in biomedical research and clinical settings. MRI is capable of providing 

exceptional soft tissue contrast in the body’s organs such as the brain, liver and 

heart. The basic principle of signal detection in MRI relies on the absorption and 

emission of radiofrequency (RF) energy by the atomic nuclei in the presence of an 

external magnetic field. The majority of the research and clinical MRI techniques 

use the hydrogen atoms naturally present in the water molecules inside the body to 

generate a radiofrequency signal. Typical MRI hardware consists of an MRI 

magnet to provide a strong static magnetic field, radiofrequency coils responsible 

for transmitting and receiving the signal from the object, and gradient coils to 

create a spatially variant magnetic field.  

The generation of spatial images in MRI involves manipulation of nuclear 

magnetic spins present in the object using an external field. While the detailed 

interaction of the spins with other spins and the external field lies in the realm of 

quantum physics, macroscopic phenomenological models of spin magnetization are 

usually sufficient to describe such interactions in the context of MR pulse sequence 

design. At the equilibrium state, the magnetic spins are aligned with the direction 

of the external static magnetic field. The application of RF signal at the resonant 

Larmor frequency (127.74 MHz for a hydrogen atom in a 3 Tesla magnet) excites 

the spins and transfers them from a low-energy state to a high-energy state. Upon 

the termination of the RF signal, the spins return to their original state. This 

process generates time-varying changes in the magnetic flux at the receiver coil and 

gives rise to the MR signal. Since the precession frequency of the spins is linearly 

related to the local magnetic field, the application of a spatially varying magnetic 
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field using the gradient coils encodes the spins with their spatial location. The 

received signal therefore contains spatially encoded information from all across the 

object. An image domain signal can be generated by the application of an Inverse 

Fourier transform on the detected signal. By varying the parameters of the imaging 

sequence, different contrasts can be generated from the tissue. This makes MRI a 

highly versatile imaging modality in providing anatomical and functional details 

regarding the tissue under study. 

2.4.2 Diffusion Weighted Imaging 

Diffusion imaging is an MR-based imaging technique that utilizes the diffusion 

of water molecules to probe the microstructure of the tissue. The random 

movement of particles in a fluid or gas is referred to as Brownian motion and was 

first mathematically characterized by Einstein in 1905. The average diffusion 

distance of freely moving particles in a time interval is governed by the following 

equation:  

< ∆𝑟? >	  = 6𝐷∆𝑡         (2.4) 

where < ∆𝑟? > is the average squared displacement of particles allowed to diffuse 

freely in the time interval ∆𝑡. Here 𝐷 is the diffusion coefficient that depends on 

the temperature. At the room temperature (25°C), the self-diffusion coefficient of 

water is approximately 2.3 × 10-3 mm2/s. If the water molecules were allowed to 

diffuse freely in the interval of ∆𝑡  = 50ms (a typical measurement interval in 

diffusion imaging), their root-mean-square displacement would be about 26 µm. 

However, in a biological tissue such as cardiac tissue the dimensions of subcellular 

and extracellular spaces are on the order of several micrometers. This suggests that 

in typical diffusion MR imaging, the diffusion of water molecules is most likely 

impeded by cell membranes and other subcellular and extracellular obstacles. It is 

indeed due to the measurement of this impeded diffusivity by which diffusion 
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imaging is capable of probing the underlying structure in the tissue.  

Diffusion MR measurement is based on the attenuation of MR signal after the 

application of strong diffusion sensitizing gradients. The schematic in Figure 2.7 

demonstrates the basic principle that the random movement of water molecules 

could lead to signal attenuation in the presence of conventional Stejskal and 

Tanner unipolar diffusion gradients. 

.  

Figure 2.8: The effect of random molecular motions in the presence of a bipolar 

diffusion gradient. Immediately after the application of 90° RF pulse, the spins are 

coherently aligned (I). The first diffusion gradient de-phases the spins linearly 

along X (II). The random movement of the water molecules in the interval between 

II and III is here demonstrated by switching the location of 4 adjacent spin pairs as 

highlighted by the red and blue boxes. IV and V represent the time-points after 

the 180° and the re-phasing diffusion pulses respectively. The red spins that have 

undergone random movements along the gradient direction (X) do not completely 

return to the original state. This leads to an incoherent spin arrangement at the 

echo time and therefore leads to MR signal attenuation. 
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The signal attenuation could be described with the following equation: 

𝑆 = 𝑆F𝑒:HI         (2.5) 

where 𝑆 is the intensity of the diffusion-weighted signal, 𝑆F is the non-diffusion-

weighted signal that is generated using the same pulse sequence but with no 

diffusion-sensitizing gradients, b or b-value is a parameter that represents the 

extent of the applied diffusion weighting and depends on the timing, shape and the 

strength of the diffusion pulses and finally D is the effective diffusion coefficient. 

For a particular diffusion sequence, the b-value can be represented as: 

𝑏 = 𝑘(𝑡L). 𝑘(𝑡L)MN
F 𝑑𝑡L        (2.6) 

where 𝑇Q is the echo time and 𝑘(𝑡) is the time-integral of the gradient waveforms:  

𝑘(𝑡) = 𝛾 𝐺(𝑡L)(
F . 𝑑𝑡L        (2.7) 

For a standard rectangular bipolar diffusion gradient (Figure 2.8), the b-value can 

be calculated as 

𝑏 = 𝛾?𝐺?𝛿?[Δ − W
X
]         (2.8) 

Therefore, D can be estimated by repeating the experiment with two different b-

values: 

𝐷 = ;
(HZ:H[)

ln	  [^(H[)
^(HZ)

]         (2.9) 

Often one of the b-values is set to zero, in which case 𝑏;=0 and 𝑆(𝑏;) = 𝑆F.  

2.4.3 Diffusion Tensor Imaging 

In the presence of anisotropic structure, as in the case of skeletal or cardiac 

muscle, the water diffusivity is not isotropic. The effective diffusivity could be 

represented as the second-order self-diffusion tensor D [61]. 
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𝑫 =	  
𝐷𝒙𝒙 𝐷𝒙𝒚 𝐷𝒙𝒛
𝐷𝒚𝒙 𝐷𝒚𝒚 𝐷𝒚𝒛
𝐷𝒛𝒙 𝐷𝒛𝒚 𝐷𝒛𝒛

        (2.10) 

The equations representing the relationship between the signal intensity and the 

effective diffusivity can be generalized as: 

	  ln ^c
^

= 𝑏*d𝐷*dX
de;

X
*e;        (2.11) 

𝑏*d = 𝛾? ( 𝐺*(𝑡LL)𝑑𝑡LL).
(f

F

MN

F
( 𝐺d(𝑡LL)𝑑𝑡LL)𝑑𝑡L

(f

F
 

where i and j relate to any of the gradient directions [x,y,z]. The diffusion tensor is 

symmetrical i.e. 𝐷*d = 𝐷d* , therefore there are only 6 unique values in the tensor. 

Given this, measurements along at least 6 non-colinear diffusion gradient directions 

is required in addition to b=0 to determine the diffusion tensor. The acquisition of 

more diffusion directions leads to an over-determined system of equations and 

could improve the tensor estimation. 

Subsequent to the calculation of the diffusion tensor, each voxel is assigned a 

tensor with 6 independent values that include diffusivity terms along x,y,z (i.e. 

𝐷𝒙𝒙,	  𝐷𝒚𝒚,	  𝐷𝒛𝒛) and the non-diagonal elements. Switching from the image-based 

coordinate system to a tissue-based frame is an efficient way to interpret the 

information. Mathematically, this is equivalent to diagonalization of the diffusion 

tensor [62]:  

𝑫𝑒* = 𝜆*𝑒*	  , 𝑖 = 1,2,3        (2.12) 

in which the eigenvalues [𝜆;, 𝜆?, 𝜆X] (𝜆; ≥ 𝜆? ≥ 𝜆X) represent the diffusivity values 

along the tissue-based orthogonal axes as determined by the eigenvectors 

orientation [𝑒;, 𝑒?, 𝑒X]. The eigenvectors could be utilized to explore the anisotropic 

orientation of the tissue. In the myocardium, the first eigenvector has been shown 

to coincide with local myofibers [30]. The second and third eigenvectors determine 

the orientation of laminar structures of the cardiac tissue [63, 64]. Scalar invariant 
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quantities could also be derived from the diffusion tensors; these values are 

invariant to the choice of image coordinate system. Mean diffusivity can be defined 

as below: 

𝑀𝐷 =	  𝜆 = n[onZonp
X

= I𝒙𝒙o	  I𝒚𝒚o	  I𝒛𝒛
X

       (2.13) 

In addition, Fractional Anisotropy (FA) is a useful measure that represents the 

degree of diffusion anisotropy in a tissue: 

𝐹𝐴 = 	   X
?
. (n[:n)

Zo(nZ:n)Zo(np:n)Z

n[
ZonZ

Zonp
Z         (2.14) 

FA value of 1 corresponds to an idealized anisotropic diffusivity, and FA of 0 

represents a complete isotropic diffusion. In a highly anisotropic tissue in the 

human body such as brain white matter, FA could reach 0.7. In a normal human 

heart FA~0.4 has been reported. 
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Chapter 3  

High-Resolution 3D Diffusion Tensor Imaging to 

Reconstruct Whole-Heart Fiber Orientation in 

Large Animal and Human Hearts ex vivo 
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3.1 Introduction 

The imaging of large animal and human hearts that is required for accurate 

reconstruction of fiber architecture demands an MR pulse sequence that produces 

images with high resolution, high signal-to-noise ratio (SNR) and few image 

artifacts. To achieve these goals one is confronted with several trade-offs arising 

from fundamental MR physics as well as practical limitations such as total scan 

duration and cost. A major physical trade-off comes from the fact that image SNR 

is positively related with imaging voxel size and total scan duration; SNR 

deteriorates as the spatial resolution increases, and it improves at longer scan times. 

The increased scan time could present additional technical challenges such as 

instability in the sample’s physical condition (e.g. position and temperature) and in 

the MR imaging hardware, not to mention the increase in the cost associated with 

the scan. Adoption of fast imaging techniques with the goal of shortening the total 

scan time could generally lead to unwanted image artifacts.  

 In addition to the imaging parameters directly influencing the image resolution, 

quality and SNR, accurate reconstruction of diffusion tensors demands optimal 

strategies in regard to the selection of DTI-specific parameters. These parameters 

should be taken into account for the optimization of the overall imaging sequence 

and include: the extent of diffusion sensitivity determined by the strength and the 

timings of the diffusion gradients, the number of diffusion directions, and the 

angular distribution of diffusion gradients. Finally, another major constraint comes 

from the fact that whole-heart imaging of intact large animal and human hearts is 

not possible in high magnetic field animal scanners with small bore dimensions. 

Therefore, the imaging needs to be performed on scanners with large bores such as 

a clinical scanner to accommodate the whole heart. 

In this chapter we will present the methodology developed in this thesis to 
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reconstruct fiber architecture in large animal and human hearts using ex vivo 3D 

DTI, along with the results obtained from this technique. 

3.2 Pulse Sequence Design 

A diffusion-weighted pulse sequence is mainly comprised of a diffusion 

preparation phase followed by an imaging phase. While the former sensitizes the 

signal to water diffusivity in a particular direction, the latter is responsible for 

spatial encoding and acquisition of the signal. We implemented a customized 3D 

Fast Spin Echo sequence with two symmetric unipolar diffusion pulses around a 

180° refocusing pulse, as first proposed by Stejskal-Tanner (ST). This diffusion 

pulse scheme has the advantage of having the highest diffusion sensitization factor 

(b-value) given a total diffusion time and maximum gradient strength, and 

therefore reduces the echo time (TE) given a fixed b-value. Achieving minimal TE 

is particularly important for cardiac tissue with a high signal decay rate due to a 

short T2. The ST diffusion pulses are most frequently used in ex vivo experiments, 

when there is no motion present in the object. Other diffusion schemes such as 

Stimulated Echo and an asymmetric twice-refocused version of ST are less sensitive 

to the bulk motion and therefore are mostly used in imaging of the beating heart. 

The 3D Spin Echo (SE) sequence is the most advantageous choice for the 

imaging part of the pulse sequence in terms of SNR and image artifact. Other fast 

imaging techniques such as EPI are more prone to distortions in the presence of 

eddy currents, chemical shift, B0-field inhomogeneity and off-resonance effects due 

to magnetic susceptibility variations (e.g. tissue- air/liquid interface). The majority 

of the clinical diffusion imaging is performed in 2D or multi slice scheme. Although 

such methods could provide improved scan time by imaging a section of the heart, 

they suffer from lower SNR and produce image artifacts due to slice-cross talk or 

slice selection profile. Therefore, 3D imaging sequence is necessary to avoid such 
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artifacts and to achieve high image SNR and quality. We therefore used a 3D Fast 

Spin Echo DTI sequence on a Philips clinical scanner (3T Achieva TX; Philips 

Healthcare, Best, the Netherlands). In order to implement this sequence we used 

pulse-programming approach to modify the existing 2D Spin Echo diffusion 

sequence on the scanner. The schematic of the customized pulse sequence in this 

thesis is presented in Figure 3.1. 

 

Figure 3.1: Schematic of the 3D diffusion-weighted Fast Spin Echo pulse-sequence 

used to measure fiber structure in all the hearts in this thesis. 

The signal readout was performed using two acquisition echoes. Each echo 

covered the k-space with full coverage along Ks and Kt axes and partial coverage in 

Ku direction. The partial scan factor (vEq) determines the ratio of Ku-dimension 

that is covered by each echo and varied from 0.6 to 1 for different experiments. 

The echoes had opposite Ku polarities and both covered the K -space center. 

Therefore, for a given vEq, the Ku coverage interval of each echo was:3Ku; #

-i2j8vEq - w5x9 5 K"yz  and Ku? # -j vEq - w5x 2 i 5 K"yz  in which Ku; and Ku?

represent the K-space coverage intervals for echo 1 and echo 2 respectively and 

K"yz is the maximum Ku value in K-space (vEq # i leads to the full coverage of K-
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space by both echoes). The short T2 of the myocardial tissue fixed in formaldehyde 

(~40ms) did not justify using a higher number of echoes in the sequence. Finally, 

the imaging parameters were optimized to image a whole animal or human heart 

(average dimension of a human heart ~ 6x9x12 cm3) over 40-60 hours of scan time 

at a sub-millimeter resolution. In preliminary design of the pulse sequence, we 

found, through trials, that diffusion gradient amplitudes and imaging gradients 

needed to be adjusted to a level that was below the maximum capability of the 

scanner in order to achieve long-term stability. Imposing these constraints limited 

the achievable diffusion b value and spatial resolution, and added to the scan 

duration by increasing the minimum Repetition Time (TR). The duty cycle of the 

final sequence was < 15%.  The imaging parameters specific to each imaging 

application are provided in future chapters, but typical values (for whole human 

heart imaging) include: TE = 60 ms, TR = 625 ms, bandwidth = 289.8 Hz per 

pixel, number of echoes = 2, partial echo factor = 0.6, diffusion gradients duration 

= 22.9 ms, time gap between diffusion pulses = 12.5 ms, maximum gradient 

strength = 60 mT/m, number of diffusion encoding directions = 15, maximum b 

value = 800 s/mm2 , field of view: 110×90×120 mm3 (covering the whole heart), 

acquired voxel dimension = 0.5×0.5×1.0 mm3 and reconstructed voxel dimension = 

0.4×0.4×0.4 mm3. 

