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ABSTRACT

A CELLULAR AUTOMATON BASED
ELECTROMECHANICAL MODEL OF THE HEART

Bora, Ceren

M.Sc., Department of Biomedical Engineering
Supervisor: Asst. Prof. Dr. Yesim Serinagaoglu Dogrus6z

Co-Supervisor: Asst. Prof. Dr. Ergin Ténuk

September 2010, 119 pages

The heart is a muscular organ which acts as a biomechanical pump. Electrical impulses
are generated in specialized cells and flow through the heart myocardium by the ion
changes on the cell membrane which is the beginning of both the electrical and the
mechanical activity. Both the electrical and the mechanical states of the organ will
directly affect the pumping activity. The main motivation of this thesis is to better
understand physiological and pathological properties of the heart muscle via studying
the electro-mechanics of the heart. This model could be used to gain better solutions of
the ill-posed inverse problem of ECG and Body Surface Potential Maps (BSPM) or to
estimate the electrical propagation and mechanical response on patient specific heart
geometry models which can be obtained by using MRI technique. Cellular automaton
technique will be used to simulate the physiological function of the left ventricle to
estimate the cardiac functions. To model the heart tissue firstly the anatomical
knowledge of the heart will be used such as properties of the myocardium, fiber
orientations, etc. to simulate the three dimensional electrical propagation. Then the
mechanical activity consisting of contraction and relaxation will be simulated according
to the material properties of the heart. Using this simulation, the effects of the cardiac

arrhythmias such as reentry will be generated.



In this study, electrical and mechanical properties of the heart tissue are modeled for
normal heart beat and heart beat in case of ischemic heart tissue. Contraction of the
tissue via electrical activation has also been considered in terms of time
synchronization. “Cellular automaton” method is wused for modeling the
electromechanical interactions in the heart tissue. A simplified left ventricle model is
used to observe the electrical and the mechanical behavior. Using this method, both the
normal heart beat’s electrical activation and the arrhythmia excitation could be taken on,
without using complex differential equations. To consider the anisotropy of the heart
tissue, fiber orientations have also been added to the model. In this thesis work, electro-
mechanic models at cellular, macroscopic and heart left ventricle level are presented.
The electro-mechanical adaptation is performed by cellular electrophysiology and
cellular force development due to intercellular excitation propagation. Varying densities
of transmembrane proteins, changes on concentration of calcium, metabolic and
hormonal effects are neglected. Also in simplified ventricular model the fluid mechanics

and mechanoelectrical feed-back is not taken into-account.

Keywords: heart tissue, electromechanical model, cellular automaton, heart modeling



0z

HUCRESEL OTOMATON YONTEMi iLE KALBIN ELEKTROMEKANIK
MODELLENMESI

Bora, Ceren

Yuksek Lisans, Biyomedikal MUhendisligi Anabilim Dali
Tez Yoneticisi: Yrd. Dog. Dr. Yesim Serinagaoglu Dogrus6z
Ortak Tez Yoneticisi: Yrd. Dog. Dr. Ergin Ténuk

Eyliil 2010, 119 sayfa

Kalp biyomekanik pompa gérevi géren kas yapisinda bir organdir. Elektriksel uyarilar
bu is icin Ozellesmis hicrelerce olusturulur ve iyon degisimleri sayesinde tim
miyokardiyum ylzeyi boyunca akarak hem elektriksel hem de mekanik aktivitenin
olusumunu saglar. Hem elektriksel hem de mekanik aktiviteyi etkileyen durumlar kalbin
pompa gorevini dogrudan etkileyecektir. Bu calismanin ana amaci, kalp kasinin
fizyolojik ve patolojik dzelliklerini elektromekanik olarak inceleyerek, kalp hastaliklarinin
teshisinde kullanilan yontemlere ek ¢oézumler gelistirmektir. Bu model vicut yuzeyi
potansiyeli olgiimlerinden kalp Uzerindeki kaynagin bulunmasi amaciyla veya MR
gOruntuleriyle olusturulabilecek hastaya 6zel kalp geometrilerinde elektriksel iletim ve
buna bagl olarak mekanik tepkinin etkilerinin kestiriimesinde kullanilabilecektir.
Hucresel otomaton yontemi kullanilarak sol ventrikul fizyolojisi modeli Gzerinde kardiyak
fonksiyonlarin tespiti mimkin olacaktir. Modelleme esnasinda anatomik bilgiler g6z
onlnde bulundurularak (kas yapisi 6zellikleri, fiber dagilimi... vb.) éncelikle ¢ boyutlu
akim dagilimi modellenecektir. Daha sonra da malzeme yapisina bagh kalinarak
kasilma ve gevseme Ozellikleri belirlenecek ve mekanik aktivite simule edilecektir.
Simulasyon reentry gibi aritmi yaratacak durumlar icin denenerek Kklinik verilerle iligki

kurulmaya galisilacaktir.
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Bu calismada kalbin normal atim durumunda elektriksel ve mekanik &zelliklerinin
modellenmesi ile ilgili calismalarimiz yer almaktadir. Ayrica kalp elektriksel aktivasyonu
dolayisiyla gerceklesen kasilmanin zamansal senkronizasyonu belirlenerek kalbin
elektromekanik doku modeli Uzerinde g¢alismalar yapilmistir. 2 boyutlu kalp doku
modellemesi ve elektromekanik iliskilendirme igin hiicresel otomaton ydéntemi
kullaniimistir. Bu yéntemle kalpteki elektriksel yayillim ve mekanik kasilma baglangici
hem normal atim hem de kalp doku bozulmalari kaynakl aritmiye sebep olacak
uyarilarin  yayiimini  karmasik diferansiyel denklemlerden badimsiz  olarak
¢ozimlenmesine olanak saglamaktadir. Kalp dokusunun anizotropik yapisi da goz
oninde bulunarak fiber yonelimleri dogrultusunca gergeklesecek aktivasyon

gbzlemlenmistir.

Tez calismasinda elektromekanik model; makroskopik, diizlemsel ve basitlestirilmis sol
ventrikil duzeyinde ele alinmistir. Her hicredeki elektriksel ve mekanik davranislar,
hlcrenin uyari yayllimina bagli olarak hesaplanmistir. Zamana bagli fizyolojik durum
degisimleri ile ifade edilen iyon potansiyel egrisi ile kuvvet degisimi egrisi iliskilendirilmis
ve mekanik tepki de durum degisimi olarak elastik 6zellikte modellenmistir. Hicre zar
proteinlerinin yogunlugunun, kalsiyum iyon konsantrasyonunun, metabolik ve hormonal
degisimlerin kalp kasi Uzerindeki etkileri dikkate alinmamigtir. Ayrica akiskanlar
mekanigi, mekanigin elektriksel aktiviteye etkisi gibi kasilmayi etkileyecek o&zellikler

ihmal edilmigtir.

Anahtar Sézcukler: kalp dokusu, elektromekanik model, hiicresel otomaton, kalp modeli
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CHAPTER 1

INTRODUCTION

Most of the countries face high and increasing rates of cardiovascular disease. Each
year, heart disease kills more people in our county and in all over the world. Results of
the 2004 report of World Health Organization (WHO) show that approximately 54
percent of all death in Turkey is caused by cardiovascular diseases, which is the
highest per cent in all disease categories both in communicable and incommunicable
diseases that lead to death [1]. Most commonly seen death cause sudden cardiac
death (SCD) can be describe as “unexpected natural death from a cardiac cause within
a short time period” [1]. While 50% of the mortality caused by cardiovascular disease in
developed countries, in less-developed countries the percentage is lower, because
sudden cardiac death and ischemic heart disease rates parallel. Several population-
based studies show that SCD from coronary heart disease have decreased since the

early 1980s; however, SCD is still a major health issue [2].

Because of the unexpectable nature of the SCD and because 40% of sudden deaths
are indeterminate, classifications based on clinical circumstances can be misleading
and often impossible. Only recording the electrical activity by an ECG recorder or a
ventricular electrogram data taken via an implanted device at the time of death can give
the exact information about an arrhythmia. On the other hand, many people do not
know that he/she suffers from cardiac disease or they think that they have low risk for
SCD. Although symptomatic of the onset of cardiac diseases is often nonspecific, to be
able to decrease the mortality caused by SCD, cardiologist and electrophysiologist
should work together and try to define new methods that can be used as clinical

diagnosis, prognosis, and therapy to prevent SCD [2, 3].



Normal and failing heart show significant differences in electromechanical behavior,
which can be detected via many different devices: i.e. electrocardiography (ECG),
catheter based electrograph, angiograph, phonocardiogram (PCG), -cardiac
computerized tomography (cardiac CT), magnetic resonance imaging (MRI),
echocardiography using ultrasound, nuclear imaging etc. Heart sounds and measurable
electrical potentials are used for detection of the cardiovascular diseases. The
phonocardiogram (PCG) is a vibration or sound signal related to the heart contraction
and blood flow activity. The heart sound signal is perhaps the most traditional
biomedical signal. It can be detected even with naked ear; however, stethoscope is
commonly used for monitoring heart sounds. Cardiovascular diseases and defects
cause changes or additional sounds and murmurs that could be used in their diagnosis
[4]. The electrocardiograph (ECG) is one of the earliest equipment which measure and
manifest the cardiac activity. The first human ECG is published in 1887 by Augustus D.
Waller [5]. Contractile activity can be recorded easily with surface electrodes on the
limbs or chest. Through the wave shape of the recorded ECG, cardiovascular diseases
and many abnormalities can be altered. Although ECG and PCG are standard
diagnostic tools and most commonly used diagnostic methods for cardiac diseases,
they are not enough to determine the reasons of SCD, since 12-lead ECG technique
suffers from its low resolution and its being easily affected from in homogeneities and
smoothing effects of organs within the thorax [4, 6]. For the estimation of arrhythmia
sources, enhanced techniques are needed. To detect the disorders non-invasive
techniques like cardiac CT suffer from the movement of the organ. Not just the electrical
behavior record but also the mechanical behavior is important for having information of
the disease. Only seeing the mechanical disorders in the heart muscle could also yield

information about disorders in electrical behavior.

Besides clinical research and animal experimentation to understand the behavior and
pathology of the heart, computer modeling and simulations have great role in clinical
diagnosis and therapy to prevent sudden cardiac death [7, 8]. Computer simulations are
potentially effective approaches to define the heart rhythm disorders. Anatomically
realistic computer models of the heart not only help to characterize dynamic mechanism

for arrhythmia development but also will help to choose the right therapy in clinics [6, 7].



Even though the most direct method to study the cardiac disorders is trough biological
studies like animal experiments, certain drawbacks make the computer simulations
more preferable to biological studies: biological studies are expensive both in terms of
time and money, damaging to the tissue, have limited control, have limited access to
certain variables and their interactions, and only a limited number of measurements can
be obtained in experiments. Also using animals has problems on its own, because of
the need of animal models to study specific features, and ethical issues in using the
methods to measure the data. On the other hand computer simulations are less limited,
cost-effective and complex systems and interaction of variables are possible [9].
Although computer simulations also have disadvantages: e.g. simplification during
mathematical modeling, because of its advantages comparing to biological studies,
computer models may take the place of experiments, which can freely simulate heart in

various pathological conditions [10].

To be able to understand physiological and pathophysiological behavior of an organ,
one should have the knowledge of the interplay of anatomical structure and physical
phenomena. Using data achieved via new measurement methods, mathematical
description of the properties and behavior of cardiac tissue can be applied to simulate
the tissue behavior. In recent years, with the great improvement in computing capability
simulations has simplified and speeded up significantly. Complex phenomena can be
studied using approximate/simplified models that are used to predict unknown

behaviors of the tissue.