3.3 Image Reconstruction and Tensor Calculation 

The raw MRI data was exported from the scanner and a customized image 

reconstruction was performed offline in MATLAB (The MathWorks Inc, Natick, 

MA). The reconstruction took advantage of two echoes to increase the SNR; 

images from each echo were reconstructed separately and were averaged in image-

space. In the case of partial echo (PSF<1), a 3D homodyne reconstruction method 

was used to reconstruct the full 3D image for each echo. Prior to the diffusion 

tensor calculations, the images were interpolated to an isotropic voxel size using 
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zero-padding. Figure 3.2 presents short-axis views of non diffusion-weighted image 

(b0) and a diffusion-weighted image acquired using the developed DTI sequence in 

a normal porcine heart. The myocardial SNR, the ratio of the mean signal to the 

Gaussian converted (x0.65) standard deviation of the background noise in the b0 

image was ~120.  

 

Figure 3.2: Short-axis slices of (A) the non-diffusion weighted image (b0) and (B) a 

diffusion-weighted image in a normal porcine heart. 

From the 15 diffusion-encoded images and the b0 image, diffusion tensors were 

calculated using DTI Studio [65] software. Subsequently, tensor diagonalization was 

performed in MATLAB to calculate diffusion eigenvectors and eigenvalues. 

Primary eigenvectors were used to obtain the fiber orientation. 

3.4 Fiber Angle Measurement 

The primary diffusion eigenvector angles were measured in a local coordinate 

system that is tangential to the LV endocardial surface (Figure 3.3). The three 

orthogonal axes (unit vectors) of this coordinate system n, t and f were defined as 

follows: n: the normal vector to the endocardial surface, t: circumferential axis, 

such that t = n ! z (where z is the longitudinal axis of the heart that is directed

from apex to base), and f = n ! t.  As demonstrated in Figure 3.3, the orientation 
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of the primary eigenvector could be uniquely determined by two fiber angles 

measured in this coordinate system. The inclination angle was defined as the angle 

between the projection of the primary eigenvector onto the tangential plane (plane 

made up by t and f) and the local circumferential axis (t). Likewise, the 

imbrication angle was defined as the angle between the circumferential axis (t) and 

the projection of the eigenvector onto the plane defined by t and n. In a normal LV 

wall, the inclination angle changes smoothly from the epicardium with fibers 

having negative inclination angle (aka left-handed fibers) to the endocardium with 

fibers having positive inclination angle (aka right-handed fibers). The 

circumferentially running fibers at the midwall have an inclination angle close to 

zero. In addition, imbrication angle is, on average, close to zero in a normal LV 

wall. Inclination and imbrication angles were measured at all myocardial voxels 

throughout each heart. For the purpose of visualization the vector field associated 

with the primary eigenvector was rendered in TrackVis and the fibers were color-

coded using inclination angles.  

 

Figure 3.3: Measurement of primary eigenvector angle in a local heart coordinate 

system that is tangential to the endocardial surface. The inclination angle (inc) is 

defined by projecting the eigenvector onto the tangential plane formed by vectors f

and t. Similarly the imbrication angle (imb) is measured by projection onto the 

plane defined by n and t. 
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3.5 Fiber Tractography 

For the purpose of visualization, fiber tracking was performed on the principal 

eigenvector using the Fiber Assignment by Continuous Tracking algorithm 

(FACT) in DTI Studio [65]. This algorithm works by growing tracts from the 

center of individual voxels in such a way that the local orientation of the tracts 

coincides with the local eigenvector axis. This process is performed for all the 

voxels with FA greater than a user-defined threshold (starting criteria). The tracts 

are terminated if either the voxel FA value falls below the user-defined stopping 

threshold, or the angle between two eigenvectors to be connected is greater than a 

user-defined angle threshold (angle deviation). Tractography has been used 

extensively in brain research to elucidate the anatomical connectivity in the white 

matter [66]. In the heart, the resulting tracts are a macroscopic manifestation of 

fiber architecture and are locally aligned with the myofibers. Notably, despite the 

usefulness and efficiency of the tractography method to visualize and explore the 

organ level fiber architecture in the heart, the single tracts do not have a physical 

embodiment in the myocardial tissue. This needs to be considered for an accurate 

interpretation of tractography results.  

3.6 Validation Using Phantoms 

To assess the accuracy and the precision of the diffusion estimates obtained 

from the DTI sequence, we performed an experiment with a circular DTI phantom 

previously constructed by winding polyamide fibers around an acrylic glass spindle 

[67]. This phantom was imaged consecutively three times with the following 

imaging parameters: acquired resolution = 1.15×1.15×1.20 mm3, TE = 62 ms, TR 

= 536 ms, b-value = 1000 s/mm2, number of diffusion directions = 15, scan 

duration for each acquisition = ~15 hours, total continuous acquisition time for 

three scans = ~45 hours. Figure 4.4 presents the fiber orientation maps obtained 
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from the DTI sequence in this phantom, indicating that the eigenvectors have 

circular orientation (Figure 3.4A) and virtually run in the xy-plane (Figure 3.4B) 

with a very low out-of-plane angle in the image (median = 0.40°, 25-75% percentile  

= [0.13, 0.91]°). 

Figure 3.4: DTI results in a circular phantom. The tensors are reconstructed from 

the first (of three) image acquisition. (A) In-plane angle (angle between the 

projection of eigenvectors onto the xy-plane and the x-axis, i.e. blue: horizontal, 

red: vertical) and (B) out-of-plane angle (angle between the eigenvectors and the 

xy-plane). 

Further, to determine the uncertainty in the estimation of the diffusion 

eigenvectors, a bootstrapping method was performed on the data retrospectively

[68]; from all the diffusion volumes (total of 15!3=45 DWs and 1!3=3 b0s 

volumes), N=1000 bootstrap datasets (b0 + 15DWs volumes) were created by 

random selection of the volumes (with replacement). At each voxel, the average 

primary eigenvector from all the bootstraps was calculated using the dyadic tensor 

approach [68]. This method handles the problem of antipodal symmetry, i.e. the 

diffusion eigenvectors do not contain directional information and are only defined 

along their axis. Further to quantify the dispersion of eigenvectors around the 

calculated mean eigenvector, the 95% confidence interval (CI) of the minimum 

angle between the individual eigenvectors and the average eigenvector was 

calculated. The 95% CI in fiber orientation over the image slice had a median value 

of 2.3° (25-75% percentile  = [1.8, 3.0]°). 
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In addition to the cylindrical phantom experiment, the stability of the imaging 

system over the long duration scan was assessed in a porcine heart imaged at a 

sub-millimeter resolution. The b0 (non-diffusion weighted) images were acquired at 

the beginning (b01, t=0 hours) and the end of the scan (b02, t=~50 hours) in this 

heart.  These two image stacks were compared for spatial registration and SNR 

consistency.  Further, two separate DTI tensors were reconstructed from these data 

using first, the b01 volume with the 15 diffusion-weighted images, and second, the 

b02 as the non-diffusion weighted volume. The resulting angle difference in the fiber 

orientation reconstructed using b01 and b02, was insignificant inside the 

myocardium (<0.25 degrees), indicating that there was virtually no effect of the 

long scan duration on the acquired images. 

3.7 Results in Large Animal and Human Hearts 

Figure 3.5 presents the fiber orientation maps in a normal porcine heart. The 

images are color-coded with the longitudinal component of the primary eigenvector 

(vz) to distinguish the epicardial, circumferential and endocardial fibers. As 

demonstrated in the figure, the papillary muscles and the trabecular structures in 

the heart have primarily longitudinal (apex-to-base) orientation. Figure 3.6 

presents the fiber tractography visualizations of the same porcine heart. 
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Figure 3.5: Fiber orientation maps in a normal porcine heart in a (A) short-axis 

and (B) long-axis slices. The voxels are color-coded based on the z-component of 

the primary eigenvector (vz), i.e. red is longitudinal (apex to base) and blue is 

circumferential orientation. 

 

Figure 3.6: Fiber tractography visualizations in a normal porcine heart. Left: view 

from the base to apex represents the longitudinally-running papillary muscles and 

trabecular structures distinguishable by yellow and red colors. Right: the anterior 

view demonstrates the oblique left-handed fibers at the epicardium of LV. 
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This technique was further applied to multiple species to generate high-

resolution datasets of whole-heart fiber orientation in normal and diseased hearts. 

Figure 3.7 illustrates the eigenvector maps in canine, porcine and human heart LVs. 

The fibers are color-coded with the inclination angle calculated as described in 

Section 3.4. The canine datasets generated here were used in multiple studies to 

perform image-based reconstructions of ventricular geometry [69] and myocardial 

infarction [70], and to estimate ventricular fiber orientation in infarcted hearts [71]

for patient-specific modeling of cardiac electrophysiology. 

Figure 3.7: Primary eigenvector maps obtained in large animal (canine and 

porcine) and human hearts at a submillimeter resolution. The fibers in the left-

ventricles are demonstrated with color-coding based on the inclination angle 

(bottom row), and the absolute value of inclination angles (upper row). The blue 

bands in the upper row images delineate the circumferentially running fibers of the 

midwall. 
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Finally, we imaged whole human hearts consisting of ventricles and atria using 

the developed DTI sequence. Figure 3.8 illustrates whole-heart tractography in a 

human heart. Detailed reconstruction of fiber architecture in the atria has been 

presented in Chapter 4.   

Figure 3.8: Whole-heart fiber tractography in a human heart obtained from the 

DTI technique in this thesis. 

3.8 Conclusions 

The 3D DTI technique presented here provides promising results to image the 

whole-heart specimens at a high image quality and resolution. In the next chapters 

of this thesis, we will utilize this methodology to investigate the microstructural 

characteristics of porcine and human hearts in normal and disease states. 
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Chapter 4 

Myofiber Architecture of the Human Atria as 

Revealed by Sub-Millimeter Diffusion Tensor 

Imaging 
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This study has been published in Circulation: Arrhythmia and Electrophysiology 

[72]. 

4.1 Introduction 

The exact relation between atrial structural pathways and electrical 

function/dysfunction in normal and diseased human atria has not been fully 

charactrized [51]. Atrial muscular architecture has a direct effect on atrial electrical 

activity by creating a preferential direction for excitation wave propagation [73] 

and has been shown to promote rhythm disturbances under a variety of conditions  

[16, 18, 74–77]. Therefore, accurate knowledge of the human atrial fibrous structure 

is important in understanding human atrial arrhythmia mechanisms; such 

knowledge could contribute significantly towards the improvement of strategies for 

treating atrial rhythm disorders [78]. 

Existing information regarding atrial fiber orientation has been acquired from 

photography and tracings of visually observed tracts after sectioning the atria [35, 

79–81]. In addition to being destructive to the tissue and thus possibly introducing 

measurement biases, such methodologies involve the cumbersome task of 

reconstructing the 3D atrial structure from piece-wise data [82]; this task is 

particularly difficult for the large human atria. Furthermore, such acquisition 

methods render the systematic inter-subject comparison nearly impossible. 

Consequently, in contrast to the ventricles, there is a paucity of data regarding 

atrial fiber architecture variability in the human population. The need for such 

data is underscored by the fact that atrial anatomy varies greatly in the human 

population, as documented by in-vivo imaging [33, 34]. 

Diffusion Tensor Magnetic Resonance Imaging (DTMRI) is a non-invasive 

technique that uses water diffusion as a probe to image fiber orientation in tissue 

[83, 84].  DTMRI has been widely utilized to study fiber architecture in the brain 
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and other organs [85, 86]. Importantly, it has been successfully applied to acquire 

ventricular fiber orientations in normal and diseased hearts, both in animal species 

and in the human [87–91]. Ventricular fiber maps derived from DTMRI have been 

shown to correspond well to histological measurements of fiber angles [30, 64, 92, 

93].  Acquiring DTMRI atrial fiber architecture, however, has proven extremely 

challenging. Difficulties arise from the fact that the atrial wall is significantly 

thinner than the ventricular wall, and from the high complexity of atrial fiber 

architecture, consisting of overlapping and interconnected bundles running 

throughout the chambers. Successful acquisition of atrial fiber architecture thus 

necessitates very high DTMRI image resolution and quality. 

In this study, we present the first DTMRI acquisition of fiber architecture in 

the human atria. We have developed a customized 3D DTMRI sequence on a 

clinical scanner that makes it possible to image an entire intact human heart 

specimen ex vivo (Chapter 3). We have optimized the MRI sequence so that the 

scan can be performed over a long period of time without deterioration in image 

stability. The method yields both high image signal-to-noise ratio (SNR) and 

resolution, which are essential for capturing details in atrial structure. Here, we 

applied this new technique to reconstruct the 3D fiber orientation in eight human 

atria at a sub-millimeter resolution, providing an unprecedented level of 

information regarding both human atrial structure as well as its inter-subject 

variability. The information obtained in this study could lead to an enhanced 

understanding of atrial rhythm and pump disorders and thus improvements in 

their targeted treatment. The new DTMRI methodology is also expected to have 

broad utilization in acquiring the structure of other large specimens at sub-

millimeter resolution.  
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4.2 Methods 

4.2.1 Specimen Acquisition and Preparation 

Human hearts (including the intact atria) were procured through the National 

Disease Research Interchange (NDRI, Philadelphia, PA).  The hearts were from 

donors between the ages of 50 and 100 years (n=8, see Table 1 for donor 

characteristics). The tissue post mortem recovery interval was 12 hours. Diffusion 

imaging over a long time interval demands specimen preparation that ensures 

minimal artifact as well as sample stability during acquisition. In this study, the 

hearts were fixed in 10% buffered formaldehyde post recovery and were submerged 

in a buffer prior to imaging. In order to assure complete fixation of the whole 

heart, the specimens were scanned at least 40 days after the onset of the fixation in 

the formaldehyde. The atria were carefully filled and shaped, without damaging the 

tissue, to be close to the LV end-systolic state (maximum atrial filling) using 

compressed cotton absorbent. During acquisition, to obtain zero background signal 

from the heart chambers while avoiding specimen dehydration and susceptibility 

artifacts generated from the a tissue-air interface, the hearts were submerged in a 

perfluorocarbon solution (3M, Maplewood, Minnesota). Test scans were performed 

to detect and eliminate any air bubble artifact inside the atria. The images from 

the beginning and the end of the experiment were compared to confirm the 

negligible change in the level of the tissue signal and in the specimen position over 

the long duration of scan (see Section 3.6). 
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Heart 

Name 

Age/Sex Cardiac disease 

status 
Angle mean (°) Angle spread (°) 

Heart 1 93/F MI 97 27 

Heart 2 67/F MI 98 26 

Heart 3 90/F Normal 168 36 

Heart 4 76/M MI 105 28 

Heart 5 76/F Normal 95 27 

Heart 6 94/F AF 100 19 

Heart 7 86/M AF 99 12 

Heart 8 55/M Normal 101 18 

Table 4.1: Subject characteristics and measured fiber angles on the roof of the left 

atria for the post-mortem heart samples used in this study. The statistics were 

calculated based on the fiber angles measured within the patch shown in Figure 

4.2. The ”angle spread” is the root mean square deviation of the fiber angles (AF: 

Atrial Fibrillation, MI: Myocardial Infarction, M: Male, F: Female). 

4.2.2 Imaging 

The primary challenge for this project was to create a pulse sequence with 

sufficient resolution and diffusion sensitivity to image detail within the atrial wall, 

while retaining the imaging stability over the MRI scan time which averaged 

approximately 50 hours per specimen.  The large specimen size of the ex vivo heart 

required a clinical scanner (3T Achieva TX, Philips Healthcare, Best, Netherlands). 