An ordered contraction of the heart is maintained by the propagation of the electrical
impulses through the heart muscle, along with the conduction of impulses from cell to
cell. The spread of the electrical activation on the myocardium controls the heart muscle
contraction. Thus, any loss of the order or rhythm of the electrical process can lead to
disorders in mechanical contraction and can also lead a decreased cardiac output, in
other words, a decreased amount of blood pumped out of the heart. Arrhythmias,
disorders in electrical activity of the heart, can be caused by numerous conditions and
can in some cases lead to death, which makes them clinically important. To be able to
understand and diagnose the arrhythmias, and to be able to develop methods for

“detection, treatment and management” of cardiac diseases, researchers and clinicians



has been working on different equipments to be able to measure the physiological
changes and also trying to model the organ in order to understand all the behavior of

the normally working and diseased cardiac system.

Models of interactions between structure and function of the cardiac tissue can be
divided into four main headings; molecular, cellular, tissue and organ level modeling [6].
The cardiac tissue models attempt to explain the myocardial electrical activation or the
myocardial mechanics individually or the myocardial electro-mechanical activation
including both the activation and contraction properties of the tissue in terms of its
cellular and tissue components [11, 12].

Large-scale models of the heart are used to describe the cellular level electrical activity
of the tissue. First model of an excitable cell was published by Hodgkin and Huxley in
1952 [6]. This model includes a mathematical description of the behavior of ion
channels, and correctly predicts the shape of the action potential, the membrane
potential changes, and the conduction velocity using experimental results of the squid
giant axon. Hodgkin and Huxley achieved the Nobel Prize for Physiology or Medicine
for their study [6, 13, 87].

Since then, a number of different cell models have been published as more information
has been available about the different functions of the cell. Models of the heart have
been developed since 1960, starting with the discovery and modeling of potassium
channels. The first models of calcium balance were made in the 1980s and have now
reached a high degree of physiological detail. During the 1990s, these cell models were

incorporated into anatomically detailed tissue and organ models [8, 14].

Some of the better-known cellular level models are called; the Purkinje fiber cell model
by DiFrancesco-Noble [15], ventricular cell model by Beeler-Reuter, mammalian
ventricular cell models by Luo-Rudy and the pig ventricular cell model by Noble. The
currents, pumps, and action potential generated from these models are getting more
complex, through the change of the number of currents included in just a single cardiac
cell [8, 16].



Cardiac cells are organized by gap junctions to have rapid activation of the
myocardium. It also affects the level of ejection fraction for the ventricles. This tissue
structure has been modeled mechanically and electrically to bridge the gap between
cell-level and tissue-level models [14]. Computing the propagation of an activation
wavefront through a tissue block can also be used in the whole heart models, to be
evaluated in different regions of the myocardium [14]. Modeling electrical activity from
cell to organ and than from organ to body can also be performed, which would be
clinically important since the initial clinical assessment of cardiac electrophysiology is at
the body surface [6, 13, 16].

From cell to tissue level, reaction-diffusion equation systems and cellular automaton
models are used as models. One of the most commonly used tissue models is the
FitzHugh—Nagumo (FHN) equations, because of its simplified computational cost, which
is used as the excitability component in some models of action potential propagation
using an excitation variable u and a recovery variable v, which is called reaction-
diffusion equations [6, 13, 17]. The dynamic propagation can be represented by
displaying an iso-surface of the transmembrane potential value. The complete
propagation can be shown with the isochrones, where colors represent the different
depolarization times [18, 19]. To model the macroscopic characteristics of the cardiac
tissue Aliev-Panfilov modification to the FitzHugh-Nagumo model is also a reaction-
diffusion based model, which provides a more realistic shape of the cardiac action

potential using spatial temporal and fiber orientation parameters [20].

Computational models are a potentially powerful tool for investigating the complex
interaction between abnormal structure and function that causes cardiac arrhythmias.
There are many different types of arrhythmia from ectopic beats to lethal ventricular
fibrillation [21]. These are Na* overload and Ca?* overload causes metabolic changes
within the cell result in spontaneous release of intracellular Ca** that initiates the
abnormal depolarization. One of the most serious disorders of cardiac action potential
conduction is re-entry, which lead to cardiac arrhythmias of tachycardia and fibrillation.
During re-entry an action potential circulates, continuously exciting tissue that is
refractory. For re-entry to occur, a closed pathway with a length greater than the

product of action potential duration and conduction velocity must exist within the tissue.



Re-entry has been widely investigated in 2D computational models, and to a limited
extent in 3D [11].

Cellular automata approach, which was chosen as the modeling method in this thesis,
is the simplest approximation of cardiac tissue, where the excitation propagation
through the heart is described macroscopically. Nodes that include many cardiac cells
are arranged in a grid and have a number of discrete states, and the state of a
particular cell is determined by a set of rules. In cellular automata, the complex ionic
phenomena are represented in terms of changes in state of each model unit. Each state
is assigned a physiological significance and specific rules govern the state transitions
and propagation of the activation from one element to its neigbors. An anatomically
accurate cellular automaton model incorparating anisotropy of propagation based on
recorded fiber orientations can be quantitatively shown to achive the activation and
propagation phenomena comperable to those in normal heart [9]. The main advantage
of this model is computational time required to run simulations. This approach can also

be used to study fibrillation and other arrhythmias [6, 9, 13, 22].

The cellular automaton based cardiac model is able to simulate various cardiac
diseases. For example, different bundle branch blocks can be introduced by slight
changes in the conduction system. Decreasing the action potential amplitude and
excitation propagation velocity in some regions of the myocardium represents an

ischemia or an infraction [22].

Fiber orientation in cardiac tissue is one of the basic parameters in modeling, because
both electrical and mechanical tissue properties are strongly dependent on fiber
directions. Patient specific models require in vivo fiber orientation measurements, which
is not applicable for human being in invasive manner. Non-invasively, the fiber
orientation can be analyzed from a Diffusion Tensor Magnetic Resonance Imaging
(DTMRI) measurement of a human heart [10, 17, 22, 23]. Using MRI images or using
animal experiment results and cadaver tissue studies, fiber directions can be
determined [24, 25]. Those studies show that the fiber directions in the left and right
ventricular free wall, typically varies from -60° at the epicardium to +90° at the

endocardium, whereas in the septal wall the fiber angle ranges from approximately —90°



at the right ventricular endocardium to around +80 ° at the left ventricular endocardium
[26].

The orientation of the muscle fibers was included in the underlying anatomical model
allowing the incorporation of anisotropic electrical and mechanical properties. In the
ventricular wall models, at any node it is possible to define three structurally based
axes: (a) axes in the fiber direction, (b) axes in the perpendicular to the fiber direction
within a muscle layer, and (c) axes in the normal to the muscle layer [8, 9].

Mechanical models are highly affected by the fibrous structure of the heart both in
cellular and macroscopic in other words tissue level, since the movement of contraction
occurs in only one direction which is the fiber direction. Muscle cells control the
development of force in the myofilaments via the intracellular calcium concentration and
stretch of sacromere. Calcium concentration, sacromere length, excitation duration and

excitation current are needed for many models as major input parameters [27-30].

Experimental studies show that the mechanical properties of myocardium are found to
be; nonlinear, anisotropic and viscoelastic [7, 31-33]. A first study on mechanical
properties of myocardium was done to model the relationship between stain and stress
by parameter fitting to experimentally recorded data by Demiray in 1972. Since than,
strain energy density functions, viscoelastic properties of the myocardium, diastole and
end-systole material descriptions, anisotropy of the material were added to models for
tissue properties [7, 18]. Different parameterizations were determined depending on the
fiber directions and residual stress in the ventricular wall. To describe the cellular level
behavior of the tissue, sarcomere the unit contractile elements is modeled. Constitutive
relationships are tried to be established and constitutive law based on the Hill-Maxwell
rheological law are used to simulate the relationship between force and displacement of
the tissue [34, 35]. Sliding filament theory defines the basic movement of the contractile
proteins in activation. Also Hill's three-element model is one of the most commonly

used mathematical models to explain the contraction of the cardiac cells [36, 37].

Calculating the ventricular wall deformation, computerizing the whole organ, finite

element models and finite difference models (i.e. continuum approach) are more



preferable methods comparing to computing each sarcomere individually [10, 32, 38]. In
the heart motion, there is a twist during contraction; using biomechanical volumetric

models could help recover this tangential displacement [17, 39, 40].

The myocardium contraction is modeled through a constitutive law including an
electromechanical coupling. The myocardium’s constitutive law is complex and must
include an active element for contraction, controlled by the transmembrane potential
and a passive element representing the mechanical elasticity [19]. The recent tension
development model consists of 14 state variables incorporated with the three

components troponin, tropomyosin, and actin-myosin interaction [22].

As a whole heart modelling approach, electrical and mechanical models are taken as a
whole and in the constructed electromechanical model. The propagation of electrical
excitation was simulated using an electrical heart model, and the resulting active forces
were used to calculate ventricular wall motion. During the period of systole, the right
ventricular free wall moves towards the septum, and at the same time, the base and
middle of the free wall move towards the apex, which reduces the volume of the right
ventricle and the heart does its main function: pumps the blood to the body.

1.1. Motivation of the Thesis

The main motivation of this thesis is to better understand physiological and pathological
properties of the heart via studying the electro-mechanics of the heart as any
asynchrony of electrical activation and disorder of the mechanical properties can lead to

abnormalities in heart function.

As a key idea, the aim was to build a “Beating Heart Model”, which contracts under
electrical excitation. The modeling includes the areas of anatomy, electrophysiology,
excitation propagation, mechanics and force development as well as the coupling of

these areas.

A trade-off between biological accuracy and computational efficiency still exist;
however, to simulate the lethal tissue, computation time is more preferable for the



clinical applications, to improve diagnostics of infarction and arrhythmia and to enable
quantitative therapy planning. It can also be used as a regularization tool to gain better
solutions of the ill-posed inverse problem of ECG and Body Surface Potential Maps

(BSPM) and MR, leading to a new non-invasive medical imaging technique.

1.2. Scope of the Thesis

This thesis work includes studies done for model of cardiac tissue at macroscopic level
in normal, and some pathological conditions. The simulations represent a cardiac cycle
including electrical depolarization and repolarization as well as mechanical contraction

and relaxation.

Cellular automaton model was chosen to study electrical propagation in a single fiber,
two-dimensional sheet simulation and a simplified left ventricle model. The model can
be used to better understand physiology and pathophysiology of the heart, without

using complex differential equations.

Truncated ellipsoid is used as simplified left ventricle geometry. The ventricle
geometry, fiber directions and size of this ellipsoid were chosen so that it is similar to an
adult left ventricle, the simplified model generated by layered structure. The fiber
orientation is set using knowledge from anatomical studies with approximately 140
degrees change from epicardium to endocardium: first four layer simplified model is
generated in which the fiber orientation is varied from -45° at the epicardium to 90° at
the endocardium, and then a more realistic tissue was simulated by varying the fiber

angles and number of layers.

1.3. Organization

This thesis is organized as follows: After the 1% Chapter, introduction of the thesis,
Chapter 2 describes the anatomical and physiological basis of the heart and

myocardium, which is the reference parameter information of all the simulations.



In Chapter 3, method of the simulation is described. Chosen model parameters,

simulation algorithm and implementation is explained in details.

In the next chapter, in Chapter 4, results of the simulation are presented. For one
dimensional, and two dimensional myocardium simulation results were presented for
both electrical and mechanical model. Anisotropy of the cardiac tissue and simulation
results were also presented in this part. The results normally propagated electrical
wave and re-entry simulations in 2D and 3D models are illustrated and compared.
Representations of electromechanical behavior of the tissue are shown in 2D and 3D
models, and a simplified left ventricle model can be found in this section.