The RF coil used in this study was Philips 8-Channel head coil. The balance 

between high gradient amplitudes, and optimized imaging bandwidth for artifact 

reduction was found through a series of iterative trials.  The final sequence used 

was a 3D Fast Spin Echo: TE = 60ms, TR = 625 ms, BW = 289.8Hz/pixel, 

number of echoes = 2, partial echo factor = 0.6, diffusion gradients duration = 

22.9 ms, time gap between diffusion pulses = 12.5 ms, max gradient strength = 60 

mT/m, number of diffusion encoding directions = 15, maximum b-value = 800 
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s/mm2, FOV: 110x90x120 mm3 (covering the whole heart), acquired voxel 

dimension: 0.5x0.5x1.0 mm3.  The images were reconstructed with 0.4mm3 isotropic 

voxels by using zero padding. The measured SNR for the non-diffusion weighted 

images (b0) was ~120 (+/- 20). The 1.0 mm “slice” direction of the voxels was 

aligned with the longitudinal axis of the heart. 

To achieve high accuracy in the segmentation of the thin atrial wall, specimens 

were additionally imaged using a 3D T1-weighted gradient echo MRI at an 

isotropic resolution of 0.25mm3 (TE=2.3ms, TR=12ms, scan duration: 1hr). These 

higher resolution images were used to guide the segmentation process.   

4.2.3 Post Processing 

Raw MRI data were exported from the scanner and a customized image 

reconstruction was performed offline using MATLAB (The MathWorks Inc., 

Natick, MA) scripts.  The reconstruction took advantage of the two spin-echoes to 

increase the SNR of the final diffusion images (Chapter 3).  From the 15 diffusion 

encoded images and the b0 image, diffusion tensors were calculated using DTI 

Studio [65]. The atrial myocardium was segmented semi-automatically using 

manual thresholding and masking of the b0 image in combination with the T1 

weighted image. Fractional Anisotropy (FA) is a scalar measure of diffusion 

anisotropy pattern in the tissue and ranges between 0 (fully isotropic diffusion) and 

1 (fully anisotropic diffusion). Low and high cut-off thresholds were applied to the 

FA map (inclusion range: 0.01 - 0.45) to exclude the low-quality voxels (e.g. voxels 

with partial volume artifact, fat, tissue decomposition) that generate extreme FA 

values. These segmentation masks defined the boundaries for the measurement of 

fiber angles and other structural properties in the atrium. 
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4.2.4 Fiber Angle Measurement 

A contribution of this work is the discovery of a reproducible coordinate system 

to express the relative fiber angles of the myocardial tracts on the roof of the LA.  

To do so, the origins of the 4 pulmonary veins were used as the reference points 

within the highly complex geometry of the atria. A ”horizontal” vector was 

defined, connecting the median points of the left (inferior and superior) and right 

(inferior and superior) PVs, as shown in Figure 4.2. Once this coordinate system 

was established for each atrium, the principal eigenvectors were projected onto the 

local plane that is tangential to the atrial surface at the closest point. The fiber 

angles on the roof of the left atria were defined as the angle between the projected 

eigenvector and the projection of the horizontal vector onto the same tangential 

plane. In this coordinate system the fibers with an angle of 0° run left to right on 

the roof of the LA, and fibers extending in the anterior-posterior direction have 

fiber angle of 90°, as shown in the cartoon at the bottom right of Figure 4.2.  For 

each heart, a ~2x2 cm patch was defined at the center of the atrial roof to measure 

the mean fiber angle on the roof (see schematic at bottom of Figure 4.2). 

Maps of transmural fiber angle dispersions were created by calculating the 

angular deviations of local fiber angles inside a disk with diameter 4mm that goes 

through the entire atrial wall, regardless of wall thickness. 

4.2.5 Tractography 

For the purpose of visualization, fiber tracking was performed on the principal 

eigenvector using the Fiber Assignment by Continuous Tracking (FACT) 

algorithm [65] (stopping criteria: FA = 0.065, angle deviation = 45 degrees) in DTI 

Studio (see also Section 3.5). The resulting tracts are a macroscopic manifestation 

of fiber architecture and are locally aligned with the myofibers. The fibers were 

rendered using Trackvis software [94]. The original tracking algorithm (FACT) 
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that generated tracts from each voxel in the atria produced very dense fiber maps 

(~1M tracts in the whole atria). Showing all of the generated tracts would have 

made the visual tracing of the distinct bundles impossible, and obscured the 

endocardial layer of fibers. Thus, to achieve visualization appropriate for the goals 

of the study, we implemented a two-step process. In the first step, we performed a 

pre-selection on the original tractography results: We initially calculated the 

regional tracts’ density by counting the number of tracts passing through each 

voxel. We then assigned a density score to each tract, which is the median of the 

densities of all the voxels that the tract passes through. Further, we grouped all 

the tracts into N=50 distinct bins, based on their density scores. Following that, a 

random sampling process was applied to each bin to select a pre-calculated number 

of tracts for the visualization. This number was inversely proportional to the bin 

density. This processing step resulted in a better visualization with fewer gaps in 

regions with lower density of tracts. In the second step, the resulting tracts were 

culled down by uniform sub-sampling of the list of the selected tracts from the 

previous step. This culling down process was performed progressively in TrackVis 

until we achieved a visualization that captures the major features of the atria. The 

individual points on the fibers tracts were then color-coded based on their absolute 

distance from the endocardial shell (red: epicardial, yellow: endocardial).  

In order to group the fiber tracts into the new basis set of “bundles” that are 

common to all atria, semi-automatic clustering was performed based on the 

similarity in the orientation of the neighboring tracts.  An initial k-means 

algorithm was applied to regroup the tracts into a number of clusters (n>50), each 

containing adjacent tracts with similar fiber orientations. These clusters were then 

manually selected in TrackVis, by placing seed points on the atria and finding the 

tracts that intersect them. Total of 15 “basis” bundles were selected using this 

technique, each with a distinct orientation and spatial extent. 
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4.3 Results 

As described in the Methods, all images were acquired with voxel resolution of 

0.5x0.5x1.0mm3 and reconstructed to 0.4x0.4x0.4mm3. The average thickness of the 

atrial wall across the eight human atria was 2.73mm (5-95% quartiles: 0.98-

4.38mm), which corresponds to 4.34 voxels (5-95% quartiles: 1.56-6.96 voxels). The 

mean Fractional Anisotropy (FA, see Methods) and Mean Diffusivity (MD) in the 

sampled atria were 0.18 (25-75% quartiles: [0.12-0.22]) and 8.5×10-4 mm2/s (25-75% 

quartiles: [6.8-10.1]×10-4 mm2/s) respectively. The corresponding values for FA and 

MD measured in LVs of the same hearts were 0.20 (25-75% quartiles: [0.15-0.23]) 

and 7.3×10-4 mm2/s (25-75% quartiles: [6.3-8.1]×10-4 mm2/s). Figure 4.1A,B presents 

data from two samples, illustrating the complexity of human atrial geometry. 

Figure 4.1A shows a short axis slice (b0 image, non-diffusion weighted) with the 

superimposed segmentation of atrial tissues (left and right atria, and the inter-

atrial bundle). In Figure 4.1B, atrial geometry is rendered by the grey volume of 

the lumen. All main features of atrial structure, including the pulmonary veins 

(PVs) and the trabeculated surfaces of left and right atrial appendages have been 

captured at this resolution.  
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Figure 4.1: Acquired geometry and fiber visualization results in human atria 

specimens. (Left panel) Atrial geometry: (A) Short-axis view of a non-diffusion 

weighted image (b0) with superimposed segmentation of left atrium (LA, red), 

right atrium (RA, blue) and inter-atrial bundles (green). Fat tissue surrounding the 

atria is excluded from the segmentation. (B) Anterior view of left and right atria 

created from T1-weighted images; the dark grey volume represents lumen. (Right 

panel): Fiber visualization using tractography. (C) Posterior view of atrial roof. (D) 

Anterior view. (E) Inferior and left lateral view. (F) View of right atrium. Color 

encodes the local distance to the endocardial shell: yellow is the endocardial layer, 

and red is the epicardial layer. (LIPV: Left inferior pulmonary vein, LSPV: Left 

superior pulmonary vein, RIPV: Right inferior pulmonary vein, RSPV: Right 

superior pulmonary vein, LAA: Left atrial appendage, RAA: Right atrial 

appendage, IVC: inferior vena cava, SVC: superior vena cava, MV: Mitral valve, 

TV: Tricuspid valve, BB: Bachman bundle) 

The 3D spatial organization of myofiber architecture was visualized using fiber 

tractography (see Methods). Figure 4.1C-F presents renderings of the fiber 

architecture in the same human atrial specimen from different anatomical 

viewpoints. The color at each point on the tract represents the shortest local 

distance to the endocardial shell and is used to illustrate the depth of the fiber 

tracts across the atrial wall (yellow on the endocardium, red on the epicardium). 



	   49	  

Fiber tracts were found to have varying lengths and local densities (see Methods), 

and to be at different distances from the lumen. As the Figure 4.demonstrates, 

fibers traveling in different directions cross over or transition into each other 

throughout the atrial wall. The presented images illustrate the complexity of atrial 

fiber architecture in the three-dimensional (3D) organ.  

Fiber tractography results were obtained for all 8 human atrial specimens, as 

described in Methods. Figure 4.2 presents tractography for the roof of each left 

atrium (LA, posterior aspect). To assess inter-subject variability in fiber 

orientation in this region of the atria, fiber angles were measured using a 

coordinate system constructed from the 4 origins of the pulmonary veins, as 

described in Methods (see schematic at bottom of Figure 4.2). Results (Table 1) 

reveal a dominant longitudinal orientation of fibers at the LA roof in 7 of the 8 

specimens; the average fiber angle for the 7 specimens (excluding Heart 3) was 99 

degrees, with a very small standard deviation of 3 degrees.  Heart 3 is uniquely 

different from the other samples. It contains a mixture of longitudinal and oblique 

fibers at the LA roof (mean angle of 168 degrees).  
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Figure 4.2: Fiber tractography in eight hearts as viewed posteriorly over the roof of 

the LA. The lumen of each atrium is colored gray. Color-coding is as in Figure 

4.1C-F. The schematic at the bottom right shows the ”horizontal” direction 

defined by the four origins of the PVs, as described in Methods. Fiber angles on 

the roof of the posterior wall are measured with respect to that horizontal (marked 

LR in schematic). Average fiber angles at the roof were calculated in the region 

outlined by the dashed box. 

We next studied the fiber architecture across the depth of the atrial wall. 

Figure 4.3 demonstrates the fibers at different transmural layers of human atria as 

viewed from posterior and anterior sides, using sub-endocardial and sub-epicardial 

cuts. Further characterization of regional changes in fiber orientation across the 

atrial wall in 8 specimens is presented in Figure 4. Fiber tractography in posterior 

and anterior views of specimen 4 and 1 are shown in Figure 4.4A,C, respectively. In 

Figure 4.4A, top, two regions of interest (ROI), each of radius 4mm, are delineated; 

they are ~16mm apart. Histograms display the transmural distribution of fiber 

angles in each ROI (Figure 4.4A, middle row). The bimodal distribution of angles 
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in ROI A (located closer to the left inferior PV) demonstrates the presence of two 

layers of distinct local fiber orientations across the wall -- the fiber layers run in 

perpendicular directions. This change in fiber angles in direction from epi- to 

endocardium takes place abruptly at the midwall (Figure 4.4A, bottom).  ROI B 

shows a unimodal distribution of fiber angles that is mainly oriented along the 

medial axis of the posterior wall. Similar findings are presented in Figure 4.4C,D. 

Figure 4.3: Fiber tractography of human atria (specimen 1) at different transmural 

layers as viewed from the Posterior (A) and Anterior (B) sides. The right column 

presents the original tracts. Left and middle columns represent the same results 

with sub-endocardial and sub-epicardial cuts, such that the outer layer fibers (at 

higher distances from the endocardium) have been removed from the visualization. 

The tracts have been visualized at a higher density (less culling down – see 

Supplementary Methods) in comparison to Figures 4.1 and 4.2. The color-encoding 

is based on the distance from the endocardial shell. 
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Figure 4.4: Regional changes in fiber orientation across the atrial wall.  (A) (top) 

posterior view of the LA of specimen 4; (middle), a histogram of the transmural 

distribution of fiber angles from two ROIs; and (bottom), the transmural profile of 

fiber angles as a function of atrial wall depth in ROIs A and B. (B) Posterior 

lateral view of the maps of transmural angle dispersion for the eight specimens. (C) 

Same as (A) in sample 1. (D) Anterior view of the maps of transmural angle 

dispersion. 

The pattern of fiber architecture with two distinct layers of different (nearly 

perpendicular) orientations across the wall was observed at several locations in the 

atria. To better assess fiber structure in the depth of the atrial wall, we quantified 
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the transmural fiber dispersion throughout the atrial wall in each specimen by the 

angular deviation of the local fiber angles (see Methods). The angular deviation 

was color-coded and mapped onto the corresponding atrial lumen surface (Figure 

4.4B,D). There was a dominant unimodal transmural fiber pattern at the LA roof 

of 4 of the atria (specimens 1,5,6 and 7).  The remaining specimens were 

characterized with fiber patterns of higher transmural dispersion in orientation, 

particularly near the PVs. In all samples, the inferior and anterior sides of the left 

atria exhibited a high dispersion in transmural fiber angles, while the lateral wall of 

the left atria below the left PVs had consistently a unimodal transmural fiber 

distribution.  

As demonstrated above, tractography results revealed the presence of fiber 

tracts with varying spatial extent and orientation throughout the atria. Our 

analysis demonstrated that groups of neighboring tracts running in the same 

direction tend to form major bundles that in some cases constitute distinct 

anatomical features of atrial muscular architecture. We used a semi-automatic 

algorithm to cluster distinct bundles from the full tractography data (see 

Methods). The results for specimen 7 are presented in Figure 4.5, demonstrating 15 

distinct major bundles (labeled a-l). Importantly, presence of these major bundles 

was consistent across most of the specimens despite variation in cardiovascular 

clinical status of the subjects. For instance, two of the patients in this study had 

recorded history of atrial fibrillation (Hearts 6 and 7); our measurements showed 

larger left atrial blood volumes for these two patients in comparison to the rest of 

the population. Despite this, we did not find any conspicuous differences in the 

fiber architecture of these two specimens when compared to the rest of the hearts; 

the general patterns of major fiber bundles (Figure 4.5) were observed in these two 

samples as well. The description of the major bundles follows below, presented in 

the context of their place within the overall 3D atrial architecture, and in relation 

to known atrial structures [35, 80].  
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Figure 4.5: The major fiber bundles in the human LA. (A-C) Posterior; (D,E) 

Anterior view, and (F) Septum. The individual bundles are denoted a-l in heart 7. 

The major fiber orientation on the posterior wall of the left atria was found to 

be posterior-to-anterior (Figure 4.1C and Figure 4.5B - bundle c, recognized in the 

literature as Septopulmonary bundle [95]). On the left and the right, this bundle 

transitions toward the bundles that encircle the base of each PV (bundles a1

through a4). A group of fibers on the inferior-posterior and lateral side of left atrial 

wall (bundles b and d in Figure 4.5A,C) run circumferentially around the ”waist” 

of the LA, crossing, on the posterior wall, over the Septopulmonary bundle (see 

also Figure 4.1E).  

A pattern of overlapping fiber bundles was observed consistently on the 

anterior side of all the human atrial specimens (Figure 4.1D, Figure 4.5D,E) [80].  