Chapter 5 describes the overall conclusion from the research and the individual studies

described in Chapter 4 and potential future directions of this study.
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CHAPTER 2

BACKGROUND INFORMATION

2.1. The Heart

The heart is one of the major components of circulation system, which is composed of
cardiovascular and lymphatic systems. The main function of the circulation system can
be listed as transportation, regulation and protection. Every cell in our body needs
oxygen as respiratory gases, nutritive, and hormones, and the metabolic wastes should
be removed. The blood serves the transportation function and carries all those
necessary materials pumped out of the heart to each body cell through vessels. The
cardiovascular system also helps the body to regulate the body temperature. Another
important regulation factor is hormones, which are needed for variety of functions. One
other role of circulation system is to protect body from microbes, toxins and help to

prevent blood loss [41].

Loss of any of those functions would make many different types of arrhythmia ranging
from benign ectopic beats to lethal ventricular fibrillation. All those functions make the
heart vital and make the computer simulations useful for investigating the complex
interaction between abnormal structure and function that underlies the development of

cardiac arrhythmias.

2.1.1. Cardiac Anatomy

The heart is an electromechanical pump, which has four chambers: two atria and two
ventricles. Atria receive the blood returned back to the heart, and ventricles eject blood

into arteries. As well as atria and ventricles the heart also divided into two as pumps:
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right and left pumps. The muscular wall, which separates those pumps, is called the
septum. In a normal adult heart the septum prevents mixture of the blood in the right
and left of the heart [41].
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Figure 2.1 The human heart diagram: illustrations of atria and ventricles [42]

Champers, arteries and veins are separated from other cavities via gates called valves.
The valves allow blood to flow only in a certain direction in the heart. They normally
prevent the backflow of the blood. Valves also maintain the pressure change in cavities,
which leads to blood exceed from ventricles to arteries. They are named according to
their flap numbers and shape: tricuspid valve, bicuspid valve (mitral valve), semilunar
valves; and according to the cavity names they separate some of them called:
atrioventricular valves, aortic semilunar valve, pulmonary semilunar valve [41]. The
position of valves presented in Figure 2.1 and Figure 2.2 presents the superior view of

the valves.

lllustrations of the main components of the human heart are given in Figure 2.1. The
heart is mainly composed of four cavities surrounded by muscles that are constructed

of cells called myocytes. The heart wall has a three-layered structure: epicardium,
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myocardium and endocardium. Epicardium is the thin layer on the outside of the heart,
which produces the fluid that protects the heart while its movement when it beats. The
innermost layer is called endocardium, which consist of epithelium cells. The actual
muscle tissue in between those two layers is myocardium. Its thickness varies over the
surface of the heart, which can also be seen in Figure 2.1. The wall of left ventricle (LV)
is the thickest wall in the heart and right ventricle (RV) and atria walls follows each
other. While LV wall thickness is approximately 8-10 mm, RV thickness is only 2-3 mm
[41, 43].
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Figure 2.2 The heart valves: (a) a superior view of the heart valves, (b) a closed position
photograph of aortic and pulmonary semilunar valves [41]

Total heart size is approximately the size of a fist and its weight is around 300 grams.
Heart beats approximately 100.000 times a day and pumps around 7200 liters per day.
For an adult, at rest nearly 5 liters of blood is pumped out of the heart per minute and it
takes about 1 minute for blood to pump out of the heart to body and to come back
through superior or inferior vena cava to the heart again. This pumping action is
provided by muscular activity, which is necessary to generate the required pressure to
push blood to whole body [41].

Like any other organ in the body, the heart also needs to feed itself. Myocardial oxygen
supply is provided by coronary arteries. The blood flow to the myocardium is supplied
by the two coronary arteries that arise from the aortic root. In Figure 2.3 the main
coronary arteries of the heart were shown. The right coronary artery usually supplies

the greater portion of the right ventricle, while the left coronary artery supplies the left
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ventricle. The contribution of both arteries to blood flow in the septum and posterior wall
of the left ventricle varies. The situations like hypertension, the myocardium requires
more O, than usual to perform the same amount of work and an increased O, demand
quickly has to lead to vasodilatation, in other words widening of blood vessels [44].
Oxygen supply deficiency causes ischemic heart diseases which leads the most

commonly seen mortal disease, sudden cardiac death [41].
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Figure 2.3 Coronary arteries: (a) main coronary arteries, (b) cardiac vessels from
epicardium to endocardium [45]

The heart is the first organ form in the fetal body. Before taking its specialized structure,
heart is in tubular form. The heart begins to looping and bending on itself and finally
becomes fully developed shape in an only 8-day old human embryo. 22-day old heart
begins to contract rhythmically and will continue up till the end of the human’s lifetime
[43].

The morphology of the cardiac muscles can be examine by comparing the structure and
function with other type of muscles. The muscle types are divided into 3 main groups:
smooth muscles, cardiac muscles and skeletal muscles. Cardiac muscles have striated
form and Z lines and also contain actin, tropomyosin and troponin proteins that are
similar to those in skeletal muscle [46]. Unlike skeletal muscles, the cardiac muscle
cells have branched fibers. It has more mitochondria in the cells comparing to other

striated muscle cells but it has only one nucleus for each cell. The end of one muscle
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fiber lies adjacent to another fiber; those are connected to each other via gap junctions,
which provide low-resistance bridges for the excitation propagation [47]. In Table 2.1,

other properties of cardiac muscle are presented and compared to other muscle types.

Table 2.1 Comparison of structure and functions of muscle types [44]

Structure and

Smooth muscle

Cardiac muscle

Skeletal muscle

Function (striated) (striated)
sl None None Yes
end-plates
. Fusiform, short Cylindrical, long
Fibers (=< 0.2 mm) Branched (C<15cm)
Mitochondria Few Many ;ivgc(liet?/ﬁgc)jmg on
Nucleus per fiber 1 1 Multiple
Sarcomeres None Ifsz ge :l?rtlh Ifsé l&'ﬁ:}
Electr. Coupling Some (single-unit type) :;:C%Srﬁ;onal No
Sarcoplasmic : Moderately .
Reticulum Little developed developed Highly developed
Ca* “switch” Calmodulin/caldesmon Troponin Troponin
Some spontaneous Yes (sinus nodes No (requires nerve
Pacemaker rhythmic activity ca.1s™) stimulus)
(1s"'-1h™") '
Response to Change in tone or All or none Graded
stimulus rhythm frequency
Tetanizable Yes No Yes
Work range Length-force curve is In rising length- At peak of length-

variable

force curve

force curve




Not only the muscle types but also the cardiac tissues themselves vary according to the
function and spatial location of the cells. Some of the different cell types in the heart are

presented in Figure 2.4.

The gap junction orientation and density differ depending on the tissue. For example,
the density of the gap junctions in the SA and AV node is less than the density in the
ventricular myocardium [45]. Also in the same tissue it differs in longitudinal orientation
and transversal orientation. It can be said that density is larger in longitudinal direction.
The average length of longitudinal gap junctions is smaller than the length of
transversal gap junctions. Both circumstances lead to a macroscopic anisotropic,
electrical intracellular conductivity [7]. Due to anisotropy of the tissue speed of the
electrical propagation, response of the tissue to excitation also changes in those

different cardiac cells; SA node, AV node, Purkinje fibers, and myocardial cells.

The main cardiac muscle consists of myocardial cells. Those striated muscle cells also
show anatomically and physiologically differences due to anisotropy. In Figure 2.5,

longitudinal and cross-section electron microscopy figures are shown.
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Figure 2.4 illustrations of cardiac cells; (a) myocardial cells, (b) purkinje fibers, (c) SA
node, (d) AV node, (e) transition cell [45]
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Figure 2.5 Human cardiac muscle in longitudinal section (left) and cross section (right).
Electron microphotograpy of myocardial cells [33, 48]

Those longitudinal and cross-section images in Figure 2.5 represent cardiac muscle
sheets. However, the anisotropy of the heart tissue not only changes due to longitudinal
and cross-sectional orientation of the cells. The anisotropy complexity begins with the
embryonic heart tissue formation, when the heart begins to looping and bending on
itself [43]. If the heart is unwrapped, the anisotropy of the tissue becomes more visible,

which can be seen in Figure 2.6.

Figure 2.6 Unwrapping the heart [49]
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The fibers in the wall are not uniformly oriented throughout the wall. Instead their
orientation varies continuously so that stress and strain workload of the muscle fibers
yields homogeneously. Some studies report that a total fiber angle varies of 140°

degrees from the outermost layer to innermost layer of the heart [43].
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Figure 2.7 Fiber orientation distribution of the heart. View from apex, view from side and
angular distribution from endocardium to epicardium [45]

The fiber orientation of the total heart tissue shows angular variation from endocardium
to epicardium [13, 50, 51]. Figure 2.7 illustrates the fiber direction change in 100 ym
width tissue for twenty separate sheets.

Furthermore, fiber orientation, distribution of gap junctions and pathologies influence
the activity of the heart, which leads inhomogeneity in electromechanical properties of
the heart.

2.1.2. Cardiac Physiology

The heart is subdivided into two halves by walls: interatrial and interventicular septa.
Each of the septum controls one part of circulatory system [43]. Basic diagram of the
circulatory system is illustrated in Figure 2.8. Two atria fill with blood and then contract
simultaneously. This is followed by simultaneous contraction of both ventricles, which

sends blood out of the heart to the body and organs.
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Figure 2.8 Circulation system diagram [41]

Blood is pumped from the left ventricle of the heart to capillaries in the periphery via the
arterial vessels of the systemic circulation and returns via the veins to the right heart. It
is then expelled from the right ventricle to the lungs via the pulmonary circulation and

returns to the left heart [41].

Source of the pulmonary circulation is right ventricle. The blood, which has low O,
concentration, is pumped out of the right ventricle through pulmonary arteries and
reaches to lungs where will be oxygenized. Oxygen diffuses from the air to the capillary
blood, while carbon dioxide diffuses in the opposite direction. After this gas exchange
oxygen-rich blood reaches back to the left atrium of the heart through pulmonary veins
[41].

Source of the systemic circulation is left ventricle. The blood, which has oxygenized in
the lungs, is pumped out of the left ventricle through the aorta, which is the largest and
most elastic artery in the body and reaches to each living cell in the body. Oxygen,
nitrites and hormones diffuse from the capillary blood to cells, and metabolic wastes are
collected from cells to blood. After this exchange, as a result of cellular respiration, the
oxygen concentration of the blood decreases and carbon dioxide concentration
increases in the blood. Through superior and inferior venae cavaes the blood coming

from organs will return to the right atrium of the heart [41].
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The resting heart rate is 60-80 beats per minute. A cardiac cycle, therefore takes

roughly 1 s. It can be divided into four distinct phases:

U] contraction phase and

(1 ejection phase, } both occurring in systole;
(M relaxation phase and

(IV)  filling phase I both occurring in diastole.

The atria contract at the end of phase IV. Electrical excitation of the atria and ventricles
come before their contraction. The cardiac valves determine the direction of blood flow
within the heart, e.g., from the atria to the ventricles or from the ventricles to the aorta or
pulmonary artery. All cardiac valves are closed during phases | and lll. Opening and
closing of the valves is controlled by the pressures exerted on the two sides of the

valves [44].

Near the end of ventricular diastole, the sinoatrial (SA) node emits an electrical impulse.
This results in atrial contraction and is followed by ventricular excitation. The ventricular
pressure then starts to rise until it exceeds the atrial pressure, causing the
atrioventricular valves (mitral and tricuspid valves) to close. This marks the end of

diastole.

The mean end-diastolic volume (EDV) in the ventricle is now about 120 mL or, more
precisely, 70 mL/m? body surface area. In the isovolumetric contraction phase with all
valves are closed, the ventricles now contract, producing the first heart sound, and the
ventricular pressure increases rapidly. The semilunar valves (aortic and pulmonary
valves) now open because the pressure in the left ventricle exceeds that in the aorta at
about 80 mmHg, and the pressure in the right ventricle exceeds that in the pulmonary

artery at about 10 mmHg [44].