One dominant fiber bundle on this side was the inter-atrial band, which originates 

below the superior vena cava (SVC) in the right atrium (RA) and bridges the LA 
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(known as Bachman Bundle [96], Figure 4.5E bundle l). The extension of the 

Bachman Bundle on the left side of the LA splits into two bands that run around 

the LAA (Figure 4.4D bundle h and Figure 4.5E bundle b). The inferior part of the 

anterior wall in proximity to the mitral valve consists of oblique and 

circumferential bundles (Figure 4.5D,E). These bundles represent extensions of 

fiber tracts from the LA roof and lateral wall (Figure 4.5D bundles g and i, 

respectively). The superior side of the anterior wall contains another oblique 

bundle that originates from the base of the left superior pulmonary vein (LSPV) 

and runs toward the septum below the right superior pulmonary vein (RSPV, 

Figure 4.5E, bundle j). The extension of this bundle continues through the inferior 

septum (bundle k in Figure 4.5E,F). 

The septal wall incorporates circumferentially-running fibers that extend from 

the posterior wall (Figure 4.5F, bundle e), as well as obliquely-running fibers 

originating between the right PVs (Figure 4.5F, bundle f). Depicted in Figure 4.5F, 

the Oval Fossa (OF) is a known distinct structural feature of the septal wall [80]. 

Fibers run circumferentially inferior to OF and extend to the posterior and anterior 

walls via the extension of bundles c and k, respectively (Figure 4.5F). There is also 

a distinct group of fibers from the RA that run circumferentially around the OF 

center (Figure 4.5F). 
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Figure 4.6: Endocardial view of the right atrium of specimen 4. (A) 3D rendering of

trabeculated structure reconstructed from non-diffusion weighted MR images and 

(B) the corresponding fiber tracts overlaid on top. The pectinate muscles and crista 

terminalis of the right atrium are manifested as dense tracts in tractography 

results. The orientation of these fiber tracts follows the trabeculated structure of 

the endocardial wall (A). 

The right atrial wall contains the specialized structures of the crista terminalis 

(CS) and pectinate muscles (PM) [80]. These structures manifest themselves in the 

tractography results as dense parallel bundles (Figure 4.1F and Figure 4.6B). As 

seen in Figure 4.1F, PMs run longitudinally throughout the wall and transition 

into CS bundles.  The CS bundles are oriented in the inferior-to-superior vena cava 

direction and extend below SVC on the anterior side. The orientation of these fiber 

tracts generally follows the trabeculated structure of the endocardial wall (Figure 

4.6). 

4.4 Discussion 

In this study we reconstructed the 3D myofiber organization in human atria 

non-destructively and at sub-millimeter resolution. To do so, we developed a high-

resolution optimized 3D diffusion tensor MR technique on a clinical scanner (to 

accommodate the large specimens) and imaged the fiber architecture in eight 
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human hearts ex vivo. The novel sequence and sample preparation allowed us to 

acquire the data over long scanning times with high image stability and high SNR. 

Using the technique, we were able to trace and characterize major bundles 

individually, and importantly, to present the relation between the various 

structures in the context of the overall 3D atrial fiber architecture. The sub-

millimeter resolution of the data provided information regarding local myofiber 

orientation across the atrial wall as well as the spatial heterogeneity of transmural 

fiber angle dispersion throughout the whole atria. The data presented in Figures 

4.1 and 4.2 portray the first complete maps of atrial fibers in the entire atria. 

Furthermore, acquiring data on eight human atrial specimens allowed us to study 

the variability and similarity of the observed patterns across subjects. 

The inter-subject analysis of the fiber architecture demonstrated that the main 

features of atrial anatomy are mostly preserved across subjects, although the exact 

location and the orientation of the bundles vary from heart to heart. The dominant 

feature on the roof of the atria is the longitudinal fibers that transition to a circular 

pattern encircling the four pulmonary veins (Figure 4.1C and Figure 4.2). These 

“vertical” bundles were clearly observed in 7 of the 8 hearts of the study. However, 

in one of the hearts a mixed pattern of oblique and horizontal fibers was present on 

the roof (Figure 4.2 – Heart 3). Nathan et al [79] studied variability of superficial 

fibers at the junctions of the PVs in 16 postmortem hearts using dissection and 

visual tracing in the 1960s. They also observed the presence of mixed and oblique 

pattern of fibers in their population and reported that the most frequent fiber 

pattern on the roof was longitudinal, which is consistent with our findings. The 

systematic measurement of myocardial architecture properties such as fiber angles 

requires the definition of a coordinate system (or systems) in the atria that is 

reproducible across subjects with various atrial morphologies. This has been 

suggested previously for the ventricles [97] but is particularly difficult for the atria 
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due to their complex shape. Our findings show that in 7 of the 8 specimens there 

exists a coordinate system in each LA that is based on the origins of the PVs, and 

in which major fiber bundles runs in the same orientation (within 3 degrees) on the 

roof and posterior wall. These findings suggest that this PV-based coordinate 

system (or a variation of it) could be an intrinsic choice for systematic 

measurements in the atrium.  

The atrial wall has been previously suggested to have a bilayer structure, with 

fibers in the epicardial and endocardial layers running in nearly perpendicular 

directions. Evidence for this comes from either measurements undertaken at the 

tissue level [18] or qualitative descriptions at the organ level [35]. The data 

obtained from DTMRI here enabled us to “see through” the atrial wall (Figure 4.3) 

and perform quantitative measurement and characterization of the local transmural 

fiber distribution throughout the atria. Bilaminar muscular architecture was indeed 

documented by DTMRI in the posterior-inferior and anterior regions; however, in 

the lateral wall and the roof of the LA the fiber angles were essentially constant 

from endocardium to epicardium (Figure 4.4).  This analysis demonstrated that the 

transmural fiber angle distribution in the atria is regionally heterogeneous. 

The new knowledge obtained from this study can help interpret with greater 

accuracy experimental and clinical findings about the functioning of the atria and 

help better elucidate the link between electrophysiological and electromechanical 

activity, and the structural features in the normal and diseased atria. Of particular 

importance is the role of atrial structural organization and heterogeneous fiber 

orientation in rhythm disorders, as explored by a number of experimental and 

clinical studies  [73, 75–77, 98–101]. For instance, characterization of left atrial 

activation in human subjects has revealed that the change in fiber orientation and 

wall thickness at the boundary of the Septopulmonary bundles in the posterior 

could lead to conduction block during sinus rhythm propagation [99]. The same 
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structural features have been shown to be substrate for atrial fibrillation initiation 

following rapid burst pacing at the PVs in normal sheep hearts [76]. In the right 

atrium, the branching sites of the CT and PM were found to cause frequency-

dependent breakdown of wave propagation into fibrillatory conduction [77]. The 

results of our study could be employed to gain further insights into the structural 

contributions of atrial activity in health and disease. For instance, we can speculate 

that the spatial variation of transmural dispersion (Figure 4.4) could promote local 

conduction disturbances as the wave travels from a region with a more uniform 

transmural fiber orientation to a region with a bimodal distribution, particularly 

under conditions of decreased excitability. Such spatial heterogeneity in fiber 

orientation could also modulate the dynamics and localization of atrial rotors 

underlying human atrial fibrillation [102, 103].  

Accurate human atrial fiber orientation data is essential for the construction of 

computational models of the whole human atria [82, 104, 105], and the need for it 

has been acknowledged in numerous studies [106–110]. The DTMRI results 

presented here provide unprecedented detail about fiber architecture that can 

easily by incorporated in atrial models by co-registration and morphing 

methodologies [91, 111]. The presented set of the major bundles (Figure 4.5) in 

combination with information about wall-thickness and transmural distribution of 

fiber orientation could form the basis for an accurate mathematical reconstruction 

of atrial fiber architecture (i.e. a rule-based approach, comprising of fiber 

orientation “rules” based on the present data) thus enabling atrial model 

construction from purely geometrical data (e.g. CT or MRI scans) of individual 

patient atria. The discovery of a common coordinate system and set of reproducible 

fiber bundles among specimens, as demonstrated here, could facilitate this 

approach. The integration of detailed structural data into computational models of 

whole human atria could further help identify the role of individual atrial 
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structures in human arrhythmogenesis under various conditions. Furthermore, 

patient-specific atrial models are being constructed with the goal of identifying the 

optimal ablation targets for atrial flutter and fibrillation in an individualized way 

[108]. Incorporation of accurate fiber orientation will ensure improved accuracy in 

these clinical translation-bound modeling efforts. 

The present study could have important implications for the design of 

methodologies for the acquisition of atrial fiber architectures in patients. Despite 

the increasing number of attempts at in vivo DTMRI for assessing myofiber 

structure in the left ventricle, diffusion imaging of a beating heart remains 

extremely challenging, with many co-founding factors, such as bulk motion and 

myocardial strain, that can affect the measured signal [112–114]. The thin wall and 

the complex pattern of fibers in the atria present additional challenges to this task 

as compared to the ventricles. However, we can speculate that given a strong 

baseline knowledge of the fiber patterns in the human atrium, such as obtained in 

the present study, one could design a diffusion weighted sequence to detect those 

patterns in selected regions of the atria in vivo.  This would require the rational 

design of imaging volumes and voxel orientations to include resolvable sections of 

the atria in each patient.  The ex vivo data obtained in this study would inform 

the definition of those resolvable sections, and therefore, would facilitate a targeted 

imaging of the atrial fiber structure in patients. 

Limitations: Despite the sub-millimeter resolution of our DTMRI imaging, with 

~4.5 voxels across the atrial wall in most sections, those sections with thickness less 

than 0.5 mm could not be reliably imaged; these very thin areas were usually 

located in the extension of the veins and occasionally in portions of the right atrial 

wall. Furthermore, while we were able to characterize consistent fiber orientation 

patterns across the atrial specimens, the advanced age of the donors (55-94 years) 

and their history of cardiac disease may render our findings not entirely applicable 
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to the atria structure of the general population. Finally, the number of subjects 

studied here is small and thus the findings may not reflect the true population 

diversity. The limited number of donor hearts also limited our ability to study the 

link between structural properties and disease state; however, we believe this study 

sets the groundwork for such investigations in the future. 
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5.1 Introduction 

Myocardial Infarction (MI) is a major cause of death, affecting millions of 

people worldwide [115]. The occurrence of MI initiates a complex process of cardiac 

remodeling that leads to changes in tissue composition, geometry and the function 

of the heart [116]. While it is clear that MI can lead to heart failure and 

arrhythmia, the exact linkage between post-MI structural remodeling and the 

electromechanical functioning of the heart is not completely understood. Accurate 

knowledge of infarct structure and fiber orientation remodeling in the intact heart 

is essential for understanding MI pathophysiology. The need for such data is 

underscored by the fact that infarct structural remodeling is complex and three-

dimensional in nature, which is reflected mechanistically in the associated changes 

in cardiac function. However, there is little data published regarding the detailed 

three-dimensional scar geometry and the corresponding fiber orientation remodeling 

in intact large animal and human hearts.  

Early renditions of myocardial fiber structure were based on sectioning 

approaches [29]. These methods produce excellent high-resolution data of local 

tissue structure [38]; however, combining these measurements together into a 

registered whole organ data set is extremely difficult. Diffusion Tensor Imaging 

(DTI) is a non-destructive tool that utilizes the restricted diffusivity of water 

molecules to assess the tissue microstructure [84]. DTI yields data on the mean 

diffusivity of water molecules, quantified by Mean Diffusivity (MD), as well as the 

directional variability of the water diffusion measured by Fractional Anisotropic 

(FA). Importantly, calculation of the principal diffusion eigenvector allows tracking 

of the underlying fiber orientation in the tissue. DTI has been utilized in infarcted 

animal and human hearts to characterize the microstructure using diffusivity 

measures such as FA and MD [117–119], and to assess the remodeling in fiber 

arrangement remote from and at the infarct [120–125]. However, reliable imaging of 
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the fiber orientation at and near the infarct has proven challenging [121]. This is 

mainly due to the fact that the infarcted region is often associated with significant 

wall thinning and hence a higher image spatial resolution is required to reliably 

track the fiber angles across the wall. In addition, the low diffusion anisotropy in 

the infarct increases the measurement uncertainties in determining the principal 

eigenvectors of the diffusion tensors, particularly in a low image signal-to-noise 

(SNR) regime [62]. Accurate reconstruction of fiber orientation in infarcted hearts 

thus necessitates DTI sequences that produce high image spatial resolution and 

high SNR.  Our group has recently developed such methodology that has proven 

successful in imaging myofiber orientation in the thin atrial walls [72]. 

In this study, we employed the previously developed [72] 3D DTI sequence on a 

clinical scanner (Chapter 3) and applied it to image ex vivo intact chronically- 

infarcted porcine and human ventricles at a sub-millimeter resolution. We used this 

technique in conjunction with high-resolution T1-W Gadolinium-Enhanced MRI, as 

the gold standard for imaging myocardial fibrosis, to reconstruct the ventricular 

fiber organization and scar geometry in eight porcine hearts at image resolution 

and signal-to-noise ratio (SNR) higher than previously achieved. The detailed 

knowledge of infarct structure and fiber orientation obtained in this study is 

expected to enhance our understanding of post-infarction remodeling and the 

associated rhythm and pump disorders, and thus lead to improvements in the their 

targeted therapies. 

5.2 Methods 

5.2.1 Specimen Acquisition and Preparation 

Anteroapical infarction was created under an IACUC-approved protocol, by 

occluding the mid–left anterior descending (LAD) coronary artery in Yorkshire 

porcine for 120 min using a balloon angioplasty catheter (n = 8). The hearts were 
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excised at least 3.5 months after the induction of the MI (average MI age: 6.7 ± 2.9 

months). As a gold standard for MI imaging, Gd-DTPA (Magnevist®) was injected 

(0.2 mmol/kg) 20 minutes before animal sacrifice. After the excision, the ventricles 

were filled with rubber (Task5TM) to keep the heart in the natural unloaded shape. 

To avoid sample dehydration and susceptibility artifacts generated from the tissue-

air interface, the hearts were submerged in perfluorocarbon, (Fluorinert-77, 3M) 

prior to subsequent imaging. To serve as controls, 4 normal porcine hearts were 

harvested from animals with no prior MI and prepared in a similar fashion. In 

addition to the porcine hearts, one intact human heart was procured through the 

National Disease Research Interchange (NDRI, Philadelphia, PA). This heart was 

from a donor with a history of MI (93 years old female). 

5.2.2 Image Acquisition; Late Gadolinium Enhancement 

(LGE) MRI 

For the infarcted porcine hearts, a Late Gadolinium Enhancement (LGE) MRI 

was performed using a T1-Weighted Gradient Echo sequence immediately after the 

excision, to image the enhanced infarcted region. The imaging was performed with 

the following scan parameters: acquired resolution 0.25x0.25x0.50 mm3, echo time 

(TE)=2.3 ms, repetition time (TR)=12 ms, scan duration: 1hr. Subsequently, the 

specimens fixed in 10% buffered formaldehyde (>40 days) for the diffusion imaging 

session. The normal porcine hearts had no prior MI and the single human heart 

were not administered contrast agent subsequent to excision. Therefore, they did 

not undergo LGE imaging but were fixed in the same way as the infarcted porcine 

hearts. Time from harvest to fixation of the human heart was ~12 hours. 