During ejection period, the pressure in the left ventricle and aorta reaches a maximum
systolic pressure (120 mmHg). In the early phase of ejection, a large portion of the
stroke volume (SV) is rapidly ejected and the blood flow rate reaches a maximum.

Myocardial excitation subsequently decreases and ventricular pressure decreases until
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it falls below that of the aorta or pulmonary artery, respectively. This leads to closing of

the semilunar valves, producing the second heart sound.

In the first phase of ventricular diastole (isovolumetric relaxation), the atria have
meanwhile refilled, mainly due to the suction effect created by the lowering of the valve
plane during ejection. As a result, the central venous pressure decreases. The
ventricular pressure now drops rapidly, causing the atrioventricular valves to open again

when it falls short of atrial pressure.

The blood passes rapidly from the atria into the ventricles, resulting in a drop in central
venous pressure at the filling phase. At a normal heart rate, the atrial contraction
contributes about 15% to ventricular filling. When the heart rate increases, the duration
of the cardiac cycle decreases mainly at the expense of diastole, and the contribution of

atrial contraction to ventricular filling increases.

Pressure, volume and blood flow changes during the cardiac cycle can be followed from
Figure 2.9. Duration of each cardiac cycle changes due to heart rate. The graphs were
illustrated in Figure 2.9 shows the normal heart rate value which is taken as 75 beats

per minute.

The amount of blood pumped out of each ventricle beat, is called stroke volume, and is
about 80 mL in a resting man. The output of the heart in unit time is called cardiac
output, which is approximately equal to 5.5 L/min in a resting man. Cardiac output can
be affected by various conditions, which affect either the heart rate or the stroke

volume, like excitement, exercise, drugs, and also arrhythmias, and heart disease [47].

2.2. Cardiac Electrophysiology

The electrophysiology of the heart is necessary for the understanding of many aspects
of the physiological and pathophysiological cardiac behavior. The origin of the electrical
activity of the heart is the myocytes, which behave like nerve cells an electrical
excitability. The electrical excitation of a myocyte is tightly coupled with its mechanical
contraction. The electrical excitation propagation from a myocyte to its neighboring
myocytes is primarily achieved by ion transportaion via the gap junctions. Additionally,
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extracellular voltage changes resulting from the ion changes across the cell membrane
from an external current flow and any applied external current can modulate the

propagation and initiate an excitation [7].

The heart muscle cells generate the impulse within the heart automatically, conduct and
response to electrical impulses. The frequency and regularity of pacemaking activity
brings the heart rhythm. Myocardial tissue comprises a functional syncytium because
the cells are connected by gap junctions. This also includes the atrioventricular junction.
Thus, an impulse arising in any part of the heart leads to complete contraction of both
ventricles and atria [44].
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Interventricular septum Ape

Figure 2.10 The conduction system of the heart [41]

Cardiac contraction is normally started from the sinoatrial node (SA node), which is
therefore called the primary pacemaker. The impulses are conducted through the atria
to the atrioventricular node (AV node). The bundle of His is the beginning of the
specialized conduction system, including also the left and right bundle branches and the
Purkinje fibers, which further transmit the impulses to the ventricular myocardium [44].
Conduction system and specialized myocardial cells are presented in Figure 2.10.

Electrical activation propagation and contraction due to the activation of the mussels
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were illustrated in Figure 2.11. The cell potential in the SA node is a pacemaker
potential. These cells do not have a constant resting potential. Instead, they slowly
depolarize immediately after each repolarization, the most negative value of which is
the maximum diastolic potential. The membrane potential begins at -60 mV and
gradually depolarize to -40 mV, which is the threshold for produce and action potential
(AP). Thus each beat triggers another AP [44].

Figure 2.11 Normal spread of electrical activity. Electrical impulse (a) at SA node,
pacemaker potential generation, (b) at AV node, atrial activation, (c) atrial contraction,
(d) activation of ventricular myocardium, (e) ventricular contraction [48]

The pacemaker potential in SA node is formed by ion conductance and ionic flow
through the cell membrane. In response to hyperpolarization a type of channel opens
and due to its permeability Na* ions enter in the cell and produces depolarization.
Cardiac pacemaker channels are also called HCN channels: hyperpolarization cyclic
nucleotide channels. After the threshold voltage is passed, activation begins and the
upward phase of the AP is reached by the inward diffusion of Ca** ions. Repolarization
is produced by the opening of voltage-gated K* channels and the outward diffusion of
K" ions [41].

Once neighboring myocardial cells have been simulated by AP, the cell also produces
its own APs. According to the type and location of the cardiac cells the AP also
changes. Different APs can be seen in Figure 2.12. Total electrical activity produces a
few mV potential differences on body surface, which can be measured non-invasively
and recorded as electrocardiogram (ECG) wave. ECG provides information on heart
position, relative chamber size, heart rhythm, impulse origin, propagation and rhythm

and conduction disturbances, extent and location of myocardial ischemia, changes in
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electrolyte concentrations, and drug effects on the heart. However, it does not provide

data on cardiac contraction or pumping function. [44]
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Figure 2.12 Cardiac excitation, action potentials of different myocardial cells [44]

Conduction timing, speed of propagation of myocardial cells on different locations in the
heart is presented in Table 2.2. Also ECG waves caused by activated points are given.
The highest velocity of excitation propagation is in Purkinje fibers, which provides the
simultaneous contraction of ventricles. It can also be seen that right side of the heart is
excited earlier than the left side of the heart both in atria and the ventricles. While SA
node conduction has the highest rate (60-100 per minute), no rate is seen in ventricular

myocardium.

In a classical electrocardiography (ECG), which measures the summation of cardiac
action potentials, three main peaks are observed;
o P represents the atrial depolarization
¢ QRS interval represents the ventricular depolarization (also atrial repolarization
occur at this interval but it is surpassed by ventricular depolarization)

e T represents the ventricular repolarization
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Measurements of tissue from different regions show electrophysiological differences.
These variations are due to different ion channel expression influencing mainly the
plateau and repolarization phase of AP and the development of tension. The excitation
velocity in ventricular myocardium is given as 1 m/s. However, this value is only valid in
fiber direction. Electrical activation propagates also in other directions with a decrease
in velocity; for perpendicular direction to the fiber angle the velocity is 1/3 of normal and

propagation on other sheets decreases even more to 1/5 of normal [9].