5.2.3 Image Acquisition; Diffusion Tensor Imaging (DTI) 

The 3D Fast Spin Echo DTI sequence previously developed [72] was used on 3T 

clinical system (Achieva TX, Philips Healthcare, Best, The Netherlands) to image 
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the whole hearts ex vivo (n=4 control porcines, n=8 infarcted porcine and n=1 

human heart). Typical imaging parameters were: TE = 63 ms, TR=504 ms, 

bandwidth = 290.0 Hz per pixel, number of echoes: 2, diffusion gradients duration: 

22.8 ms, time gap between diffusion pulses=12.6 ms, maximum gradient strength = 

60 mT/m, RF coil: Philips 8-Channel head coil, number of diffusion encoding 

directions: 15, maximum b-value = 800 s/mm2, typical field of view: 110x115x130 

mm3, acquired voxel dimension: 0.6x0.6x1.2 mm3, reconstructed voxel dimension 

(using zero-padding): 0.4-mm3 and total scan duration ~ 42 hours. The human 

heart was imaged using the same imaging sequence but at the resolution of 

0.5x0.5x1.0 mm3. 

5.2.4 Image analysis; Tensor Calculation and Tissue 

Segmentation 

Raw MRI data were exported from the scanner and a customized image 

reconstruction was performed offline, using MATLAB (The MathWorks Inc., 

Natick, MA). Diffusion tensors were calculated using DTI Studio [65] and 

subsequently, the diffusion eigenvectors and eigenvalues were calculated in the 

normal porcine hearts and the human heart (Figure 5.1A,B). For the infarcted 

porcine hearts, the DTI tensor volumes were first co-registered to T1-W LGE data 

(Figure 5.1C) using 3D affine transformations. This spatial registration enabled us 

to reconstruct the fiber structure as well as scar geometry, when applicable, in the 

same coordinate system in each heart (Figure 5.1E), and to also correct for the 

slight shrinkage of the heart tissue due to the fixation process. Further, the 

endocardial and epicardial surfaces of the left ventricle (LV) were contoured to 

delineate the LV in each heart. In this process, the papillary muscles and 

trabecular structure on the left and right ventricles endocardial surfaces were 

excluded from LV segmentation (Figure 5.1A,E).  
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Figure 5.1: Pipeline for the analysis of structural remodeling at the infarct and 

border zone  (A) A short-axis slice of a normal heart with the LV segments 

overlaid in blue. The area between the two dashed green lines delineates the 

control segments. (B) Eigenvector visualization of a section from anterior wall of 

the same normal heart (red box in A). The fibers are color-coded based on their 

absolute inclinations angles, i.e. the blue represents the circumferential fibers. (C) 

Short-axis slice of LGE-MR image in an infarcted heart (D) Co-registered non-

diffusion weighted image. (E) The same slice as (D) and (C) but with LV segments 

and fibrosis mask overlaid in blue and red respectively. (F) Zoomed-in view of the 

red box in (E) illustrating the fibrotic and non-fibrotic tissues inside the infarcted 

segments. The green dashed line represents the boundary of infarcted and non-

infarcted segments. (G) The fiber visualization in the same region as (F) showing 

the transition from the non-infarcted to infarcted tissue with the same color-coding 

as (B). 
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Next, an Otsu thresholding (n = 2) followed by a level-set segmentation was 

applied on the LGE images to classify ventricular tissue into two regions, fibrotic 

(enhanced) and non-fibrotic (Figure 5.1) 

5.2.5 Fiber Angle Measurement 

In all the hearts, the primary diffusion eigenvector angles were measured in a 

local coordinate system that is tangential to the LV endocardial surface (Figure 

3.3). Detailed description of fiber angle measurement is provided in Section 3.4. In 

summary, the imbrication and the inclination angles were calculated for each 

voxels in the hearts. Note that although the term ‘fiber’ is used interchangeably 

here with the primary diffusion eigenvectors, it carries different physical meanings 

inside and outside the scar; ‘fiber’ in the non-fibrotic tissue refers to the myofiber 

structure, but in the fibrotic tissue it is reflective of the underlying scar structure, 

such as collagen bundles.  

5.2.6 Analysis of Regional Remodeling; Definition of LV 

Segments in Porcine Hearts 

To characterize the regional structure of the wall and systematically study the 

infarct remodeling in 3D, the LVs in the normal and infarcted porcine hearts were 

partitioned into small transmural segments as shown in Figure 5.1A,E. To do so, 

for each short-axis slice of 1.2 mm thickness (excluding the apical slices), a polar 

coordinate system was defined with an origin located at the center of the blood 

mass. In this coordinate system, the LV myocardium was divided circumferentially 

into 36 segments of 10° angular width per segment. This resulted into about 

N~1000 segments per heart.  

Infarcted segments were defined as the LV segments that contained fibrotic 

tissue (Figure 5.1E,F). These segments were located at the anteroseptal wall, 

consistent with the LAD infarction protocol. The corresponding segments from the 
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same anatomical locations in the normal hearts were selected as control segments 

(spanning 180 degrees of the LV anteroseptal wall as delineated by the green 

dashed lines in Figure 5.1B).  Moreover, due to the presence of viable tissue 

surrounding the scar and the complex scar geometry, the transmural infarcted 

segments could contain fibrotic as well as non-fibrotic tissues. These regions are 

highlighted in Figure 5.1F. 

5.2.7 Analysis of Regional Remodeling; Quantification of Local 

Segment Structure in Porcine Hearts 

Subsequent to defining the LV transmural segments, the voxel data from 

individual infarcted and control segments were analyzed with respect to the local 

fiber angles, wall thickness, and the extent of the fibrosis obtained from LGE 

images. The following metrics were defined for each segment: wall thickness, the 

wall thickness of the segment; scar transmurality, the ratio of the fibrosis volume 

to the total volume of the segment; slope and intercept, the slope and the intercept 

of a linear model fitted to the inclination angle transmural profile data (angle vs. 

the depth of the wall as measured from the epicardium); r2, the coefficient of 

determination for the regression model of the inclination angle profile; (epi-to-endo) 

inclination angle range, the range of inclination angle within each segment as 

calculated from the [1-99]% of the inclination angle distribution; imbrication angle 

mean, the average of the imbrication angles within a segment; left-handed ratio 

(LH ratio), the ratio of the number of voxels in which the inclination angle < -15° 

to the total number of voxels within a segment; circumferential ratio, same ratio 

but calculated for the voxels with -15° < inclination angle < 15°; and right-handed 

ratio (RH ratio), same ratio but for voxels with inclination angle > 15°. 

In addition, to quantify local incoherency in fiber arrangement as an 

independent measure, individual normal and infarcted LV segments were divided 

into 10 sub-segments equally spaced through the depth of the wall. Each sub-
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segments contained a small pool of voxels. The standard deviation of the 

inclination and imbrication angles in each sub-segment was calculated and then the 

results were averaged over the 10 sub-segments to arrive at an incoherency metric 

for each LV segment. This calculation was performed for inclination and 

imbrication angles separately and yielded two measures of fiber incoherency for 

each segment that together quantified the extent of local incoherency of the 

diffusion vector field. In comparison to direct calculation of local fiber angle 

gradient with a fixed kernel [117], the calculation of incoherency metrics in sub-

segments with radial dimensions normalized to wall thickness, as presented here, is 

less sensitive to uniform changes in the radial gradient of fiber angles resulting 

purely from changes in local wall thickness. 

5.2.8 Statistical analysis 

Unpaired Student t-test statistics was performed on the quantities obtained 

from the infarcted and control segments throughout the porcine hearts to study the 

microstructural differences between these regions (ncontrol = 2432, ninfarcted = 3344). 

Further, Pearson correlations were calculated to study the pair-wise associations of 

slope, inclination angle range, wall thickness and scar transmurality in the 

infarcted segments from porcine hearts. All the data is presented as mean ± 

standard deviation. 

5.3 Results 

5.3.1 LV Characteristics in Porcine Hearts 

The infarcted porcine hearts demonstrated significant global remodeling with 

changes in LV mass and LV blood volume (LV mass: 121 ± 47 gr MI vs. 70 ± 9 gr 

normal hearts, LV blood volume: 81 ± 26 cm3 MI vs. 41 ± 25cm3 normal hearts). 

The normal hearts had an average wall thickness of 7.86 ± 2.4 mm.  By 
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comparison, the average wall thickness in the infarcted porcine hearts was 5.06 ± 

2.99 mm for the infarcted segments and 9.57 ± 2.57 mm outside the infarcted 

segments. The scar volume comprised 10.1 ± 7.6 % of the LV myocardial volume in 

the eight infarcted porcine hearts.  

5.3.2 Measures of Diffusivity in Porcine Hearts 

To investigate the microstructural remodeling and particularly the extent of 

anisotropy in infarcted tissue, diffusion scalars were measured in the fibrotic tissue 

and the values were compared to non-fibrotic tissue from the infarcted hearts and 

tissue from the control hearts. Figure 5.2 presents the pooled distributions of FA 

and MD in all porcine hearts. Accordingly, Table 5.1 summarizes the diffusivity 

measures of FA, MD and the diffusion eigenvalues in the fibrotic, non-fibrotic and 

normal regions. Fibrotic tissue exhibited a lower mean FA value (0.228 ± 0.092) 

compared to non-fibrotic (0.309 ± 0.094, p<0.001) and normal tissue (0.379 ± 0.091, 

p<0.001). The MD value was higher in the fibrotic regions (9.3 ± 2.4 ×10-4 mm2/s) 

as compared to non-fibrotic (6.7 ± 1.5 ×10-4 mm2/s, p<0.001) and normal tissue (6.3 

± 1.6 ×10-4 mm2/s, p<0.001). In addition, as presented in Table 5.1, fibrotic tissue 

showed a greater dispersion of diffusion eigenvalues than non-fibrotic and normal 

tissues. Despite the lower diffusion anisotropy observed in the infarct, the FA 

inside the majority of the infarct was greater than that of an isotropic liquid (0.029 

± 0.008, p<0.001). 
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Figure 5.2: Pooled distributions of (A) Fractional Anisotropy (FA) and (B) Mean 

Diffusivity (MD) in the fibrotic (red) and non-fibrotic (blue) voxels from the 

infarcted hearts, and normal voxels from the control hearts (green). The fibrotic 

tissue was segmented from the LGE images as demonstrated in Figure 5.1F. 

 Mean ± STD 

Quantity Fibrotic Non-fibrotic Normal 

e1 (!10-4 mm2/s) 11.28 ± 2.34 8.97 ± 1.62 8.90 ± 1.77 

e2 (!10-4 mm2/s) 9.30 ± 2.56 6.27 ± 1.61 5.66 ± 1.75 

e3 (!10-4 mm2/s) 7.36 ± 2.59 4.97 ± 1.50 4.24 ± 1.58 

MD (!10-4 mm2/s) 9.31 ± 2.41 6.74 ± 1.49 6.27 ± 1.61 

FA 0.228 ± 0.092 0.308 ± 0.094 0.379 ± 0.091 

Table 5.1: Diffusion scalars measured in fibrotic and non-fibrotic tissue in MI 

hearts and normal tissue from control hearts. P<0.001 for all the pairwise Student 

T-tests. e1,e2,e3 : primary, secondary and tertiary diffusion eigenvalues

respectively. MD: Mean diffusivity, FA: Fractional Anisotropy. 

5.3.3 Diffusion Eigenvector Orientation in Porcine Hearts 

The 3D organization of diffusion eigenvectors in the LV of an infarcted porcine 

heart is presented in Figure 5.3 with anterior (A,B), septal (C,D) and apical (E,F) 

views. The infarct geometry (grey volume) is obtained from LGE images and is 

overlaid over the diffusion vector field.  
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Figure 5.3: 3D visualization of primary eigenvectors in the LV of an infarcted 

porcine heart. (A-B) Anterior view, (C-D) Septal view and (E-F) Apical view. The 

fibers are color-coded based on the inclination angle. The transparent gray volume 

represents the right ventricle. The infarct volume is reconstructed from LGE-MRI 

and is rendered in gray in (A,C,E). The right panels (B,D,F) show the same views 

but without the infarct volumes, to visualize the underlying eigenvectors in the 

infarct. 
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As the figure demonstrates, the epicardial fibers at the infarct and in its 

surroundings are on average characterized with the original left-handed orientation 

(i.e. negative inclination angle). This was a consistent finding among all eight 

infarcted porcine hearts.  

In Figure 5.4, the primary eigenvectors are visualized in a short-axis slice. 

The infarct is identifiable by the enhanced area in the LGE image (Figure 5.4A). 

Figure 5.4B shows the eigenvectors visualization in the same slice with color-coding 

based on the inclination angle. Three representative regions of interest have been 

selected in Figure 5.4A and their corresponding eigenvectors are presented in 

Figure 5.4C: (I) an infarcted wall, (II) a transition region between the infarcted 

and non-infarcted portions of the wall, and (III) a region remote from the infarct. 

The thinned infarcted wall (I) demonstrates the presences of epicardial, 

circumferential (blue band) and endocardial fibers that are arranged at a higher 

transmural gradient of inclination angle across the depth of the wall when 

compared to the section remote from the infarct (III). The middle panel in Figure 

5.4C (II) presents the anterior region between infarct and non-infarct, highlighting 

the transition of eigenvectors from a non-infarcted region with a lower transmural 

angle gradient to the infarcted region with a higher angle gradient. The deflection 

of the circumferential blue band toward the endocardium in the middle of this 

region suggests that there is an immediate increase in the proportion of the left-

handed fibers in the wall (LH-ratio), in transition from non-infarcted segments to 

infarcted segments. However, this observation was not consistent across all the 

transition zones in the porcine hearts as we also observed transition regions that 

had no deflection of the blue band toward the endocardium. An example of such 

transition zone is presented in Figure 5.1G. 
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Figure 5.4: Visualiation of primary eigenvectors in a short-axis slice of an infarcted 

porcine heart. (A) A slice of LGE-MRI. The infarcted region is delineated by the 

enhanced image intensity. (B) (similar view as A) LV map of primary eigenvectors 

color-coded by the absolute value of the inclination angle (C) Eigenvector 

visualization in three regions of interest corresponding to the red boxes in A. I: 

Infarcted wall in septum, II: transition zone between infarcted and non-infarcted 

portions of the wall in anterior wall, and III: non-infarcted region in lateral wall.

The original inclination angle is preserved inside the infarcted wall but the fibers 

are arranged at a higher transmural gradient of inclination angle. 

Figure 5.5 presents the quantification of the inclination angle profiles for the 

heart in Figure 5.4. In Figure 5.5A, the profiles of the inclination angle vs. the wall 

depth have been plotted for 11 consecutive segments covering the non-infarcted 

and infarcted regions in the anterior wall (points a to b in Figure 5.4B). These 
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profiles reveal an increase in the transmural gradient of the inclination angles in 

the thinned wall of the infarct, confirming the observation in Figure 5.4C. The 

corresponding structural metrics (described in Methods) have been calculated for 

each segment and plotted in Figure 5.5B. As the plots demonstrate, there is an 

increase in the slope and a decrease in the intercept of the fitted linear models in 

the infarcted segments. In addition, the proportion of left-handed fibers, as 

quantified by LH-ratio, increases in the infarcted segments (Figure 5.5B). Finally, 

the infarcted segments exhibit an increase in local incoherency of inclination angles 

as indicated by the larger error bars (higher variance) in the angle profiles in the 

infarcted segments (Figure 5.5A,B). We also found significant preservation of 

trabeculae and papillary muscles at the anterior and septal regions of the infarcted 

walls. These structures had extreme value of inclination angles (closer to -90° or 

90°) indicating apex-to-base fiber orientation. 
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Figure 5.5: Structural remodeling in a section of LV wall from Figure 5.4 

containing infarcted and non-infarcted segments (A) Inclination angle profiles for 

11 consecutive segments corresponding to the region delineated by the white arc in 

Figure 5.4B. The horizontal axis for each plot represents the depth through the 

wall as measured from the endocardium. The profiles demonstrate an increase in 

the transmural gradient of inclination angle. (B) Corresponding structural metrics 

calculated for the 11 segments in panel A and plotted as a function of segment 

location (a: outside the infarct, b: inside the infarct). The shaded dark area in each 

plot represents the infarcted segments. The vertical axes for the plots in B 

represent (from left to right): wall thickness, scar transmurality, slope, intercept, 

LH (left-handed) –ratio, and inclination incoherency) 

Characteristics of microstructural remodeling in the infarcted segments are 

presented in Table 2. The average and standard deviation values of the structural 

metrics were computed over 3344 infarcted and 2432 control segments. These 

results show that the epi-to-endo range of inclination angle profile is predominantly

preserved inside the infarcted segments (109.92 ± 26.15° infarcted vs. 113.94 ±

16.96° control, p < 0.001) and that on average, the fibers run parallel to the wall 

with a small mean imbrication angles (1.08 ± 16.63° infarcted vs. 1.69 ± 8.18°

control, p < 0.001). In addition, there is an increase in both the inclination 

incoherency (9.61 ± 3.19° infarcted vs. 6.27 ± 1.90° control, p < 0.001) and the 
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imbrication incoherency metrics (8.14 ± 3.67° infarcted vs. 6.17 ± 3.28° control, p < 

0.001) at the infarcted regions. The transmural slope of the inclination angle 

showed a significant increase inside the infarcted segments (21.42 ± 18.65 °/mm 

infarcted vs. 15.21 ± 4.72 °/mm control, p < 0.001) confirming our observation from 

Figure 5.4. Additionally, in comparison to the control segments, the infarcted 

segments demonstrated a 37% increase in LH-ratio (52 ± 0.22 infarct vs. 0.38 ± 

0.14 control, p < 0.001), as well as a 16% decrease in circumferential-ratio and a 

32% decrease in RH-ratio (Table 5.2). 

 

 Mean ± STD 

Quantity Infarcted Segments Control Segments 

Wall thickness (mm) 5.06 ± 2.99 7.50 ± 2.27 
Scar transmurality 0.47 ± 0.30 0 

Inclination Angle Span° 109.92 ± 26.15 113.94 ± 16.96 

Slope (°/mm) 21.42 ± 18.65 15.21 ± 4.72 

Intercept° -60.85 ± 28.56 -53.86 ± 14.80 
r2 0.69 ± 0.23 0.91 ± 0.09 

Imbrication Angle 
Mean° 1.08 ± 16.63 1.69 ± 8.18 

Inclination 
incoherency° 9.61 ± 3.19 6.27 ± 1.90 

Imbrication 
incoherency° 8.14 ± 3.67 6.17 ± 3.28 

LH-ratio 0.52 ± 0.22 0.38 ± 0.14 

Circumferential-ratio 0.26 ± 0.17 0.31 ± 0.11 
RH-ratio 0.21 ± 0.18 0.31 ± 0.11 

 

Table 5.2: Characterization of the structural remodeling in infarcted and control 

segments. See the Methods for the definition of the parameters. P<0.001 for all the 

pairwise Student T-tests. 

Next, we studied the relationship between the level of structural remodeling 

and the extent of the infarct. Figure 5.6A presents the association of wall thickness 

with the scar transmurality, as obtained from all infarcted segments. This figure 
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demonstrates significant wall thinning in the segments with scar transmurality 

greater than ~30%. The scatter plot in Figure 5.6B shows that the inclination angle 

range correlates weakly with scar transmurality (correlation coefficient r = 0.18). 

Finally, slope correlated with scar transmurality (r=0.36) and importantly, it 

demonstrated a stronger linear correlation with the inverse of wall thickness (r = 

0.59, Figure 5.6D,E) than scar transmurality.  

Figure 5.6: Association of the level of structural remodeling with the extent of the 

infarct. The scatterplots represent the pair-wise relations of the metrics calculated 

from n ~ 3,700 infarcted segments (see Methods). Each segment is represented by a 

data point on the plots. In (A), the dashed black lines represent the 25-75 

percentile region and in (B-E) the solid dark lines represent the fitted models to 

each plot. The points in (C-E) have been color-coded based on r2 (coefficient of 

determination of the fit for calculation of slope for each data point). Slope 

correlates inversely with the wall thickness (correlation coefficient r = 0.59 in D 

and E). 
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When all voxels were classified as fibrotic (n ~ 6.5×105), non-fibrotic inside the 

infarcted segments (n ~ 1.4×106), or control (n ~ 1.2×106) and plotted together as a 

function of normalized wall depth, an interesting trend appeared: the fibrotic 

voxels tend to cluster within the endocardial half of the wall (Figure 5.7A) and 

non-fibrotic fibers inside the infarcted segments tend to cluster within the 

epicardial and midwall portion of the wall (Figure 5.7B). Importantly, the 

transmural epi-to-endo inclination angle function within the infarcted segments 

(Figure 5.7D) is very similar to that of the control segments (Figure 5.7C), 

indicating a preservation of the underlying structural anisotropy within the 

infarcted segments. Finally, the plot constructed from the data in the infarcted 

segments demonstrates a higher variance around the average at each point across 

the wall, and has a slightly lower inclination angle at the endocardium in 

comparison to the corresponding plot from control segments (Figure 5.7C,D). 
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Figure 5.7: Average inclination angle profiles as a function of normalized wall 

depth (0: epicardium, 1: endocardium).  The voxel data corresponding to different 

tissue types (A-D) are aggregated and plotted in each panel, with the gray-maps 

representing the point density: (A) Fibrotic tissue inside the infarcted segments, 

and (B) non-fibrotic tissue inside the infarcted segments. The point density of the 

fibrotic tissue is localized at the sub-endocardium. (C) Control segments from the 

normal hearts and (D) infarcted segments (include both fibrotic and non-fibrotic 

voxels). In (C) and (D), the average of the inclination angles have been calculated 

at different wall depths and represented by blue lines with the error bars 

illustrating the standard deviation. The control and infarcted segments

demonstrate similarities in the inclination angle profiles. 
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5.3.4 Diffusion Eigenvector Orientation in the Infarcted 

Human Heart 

To examine infarct remodeling in the human heart with prior history of MI, 

fiber visualization was performed in a similar way as in the porcine hearts. Figure 

5.8 presents a short-axis (A) and a long-axis (B) view of the non-diffusion weighted 

image (left) as well as the fiber visualization (middle and right) in this heart. In 

these views the infarcted area is identifiable by the significant wall thinning at the 

anteroapical LV region (left panels). As seen in the middle and right panels, the 

diffusion eigenvectors inside the thinned wall of the infarct demonstrate 

preservation of the original epi-to-endo transmural fiber angle pattern, but with a 

higher gradient. These observations are further confirmed by the angle profiles 

calculated from two segments selected inside and outside the infarct (Figure 5.8C). 

The finding of preservation of the structure in the infarcted wall in this human 

heart is consistent with that from the infarcted porcine hearts. 
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Figure 5.8: Fiber visualization in a human LV with myocardial infarction. (A)

short-axis view and (B) long axis view of (left) the non-diffusion-weighted image, 

and eigenvector visualizations color-coded with (middle) inclination angle and 

(right) absolute value of inclination angle. The infarcted wall is identifiable with 

wall thinning at the anterioapical region of the LV as is demarcated in the non-

diffusion-weighted images. The eigenvector maps show preservation of the original 

orientiation inside the infarct. (C) Transmural angle profiles measured in two 

segments selected in non-infarcted and infarcted regions (a and b in panel A left). 

The local wall thickness in these two segments are ~10mm and ~5mm respectively. 

The plots reveal an increase in the transmural gradient of inclination angle inside 

the thinned wall of infarct. 
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5.4 Discussion 

In this work, we studied the microstructural remodeling in infarcted porcine 

hearts and in a human heart non-destructively at sub-millimeter resolution. To do 

so, we used a customized DTI sequence on a clinical scanner (to accommodate the 

large specimen) that allowed acquisition of data over long scanning times with high 

image stability. This, in addition to the high SNR and low artifact characteristics 

of the 3D spin echo sequence used here, resulted in high image quality and high 

spatial resolution. By combining this technique with high-resolution LGE imaging, 

we were able to provide reconstructions of both fiber architecture and scar 

distribution in intact hearts with an unprecedented level of detail. The sub-

millimeter voxel size of the data (voxel volume: 0.432 mm3) resulted in an average 

of 8 voxels across the infarcted wall, allowing for the measurement and 

characterization of the structural remodeling in the zone of infarct, a task that has 

previously been particularly challenging for DTI due to significant infarct wall 

thinning and limited image resolution [121]. Importantly, it enabled us to 

systematically quantify the transmural pattern of diffusion eigenvector orientation 

in eight porcine infarcts and to study the association between the level of 

structural remodeling and the extent of the infarct. Finally, we applied this 

technique to a human heart specimen to assess the remodeling at the thinned 

infarcted wall in a human heart. 

 

 The measurement of diffusion scalars in infarcted porcine hearts demonstrated a 

48% increase in MD and a 40% decrease in FA inside the scar. Similar changes in 

MD and FA have been reported in DTI studies of myocardial infarcts in various 

species  [89, 118, 119, 121, 126]. The increase in MD is indicative of less restricted 

diffusivity and hence, a larger diffusion volume for water molecules inside the scar. 

Myocyte death and subsequent collagen deposition following MI could explain the 
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increase in diffusion volume. Further, these changes lead to alterations in the 

relative degree of diffusion anisotropy in the tissue, and therefore could be a factor 

in the reduction of FA. Note that that the dispersion of diffusion eigenvector angles 

within a voxel could alone lead to a decrease in the measured FA due to an 

averaging effect. While fiber dispersion exists in a normal LV due to the epi-to-

endo transition of inclination angle, an increase in this coherent dispersion (such as 

that shown in Figure 5.5A) could in principle reduce the FA.  This would be 

particularly true for lower image resolution estimates of FA.  In addition to this, 

incoherent dispersion of fibers at the infarct (fiber disarray) could have a 

significant role in the reduction of FA inside the infarct. Using histological 

characterization of rat infarcts, Chen et al [89] found a good correlation between 

the amount of fiber disarray and the decrease in FA value. The extent to which 

factors like fiber dispersion and morphological changes in tissue composition 

contribute to the measured FA value is unknown and requires further 

investigation. In our study, despite the lower anisotropy inside the infarct, the 

measured FA in the majority of infarct regions was greater than that of the 

isotropic water, which revealed that the chronic scar was mostly comprised of 

anisotropic structures.  

The presence of diffusion anisotropy allowed for studying the diffusion 

eigenvectors in the collagenous scar. The visualization results showed a 

considerable coherency in the alignments of diffusion eigenvectors in the scar tissue.	  

This is in agreement with histological studies demonstrating that the scarred tissue 

in the porcine heart has a high content and high alignment of collagen [127]. 

However, we also found that the coherency of the vector field in the infarct was 

lower than that of normal tissue, as quantified by the angle incoherency metrics. 

Furthermore, the orientation of the eigenvectors at the infarct was found to 

generally follow the pattern of the original fiber orientation, i.e. left-handed fibers 

at the epicardium to right-handed fibers at the endocardium. The wall thinning at 
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the infarcted segments led to an increase in the average epi-to-endo gradient of 

fiber angle (slope in Table 2, and Figure 5.5A). This result is generally consistent 

with the previous findings in rats [89] and sheep [123] and is in contrast to another 

study in rats that reported perturbation of the infarct structure [128]. In the 

current study, we provided further evidence for the preservation of fiber angles and 

the increase in the slope in chronic porcine infarcts and a human infarct. Finally, 

the investigation of structural remodeling at different levels of wall thickness (2-12 

mm) and scar transmurality (0-1) in our study indicates that the inclination angle 

range is primarily preserved in the infarcted regions and the increase in the slope is 

mainly due to geometric changes after wall thinning. 

In this study, we found an increase in the proportion of left-handed fibers inside 

the infarcted segments of porcine hearts, which had also been observed in two 

previous studies of human hearts [120, 125]. We can speculate that this could be 

due to non-uniform wall thinning across the wall; the sub-endocardial wall and 

midwall are more likely to be affected by ischemia and undergo more thinning. 

Using high-resolution LGE imaging, we indeed observed non-uniform distribution 

of scar across the wall with fibrosis more concentrated at the sub-endocardial and 

midwall sub-layers of the infarcted wall in porcine (Figure 5.7A). In general, 

despite slight differences in the shapes of the angle profiles, there was a  

remarkable similarity in the trend of inclination angle between the control and 

infarcted segments. The preservation of the trend of inclination angle profile was 

also observed in the thinned wall of the single human heart in the study.	  	  

The organization of collagen fibers in the scar is influenced by structural and 

mechanical factors after MI [129]. The original extracellular matrix (ECM) acts as 

scaffold for the deposition of the new collagen after MI [129]. In addition, the 

passive stretch of the infarcted tissue by the surrounding myocardium could 

influence the collagen alignment and hence the anisotropic structure of the scar 

[130]. The extent to which these factors contribute to the scar structure is not 



	   87	  

known. Our observations in porcine and human heart suggest that the existing 

ECM might play a significant role in the alignment of the collagen fibers, as the 

general transmural patterns of fiber angles are preserved inside the scar. This 

information could guide therapeutic attempts such as tissue engineering and 

regenerative medicine approaches in treatment of infarct, as the ECM orientation 

is likely to determine the orientation of the regenerative myocytes [39]. 

Accurate structural data is essential for the construction and validation of 

whole-heart computational models [105, 131–135]. These models have enabled 

advancements in the understanding and treatment of cardiac function/dysfunction. 

The DTMRI-derived data of normal hearts has been utilized by many groups to 

accurately and non-destructively represent the fiber orientation in cardiac models 

[136]; however, there is paucity of such data in infarcted hearts, particularly in 

large animal and human hearts [136]. The data presented here provides 

unprecedented detail about myofiber orientation and scar geometry in infarcted 

hearts. This data could be employed to construct high-resolution image-based 

models to investigate the mechanistic links between infarct-related arrhythmias 

and the structural remodeling such as fibrosis geometry and fiber arrangement 

[137]. In addition, the 3D information regarding the collagen fiber orientation in 

the intact scar as provided here could improve the accuracy of the modeling 

approaches aimed to understand the mechanical role of passive scar on post-MI 

ventricular function [40, 42]. These could ultimately lead to optimal design of 

therapies aimed at modifying the electromechanical properties of infarct [39, 41]. 

Limitations: This study has a few limitations. First, although the main findings 

from the analysis of the porcine hearts were generally in agreement with the fiber 

orientation pattern in the human heart in this study, the single human specimen 

was not sufficient for a full characterization of infarct remodeling in human hearts. 

Second, despite sub-millimeter resolution of the imaging with average of ~8 voxels 

across the wall in the infarct, we excluded the regions with wall thickness less than 



	   88	  

2 mm to ensure reliable measurement of transmural angle profile with at least ~4 

voxels across the wall; this excluded less than 2% of the total infarcted wall. 

Finally, the fixation process could have affected the baseline values of diffusivity 

such as FA and MD in our study [138]. However, it has been shown that it does 

not change the eigenvector orientation significantly after infarction [138], so we do 

not believe it has affected the main findings of the study. 
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Chapter 6 

High-Resolution Computational Modeling to 

Investigate the Role of Scar Geometry in 

Ventricular Tachycardia 
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6.1 Introduction 

Ventricular arrhythmia is a leading cause of morbidity and sudden death in the 

industrialized world [115]. Ventricular tachycardia (VT) is a life-threatening rapid 

heart rhythm disorder that frequently occurs in the presence of myocardial 

infarction (MI) [139]. Structural and electrophysiological remodeling at the 

infarcted tissue causes conduction irregularities that could lead to the formation of 

reentrant circuits at the whole heart level [140, 141]. In particular, it has been 

shown that surviving myocardial fibers within the infarct could facilitate such 

arrhythmias by providing tortuous conducting pathways for the electrical 

activation [47]. However, the detailed mechanisms in which these complex 

structures contribute to reentry circuits at the whole heart level are incompletely 

understood, due to lack of detailed knowledge about the 3D architecture of the 

infarct in intact hearts. Such information obtained from high-resolution structural 

data could enhance the understanding of the infarct-related arrhythmias and thus 

lead to improvements in the detection of optimal targets for therapies such as 

cardiac ablations. 

Late Gadolinium Enhanced (LGE) MRI is the gold-standard technique for non-

invasive imaging of myocardial infarct in patients [142]. The location and 

distribution of the infarct obtained from LGE-MRI has been previously correlated 

with the global risk for arrhythmia. For example, the extent of the Gray Zone 

(GZ), the intermediate intensity regions in the LGE images, has been associated 

with increased susceptibility to ventricular arrhythmias [143, 144] and post-

myocardial infarction mortality in patients [145]. Further, it has been shown that 

the critical isthmus sites of ischemic VTs are located at the regions of tissue 

heterogeneity as characterized by GZ in MRI [146]. Despite the exceptional 

capability of LGE-MRI in imaging 3D infarct structure, the current clinical LGE-
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MRI is limited in providing details regarding small features of infarct and 

surrounding viable tissue due to low image resolution.  

In this study, we provide a novel structural data on the infarct geometry using 

3D high-resolution ex vivo LGE imaging of eight chronically infarcted porcine 

hearts. This data was obtained in the study in Chapter 5. Using this data we 

identify and systematically characterize the detailed geometry of the infarct and 

viable tissues surrounding the infarct at a voxel size more than two orders of 

magnitude smaller than that of a typical clinical LGE imaging. Further, to study 

the infarct geometrical contributions to VTs, we employ these data and the 

corresponding subject-specific fiber orientations from DTMRI acquisitions to 

construct biophysically and anatomically detailed models of infarcted hearts. These 

models were used in simulations to demonstrate the morphology of reentrant 

circuits in the context of detailed scar geometry. Further analysis of VT 

morphologies enabled us to characterize the viable tissues that contribute to the 

reentry circuits. The new insights obtained from this study could have significant 

implications for the identifications of the structural substrates for VTs. 

6.2 Methods 

6.2.1 Induction of MI and Specimen Preparation 

In n=8 porcines, the mid-left anterior descending coronary artery (LAD) was 

occluded for 120 mins to create anteroapical infarction. As a gold standard for MI 

imaging, Gd-DTPA (Magnevist®) was injected 20 minutes before animal sacrifice. 

Detailed description of the sample acquisition and preparation has been provided in 

the Methods section of Chapter 5. The average age of the infarction in the animals 

was 6.9±2.9 months. 
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6.2.2 Image Acquisition; Late-Gadolinium Enhanced (LGE) 

MRI 

To image the infarct architecture at a high-resolution, Late-Gadolinium 

Enhancement (LGE) MRI was performed ex vivo using a T1-Weighted Gradient 

Echo sequence immediately after the excision (Chapter 5). The imaging was 

performed with the following scan parameters: acquired resolution 0.25x0.25x0.50 

mm3, reconstructed voxel size: 0.25x0.25x0.25 mm3, echo time (TE)=2.3 ms, 

repetition time (TR) = 12ms, scan duration: 1hr. Subsequently, the specimens were 

fixed in 10% buffered formaldehyde (>40 days) for future diffusion imaging 

6.2.3 Image Acquisition; Diffusion Tensor Imaging 

Subject-specific fiber orientation was obtained for all the hearts using Diffusion 

Tensor Imaging technique as developed previously in Chapter 3 and was applied to 

infarcted hearts in Chapter 5. Typical MR imaging parameters were: TE = 63 ms, 

TR = 504 ms, number of diffusion encoding directions = 15, maximum b-value = 

800 s/mm2, acquired voxel dimension = 0.6x0.6x1.2mm3, reconstructed voxel 

dimension (using zero-padding) = 0.4 mm3 and total scan duration = ~ 42hrs. 

Diffusion tensor calculation was performed in DTIStudio and subsequently the 

tensors were co-registered to LGE images using 3D affine transformation. This 

spatial registration enabled us to reconstruct the fiber structure and scar geometry 

in the same coordinate system in each heart. Further, the primary eigenvectors 

were calculated to represent the local orientation of the myofibers in the model. 

Detailed imaging parameters and sample preparation have been presented 

previously in Chapter 5.  
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6.2.4 Whole-Heart Model Construction 

The myocardial tissue including the left and right ventricles were segmented 

from LGE images using thresholding technique to suppress the dark background. 

Due to the high resolution of the images, the boundary between the enhanced scar 

tissue and the non-scar tissue was more easily distinguishable than lower resolution 

clinical LGE images. An Otsu thresholding (n=2) followed by a level-set 

segmentation algorithm was applied to divide the myocardial tissue into two 

regions of (enhanced) scar and non-scar based on the differences in voxel intensity 

(Figure 6.1A). In addition, the scar boundary voxels (a layer of one voxel outside 

the segmented scar) were defined as the scar border using morphological dilation. 

The epicardial fat tissue and other artifacts such as the remaining blood in the 

chambers were removed manually from the segmentations. Following the 

segmentation process, 3D finite-element mesh with tetrahedral elements was 

constructed from the segmented myocardial images using ScanIP software 

(Simpleware Ltd, United Kingdom). This process yielded volumetric meshes with 

locally adaptive spatial resolution to preserve the fine details of the scar boundary 

accurately (Figure 6.2B). A typical generated mesh had ~ 4 millions nodes and ~ 

20 millions tetrahedral elements. Subject-specific fiber orientation was mapped onto 

the mesh from the DTMRI dataset acquired for each heart as described above. 
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Figure 6.1: Pipeline of the study including imaging, model construction, in-silico

VT simulation and viable tissue quantification. (A) A short-axis slice of T1-W 

Late-Enhanced MRI acquired at the voxel size of 0.25x0.25x0.5mm3 .The 

segmented scar is highlighted in red. (B) 3D reconstructed mesh in the same heart 

as (A) with the scar highlighted in dark grey (C) The action potential waveforms 

used in the simulations for the normal regions (grey) and 250 µm border of the scar 

(red). (D) The pacing sites for the induction of the arrhythmia (27 sites based on 

modified AHA segmentations). (E) The pacing stimulus protocol applied at each 

site in (C). S2 to S4 are premature stimuli. (F) Schematic of a section of the wall 

illustrating the measurement of the minimal dimension of the viable tissue 

(MDVT). The MDVT values are mapped onto the scar nodes. (G) 3D rendering of 

the scar as viewed endocardially (top) and epicardially (bottom) in an infarcted 

heart. (H) The same as (G) but with the MDVT color-coded on the scar volume. 
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6.2.5 Modeling cardiac electrophysiology 

Myocyte membrane kinetics in the non-infarcted porcine tissue was represented 

by the Luo-Rudy dynamic model (LRd) [147], a generic mammalian membrane 

model used in numerous studies of arrhythmia behaviour [141, 148–150]. Given the 

medium-to-low complexity of the LRd model, it is a reasonable trade-off in large-

scale models such as our whole porcine heart. The same membrane model was used 

with modifications based on the experimental data from the epicardial border zone 

of infarcted canine hearts to represent the electrophysiology of the scar border cells 

(layer of one voxel outside the scar).  In particular we modified the normal LRd 

model with a reduction of 38% in peak sodium current [151], 31%, in peak L-type 

calcium current [152], and 30% and 20% in peak potassium currents IKr and IKs 

respectively [153]. Effectively, this led to a longer action potential duration, a 

smaller upstroke velocity and lower peak action potential amplitude in scar border 

compared to that of the normal myocardium, consistent with experimental 

recording of the infarct border zone [46]. Simulated action potential waveforms 

associated with normal and modified border zone single cells are presented in 

Figure 6.1C. Finally, the scar region was effectively modeled as electrically inactive 

by removing the inner scar nodes from the mesh prior to the simulation. 

6.2.6 Simulation Protocol and in-silico VT Induction 

Electrical wave propagation was modeled by the monodomain formulation, and 

the simulations were performed using the software package CARP (Johns Hopkins 

University and University of Bordeaux) on a parallel computing platform; 

numerical details of the finite-element simulations have been described in previous 

publications [56, 154]. In attempt to induce arrhythmia in each model, 27 pacing 

sites were selected uniformly throughout the heart according to the modified AHA 

segmentation (Figure 6.1D), and a programmed electrical stimulation was 
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performed from each site (Figure 6.1E). The sequence of stimulation comprised of 

three beats of S1 at the cycle length (CL) of 300 ms, followed by premature stimuli 

S2. The timing between S1 and S2 were progressively shortened until VT was 

induced. If VT was not induced at S2, a second premature stimulus (S3) was 

delivered after S2 in a similar way. If an induced VT was self-sustained for 2s after 

the last stimulus, it was defined as sustained VT and considered for further 

analysis. 

6.2.7 Quantification of the Spatial Extent of Viable Tissues 

Surrounding the Scar 

To systematically identify and characterize the extent of the surviving tissue 

surrounding the scar, we measured the minimal dimension of the viable tissue 

(MDVT) surrounding the scar, and incorporated that information onto the 3D scar 

geometry to create new scar maps (Figure 6.1F-H). To make this measurement, 

first a distance map was created on the non-scar nodes by calculating the distance 

of each node to the closest boundary surface (i.e. the boundary surfaces between 

scar and non-scar or tissue and bath). Second, for each node on the scar surface, 

the normal vector to the surface was extended outward from its origin on the scar 

boundary to the closest intersecting boundary (either another scar boundary or 

tissue-bath boundary). This led to a line that traversed non-scar tissue with end-

points on scar and another boundary surface (red lines in Figure 6.1F). Finally, 

MDVT was defined on the scar boundary nodes using the following formula: 

min(l,2dmax), where l represents the 3D length of the normal line described above 

and dmax is the maximum value of the pre-calculated distance map along the 

normal line. MDVT value thus reflects the spatial extent of the viable tissue at the 

thinnest direction. When the 3D scar geometry (Figure 6.1G) is color-coded with 

the MDVT values, the spatial distribution of the surviving myocardium 

surrounding the infarct is revealed (Figure 6.1H). We used MDVT to identify the 
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complex viable tissue surrounding the scar and to quantify the spatial extent of 

such tissue. 

6.2.8 Characterization of Reentry Pathways 

The sustained VT circuits were analyzed in the spatiotemporal domain to 

obtain information on the VT type (single reentry or figure of eight), location 

across the wall (epicardial, transmural or endocardial) and VT cycle length. In 

addition, the reentry circuit was localized by spatially tracking the excitation 

wavefront in one cycle of reentry. This process was performed by manually placing 

seed points along the fastest route of the reentry based on the activation contours 

and voltage maps, followed by cubic interpolation to achieve 100um distance 

between adjacent points on the pathway. In the case that multiple fastest routes 

were found in a section of reentry circuit (e.g. when the wave is traveling outside 

the scar and a large mass of normal tissue is activated simultaneously leading to 

activation contours with low curvature), the route that formed the smallest reentry 

loop was selected. For the figure of eight reentries, only one loop of the circuit was 

chosen. This process was repeated for all the simulated reentries with unique 

morphologies. 

We next characterized the viable tissues contributing to the reentry pathways, by 

measuring the MDVT values on the pathways. To do so, for each point on the 

pathway, the closest node on the scar border was found and the MDVT value of 

that point was assigned to the pathway point. As a result, each point on the 

pathway had a corresponding value of MDVT representing the minimal dimension 

of the local viable tissue at that location on the reentry circuit. 
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6.3 Results 

6.3.1 Characteristics of Simulated VTs 

From total of 216 programmed pacing simulations in eight hearts, 72 VTs were 

successfully induced. 23 unique morphologies were identified from the above VTs 

and were studied further (2.9 ± 1.8 unique morphologies per heart, mean cycle 

length of 196 ± 62 ms).  

Reentries traversed thin viable tissues surrounding the scar with complex 

geometry. The location and the geometry of these viable tissues varied among 

hearts. Figure 6.2 presents the induction of a sub-epicardial reentry in an infarcted 

heart (CL = 220 ms). The reentry was initiated by unidirectional block at the 

entrance of a tube-like channel of viable tissue that runs inside the infarct sub-

epicardially (Figure 6.2A). Following the block, the wave enters the channel from 

the distal side (Figure 6.2B,C) and propagates inside the channel. The channel has 

an irregular zig-zag shape with total length of about 30 mm (Figure 6.2D). The 

exit site of the wave is located at the proximal end of the channel. 
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Figure 6.2: Formation of reentry through a sub-epicardial channel of viable tissue 

in heart 5. VT was induced by programmed stimulation from posterior wall (site 

4). (A) Unidirectional block occurs at the location of white solid line in (A), (B-E) 

The wave enters the channel from the distal end and meanders inside the channel 

(dashed black box in D). (F-H) Wave exit and maintenance of reentry. VT cycle 

length is 220 ms. The length of the epicardial channel is approximately 30 mm and 

the path length is 74 mm. 
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In Figure 6.3 an example of a sub-endocardial VT is demonstrated (CL = 

140ms). A major portion of the reentry pathway is located within a thin layer of 

surviving myocardium at the sub-endocardium of the infarct. MDVT map shows 

the heterogeneity in the thickness of these viable tissues throughout the infarct 

(Figure 6.3B). These sub-endocardial viable tissues were frequently observed in the 

hearts in this study. 

Figure 6.3: A representative reentry traveling through thin heterogeneous layer of 

sub-endocardial viable tissue in heart 6 (cycle length = 140 ms) (A) A septal cross 

section of the heart geometry demonstrating the scar (gray) and non-scar 

myocardium (white) as viewed from the endocardium. (B) Same view as (A) with 

the MDVT values mapped onto the scar geometry representing the thickness of 

viable tissue at the endocardium. (C-F) Voltage maps demonstrating the activation 

in one reentry cycle. The majority of the reentrant pathway is located within the 

thin viable tissue at the sub-endocardium (black arrows in A and B). 
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Five of the unique VT circuits traversed the scar transmurally and had 

breakthroughs at the epicardial and endocardial surfaces. An example of such 

reentry in heart 7 is presented in Figure 6.4 (CL = 240 ms). In this case, the 

activation wavefront travels through a region of viable tissue inside the infarct and 

has a breakthrough at the epicardium (Figure 6.4A). Despite the scar tissue being 

transmural and extending to the epicardial surface (Figure 6.4B), the surviving 

myocardium at the mid-layer provides a meandering pathway for the wave to 

travel from one side of the scar at the endocardium to an exit site and 

subsequently a breakthrough at the epicardium (Figure 6.4C,D). 

Analysis of the location of all the simulated VT morphologies revealed that the 

majority of the VT circuits were fully or partially located at the sub-endocardium 

(52% and 78% respectively), while 22% (and 48%) of the VTs were fully (or 

partially) located at the sub-epicardium. In addition, as mentioned above, 26% of 

the simulated VTs traversed the scar transmurally and had breakthroughs at the 

sub-epicardium and sub-endocardium. 
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Figure 6.4: Transmural example of reentry circuit in heart 7 (cycle length = 240

ms). (A) Voltage maps demonstrate that the reentry traversing the viable tissue 

inside the infarct and has a breakthrough at the epicardium. (B) Anterior view of 

scar geometry (C) Delineation of a portion of a midwall viable tissue embedded 

inside the infarct (green) that participates in the reentry (D View of the black box 

in (C) showing the reentry cycle and the activation of the tissue within the infarct. 
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6.3.2 Identification of Viable Tissue Surrounding the Scar 

using LGE-MRI 

As demonstrated above, the VTs were partially or completely located at the 

surviving myocardium surrounding the scar. Figure 6.5 delineates such viable 

tissues using short-axis slices of high-resolution LGE-MRI. In Figure 6.5A,C, there 

is a layer of sub-endocardial and sub-epicardial viable tissue with varying thickness. 

In Figure 6.5B, a thin viable tissue is located at the midwall providing a channel 

inside the infarct, similar to the structure in Figure 6.4 that contributed to the 

transmural reentry (heart 7). 

Figure 6.5: Delineation of viable tissues in the vicinity of the scar using short-axis 

slices of high-resolution LGE-MRI in hearts 5,7 and 8 (A) Thin sub-endocardial 

layer of viable tissue (red arrows), (B) transmural viable tissue located inside the 

infarct (yellow arrows) and (C) sub-epicardial layer of surviving myocardium (blue 

arrows). The layer of surviving myocardium at the sub-endocardium has 

heterogeneous thickness throughout the cavity. 
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6.3.3 Characteristics of Reentry Pathways 

The 3D pathways of the reentry circuits were tracked as described in the 

Methods. The average path length in the 23 unique morphologies was 53 ± 14 mm. 

Figure 6.6 presents pathways associated with two VT morphologies in heart 5. 

These pathways are highlighted with dashed line on the MDVT maps in Figures 

6.6A,D and illustrated separately in Figures 6.6B,E. The MDVT values along each 

pathway are primarily smaller than 2 mm (Figure 6.6C,F).  

Figure 6.6: Reentry pathway characterization in two representative reentrant 

circuits. (A) MDVT map with the reentry pathway overlaid with dashed black 

line. The right panel shows the zoomed view of the region of reentry (B) The 

tracked reentry pathway as visualized in 3D and color-coded by MDVT values. (C) 

MDVT as a function of the distance along the reentry pathway. The reentry 

pathlength is ~ 65mm. (D)-(F) Similar to (A)-(C) but in a different VT in the 

same heart (no. 5) with pathlength of ~ 74mm. 

To characterize the thickness of viable tissues contributing to VT in all the 

simulated VTs, the histogram of the MDVT values have been calculated and 

mm ( 6C,F). 
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presented in Figure 6.7. The MDVT distribution of all the reentry pathways (red) 

was compared to the MDVT values from all the nodes at the scar border in the 

eight hearts (blue). These results reveal a preferential localization of the values in 

the range of less than ~ 1.5mm for the both distributions. However, despite 

similarities in the shape of the two histograms, the red plot is marginally localized 

between 0.25 mm and 1.75 mm; 90% of the points on the reentry pathways have 

MDVT values of less than 2.3mm. Further, Kolmogorov-Smirnov (KS) statistical 

test showed that the two data points are not drawn from the same distribution and 

hence are statistically different (KS statistics = 0.164, p-value <0.001).  

Figure 6.7: Distributions of the minimal dimension of the viable tissues (MDVT) 

contributing to reentry circuits and the comparison to that of the total tissue 

surrounding the scar. (A) Normalized histograms and (B) Cumulative histograms. 

Blue represents the MDVT distribution of all the viable tissues surrounding the 

scars in eight hearts, and red shows the distribution for the viable tissues 

contributing to the reentries (from n = 23 distinct reentry circuits). 90% of the 

reentry pathways traverse viable tissue of thickness of less than 2.3 mm. 
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6.4 Discussion 

In this study, we constructed high-resolution models of infarcted hearts and 

employed them in simulations to investigate the contribution of the infarct 

microarchitecture to ventricular tachycardia. To the best of our knowledge this is 

the highest resolution biophysically detailed model of infarcted large animal hearts 

with image-based scar geometry and fiber orientation obtained from ex vivo LGE- 

and DT-MRI. The simulation results showed that the reentry circuits traverse thin 

viable tissue inside the infarct with complex geometries. The majority of reentries 

were located at the sub-endocardial layer of viable tissue with heterogeneous 

thickness distribution.  

6.4.1 Modeling Methodology and in-silico VT Induction 

The application of LGE-MRI ex vivo allowed us to image the heart at a much 

higher spatial resolution (400-fold) and higher image quality than in vivo contrast-

enhanced techniques by avoiding the heart and respiratory motions. As it has been 

demonstrated previously [155, 156] a smaller imaging voxel size results in less 

partial volume averaging effect and therefore less number of mid-intensity voxels in 

the image. Consistently, we observed sharper boundaries between the scar and the 

non-scar tissues. We therefore classified the myocardial tissue into two regions of 

scar and non-scar. Further, to incorporate the electrophysiological remodeling 

observed at the boundary of the scar, the cell membrane kinetics of the tissue 

within one voxel (250 µm) outside the scar was modified, to achieve action 

potential waveforms with lower upstroke velocity and longer duration, consistent 

with reported values in the literature [46]. The detailed characterization of the 

electrophysiological remodeling at the border zone is not completely known and 

requires further investigations using intramural mapping techniques such as plunge 

electrode recordings. Here we used minimal modeling assumptions based on the 
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reported findings of the border zone electrophysiology that served our goal to 

induce reentry in the models and investigate the geometrical contributions to the 

reentry circuits at the whole heart level. 

VT was induced using a programmed stimulation sequence similar to that in a 

clinical setting. Unlike clinical VT induction, we paced from 27 sites distributed 

throughout each heart. This aggressive pacing protocol assured induction of more 

VT morphologies than what would be induced using 3 pacing sites in a clinical 

setting, and therefore provided us with more data points to characterize the 

reentrant circuits. Indeed, while all the hearts were inducible using 27 sites pacing 

protocol, only 3 hearts were inducible when pacing was performed from typical LV 

apex, RV apex and RVOT locations. 

6.4.2 Identification and Characterization of Viable Tissue 

Surrounding the Scar 

A major contribution of this work is imaging and characterization of 3D 

architecture of viable myocardium surrounding the scar in intact hearts. The 

presence of viable myocardial fibers at the healed infarct has been shown using 

destructive histological methods [47, 157]. In agreement with these studies, we 

found complex regions of viable tissue embedded in the infarct; these regions 

generally surrounded the scar at the sub-endocardium or sub-epicardium or 

travelled inside the scar transmurally (Figure 6.5). Efficient visualization and 

characterization of the dimension of such regions is challenging due to their 

irregular 3D shape. The MDVT maps defined here, demonstrate the local thickness 

of viable tissue on the scar surface and provide a systematic way to identify and 

characterize these structures (Figures 6.3B and 6.6A,D). Using these 3D scar maps, 

we identified diverse morphologies of viable tissue surrounding the scar including: 

tube-like channels on the sub-epicardial layer (Figure 6.6D), small patches of viable 

tissues inside the scar connecting the endo- and epicardium (Figure 6.6A) and 
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sheets of surviving myocardium at the sub-endocardium or sub-epicardium with 

varying thickness at different locations of the scar surface (Figure 6.3B). Further, 

aggregation of the MDVT measurements over all the scar nodes in all the hearts 

allowed us to provide MDVT distribution plots that are unique determinants of the 

dimension of the complex underlying viable tissue structures surrounding the scar. 

6.4.3 The Linkage between the Viable Tissue Structure 

Surrounding the Scar and VT 

Previous studies have shown the role of small viable myocardium surrounding 

the scar in the formation of ventricular arrhythmias [157, 158]. We found that the 

reentry circuits were fully or partially localized in thin viable tissue embedded in 

the scar. The analysis of the MDVT values on the reentrant pathways 

demonstrates that the distribution is skewed toward smaller values of MDVT (90 

percentile of 2.3 mm, red in Figure 6.7), equivalent to thinner viable tissues. The 

shape of this distribution is partially influenced by the underlying distribution of 

MDVT values on the scar (blue in Figure 6.7) of which the values on the reentry 

pathways are a subset. Further, despite similarities in the shape of the two 

distributions, we found them to be statistically different, with the reentry 

distribution having a marginal overhead in the interval of 0.25-1.75 mm. This 

observation suggests that viable tissues with MDVTs in this interval are more 

likely to participate in reentries.  

In our study, the sub-endocardial viable tissue provided conducting pathways 

to the majority of the simulated reentrant circuits (78%). The sub-endocardial 

surviving tissue is believed to be the result of blood supply from the ventricular 

cavity [159] and have been shown to provide conducting pathways for reentry [160, 

161]. This was consistent with our observation that thin layers of viable tissue at 

sub-endocardium (and sub-epicardium) provide potential pathways for electrical 

activation inside the scar and also could contribute to reentry. In addition, our 
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simulation results show that the spatial heterogeneity in the shape and dimension 

of sub-endocardial (and sub-epicardial) viable tissue could lead to complex 

activation patterns (Figure 6.3C-F) with heterogeneous conduction velocity and 

APD. Such electrical heterogeneity due to complex geometry increases the 

propensity of conduction blocks and hence the formation of reentries. The basic 

geometrical mechanism of unidirectional block due to steep changes in the tissue 

thickness has been demonstrated previously [162]. Our study suggests that because 

of the complexity of scar structure, changes in tissue depth and width could occur 

simultaneously as the wave travels through the viable tissue and therefore 3D 

characterization of local tissue structure is needed for a complete understanding of 

wave activation. 

6.4.4 Clinical Implications 

The structural information of the infarct obtained from LGE-MRI has been 

shown to predict the presence of VT substrates in vivo [146, 163]. Image-based 

simulations obtained from such data have demonstrated promising results on 

detection of the potential targets for cardiac ablations [164] and risk stratifications 

[131] in patients with MI. Our study provides further evidence on the important 

role of 3D infarct structure and particularly the structure of viable tissue on the 

pattern of electrical activity during VT. The detailed knowledge of the scar 

geometry and the viable tissue that contribute to VT can help interpret with 

greater accuracy the findings from electroanatomical mapping and clinical MRI and 

help to improve the detection of substrates for arrhythmias. A complete 

understanding of the high resolution details of infarcts in particular will assist in 

making the appropriate assumptions when modeling from lower resolution clinical 

images. 

Limitations: The reperfusion infarct model used in this study represents the 

clinical setting in which a coronary occlusion is followed by a revascularization, 
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therefore the infarct characteristics could not represent the entire population of 

human infarcts. In addition, due to the limited spatial resolution, viable tissues 

with dimension of less than 250 µm could not be represented in our model. 
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In this thesis we employed high-resolution MR techniques to acquire cardiac 

structural data at a spatial resolution and image quality that is unprecedented for 

large animal and human hearts. We further employed this data in computational 

models to explore the structural features that contribute to reentry. The findings 

from and the methodologies presented in this thesis could be utilized in various 

ways to advance clinical and basic cardiac research. 

 Detailed reconstructions of fiber architecture in human atria, presented in 

chapter 4, enable the generation of computational models with realistic fiber 

orientation. These models could be used to investigate basic mechanisms of 

electrical propagation and, in particular, the influence of anisotropic fibrous 

structure on the activation patterns at the whole organ level. Experimental studies 

have demonstrated the effect of atrial anisotropic structure on electrical activity. 

For instance, it has been shown that sharp changes in fiber orientation and wall 

thickness in the atrial could lead to conduction blocks even in the absence of 

structural remodeling [24, 25]. Despite the experimental evidences, the degree to 

which such features contribute to rhythm disorders has not been systematically 

studied. Our findings set the groundwork for future studies that address this gap in 

knowledge by either incorporating this data in modeling methodologies or 

correlating experimental findings with the fiber maps provided in chapter 4. For 

example, computational modeling could be used to single out the effect of fiber 

structure by performing simulation experiments with and without the tissue 

anisotropy, and study the differences in the electrical activity. Such experiments 

could be performed in normal condition as well as in the presence of structural 

remodeling to obtain a full understanding of the effect of the anisotropic structure 

on dynamics and localization of electrical disturbances particularly the atrial rotors. 

In addition, there is an increasing number of efforts to study the relationship 

between the LGE-MRI-derived fibrosis information and the location of substrates 
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for atrial arrhythmias, as potential targets for cardiac ablation therapy. It would be 

interesting to investigate whether certain features of fiber structure need to be also 

considered as targets for cardiac ablation of atrial fibrillation.   

 The high-resolution models of infarcted hearts with subject-specific fiber 

orientation and infarct geometry will open many avenues to explore the 

relationship between VT and structure. Our simulation results in chapter 6 

demonstrated the complex viable tissues surrounding the scar that contribute to 

reentrant circuits and revealed the spatial extent and characterization of such 

features. One future work would be to use these models to find the structural and 

electrical characteristics of optimal ablation targets that terminate reentries. Given 

that this level of information regarding the scar geometry and the surrounding 

viable tissue is not available using in vivo imaging techniques, these models could 

serve as valuable tools to explain the high failure rate for cardiac ablations, and 

potentially propose novel ablation strategies [165]. 

 Patient-specific models are being constructed with the goal of identifying 

optimal ablation targets and improved risk stratification in the atria and ventricles 

[108, 131]. The high-resolution data obtained in this thesis could be used in future 

work to validate and improve these models. Incorporation of realistic atrial fiber 

architecture data will lead to an improved accuracy over models with simplified 

fiber orientation. Further, despite increasing attempts at the in vivo acquisition of 

fiber orientation in the ventricles, such task remains particularly challenging in the 

atria. Driven by the data provided in this thesis, mathematical techniques (e.g. 

rule-based or morphing methodologies) need to be implemented to map fiber 

orientation onto the patients’ atrial models based on purely geometrical 

information. Similar approaches have been adopted in mapping fiber orientation to 

models of ventricles. Despite the higher inter-subject variability in the geometry 

and a more complex fiber architecture in the atria, our study showed a remarkable 
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consistency in the orientation of major bundles in most of the hearts under study 

that could be promising for the aforementioned mapping techniques. Although 

future investigations of fiber architecture in larger number of hearts are needed to 

represent the true diversity in the fiber architecture in the population, the data 

from the hearts presented here could be served to create first virtual atlas of 

human atrial fiber architecture.   

Lastly, a complete picture of the high-resolution details of infarcts will assist in 

making the appropriate assumptions when creating patient-specific models from 

lower resolution clinical images. The integration of realistic fiber orientation in the 

infarcted hearts, as obtained in chapter 5, could improve the accuracy of these 

clinical modeling efforts. The findings from chapter 5 suggest that the fiber 

remodeling in the infarct is highly affected by geometrical factors due to wall 

thinning. This could simplify building models of infarcted tissue for electrical and 

mechanical simulations. The exact effect of fiber orientation remodeling on the 

activity yet to be determined by future simulation studies that compare the results 

from models with DTMRI-derived fibers and those with fibers obtained from other 

mapping approaches such as rule-based methods. 
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