Table 2.2 Cardiac impulse conduction [44]

Time Velocity Conduction

Normal ECG i Intrinsic

A (ms) (m's™)
activation sequence Rate

(min™")
SA node Impulse generation 0 0.05
Arrival of impulse in
Right atrium distal parts of atrium 50 = 0.8-1.0 60-100
Arrival of impulse in in atrium
Left atrium distal parts of atrium 85
AV node Arrival of impulse 50 0.05
- - P-Q 40-45

AV node Relaying of impulse 125 0.05
LIDLILED Activated 130 1.0-15
End of bundle
branches Activated 145 1.0-1.5 25-40
Purkinje fibers | A ctivated 150 3.0-35
Inner
myocardium Right ventricle 175
Inner .
myocardium Left ventricle 190 QRS 0
Oy iﬁ myocardium None
myocardium Right ventricle 205 Y
Outer
myocardium Left ventricle 225
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Figure 2.13 shows the intra- and extracellular and ion changes and potential changes.
The change can be divided into five separate phases: [52]

Phase 0 The quick Na® channels open and sodium inflow begins. Then

depolarization occur and membrane potential rises up to +20 mV.

Phase 1 Slower K* channels open and the outward flow of K" stops the

rising potential due to Na".

Phase 2 Na® channels close while K* channels are still open.

Phase 3 Slow Ca™ channels open and stay opened for approximately 20
sec which causes the plateau in membrane potential due to the
inward flow of Ca*".

Phase 4 Ca'™ channels close and repolarization occur and membrane

voltage returns its resting value -90 mV.

lon changes in all those phases have effects on both electrical and mechanical basis of

the cardiac tissue response to excitation.

Millivolts
" Overshoot
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Plateau phase o
—_— Repolarization
0l 1 2
Membrane 3
resting L Restoration of
potential Repolarization ionic balance
-50 -
¥ 4 Depolarization 4
Intracellular space K*
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Figure 2.13 Membrane ion changes that causes action potential and an action potential in
a myocardial cell from the ventricles [52]
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2.3. Cardiac Mechanics

The primary mechanical event in the heart, the development of contractile force, is
triggered by an electrical event, the cardiac action potential, through the process of
excitation-contraction coupling. The electrical excitation of cardiac cells causes
mechanical contraction controlled by intracellular calcium. The activity depends on

tissue type and distribution, geometry of the heart, and heart rate.

The contractile response of cardiac muscle begins just after the start of depolarization
and lasts about 1.5 times as long as the action potential. The timing and shape of
electrical-mechanical coupling is shown in Figure 2.14. In electrical wave, absolute
refractory period and relative refractory periods can be seen. In absolute refractory
period, no matter how big the excitation potential is, the cell cannot be stimulated; on
the other hand, in relative refractory period cell can be stimulated if the exciting

potential is big enough.

Y
Stimulus AP Ca?*
Contraction

Absolutely Relatively |

. 20_! refractory ! !refractow 1100
mv 0— E 8
-20/— | E
=
F =
- 60— E
- E
-100— | 1 ] | I o E
0 100 200 300 40 ;i

ms

Figure 2.14 Action potential and contractile response of myocardium [41]

Response characters of the muscle are “all or none”, which means muscle fiber

contract fully if they respond to the excitation. Since cardiac muscle is absolutely
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refractory during most of the action potential, the contractile response is more than half
over by the time a second response can be initiated [47]. Therefore, the tetanus of the
skeletal muscles cannot be seen in cardiac tissues. It can be said that, this property of
the cardiac muscle is a safety feature, because for any length of the time it would have
lethal consequences. Ventricle muscle is said to be vulnerable period just at the end of

an AP, because stimulation at this time will sometimes initiate ventricular fibrillation.

Myocardial muscle consists of contractile units called sarcomeres. Each sarcomere has
characteristic proteins called actin, myosin, troponin, tropoyosin, whose lay out in the
muscle fiber gives a striated appearance to myocardium [46]. Figure 2.15 represents
the three dimensional structure of the sarcomere. Repeating units can be seen on the
longitudinally oriented myofibrils.

Sarcoplasmic reticulum
Terminal cisternae Mitochondrion  Transversal tubules

Z-disc Sarcoplasmic reticulum Dyad

Figure 2.15 A myocardial cell or fiber reconstructed from electron micrographs [33]

The role of Ca®" in excitation-contraction coupling is similar to its role in skeletal muscle,
except that Ca?" entering from the extracellular fluid (ECF) as well as Ca®" from the
sarcoplasmic reticulum contributes to contraction [47]. The longitudinal section images
taken with the electron microscopy and corresponding illustrations of sarcomere is

given in Figure 2.16, for relaxation and contraction phases of the tissue.

In the illustrations (Figure 2.16) the contractile mechanism of a sarcomere can be seen.
In the schematic diagram, Figure 2.16 (a) is showing the thin actin-containing (orange)

and thick myosin-containing (purple) filaments. Names of different colored sections are;
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Z lines: separates sarcomeres from each other, which can be seen as dark lines.
| band: lightly straining parts locating outer ends
A band: denser staining locating in the | bands.

H zone: located in the center of the A band.

RELAXED

t Cross-bridge

Actin movemen Actin movement
B

N |

CONTRACTED

Figure 2.16 Muscle contraction: shortening of the sarcomere, (a)schematic diagram,
(b)electron micrographs of longitudinal sections [46]

When the contraction happens: muscle fiber shorten, length of a band stands constant,
while H and | bands decreased in width and then disappeared together. As shortening
progressed, the Z line of both ends of the sarcomere moved inward until they
connected the outer end of the A band. [46]

The molecular basis of the contractile activity of the muscle is highly affected by the
Ca?" concentration. The incoming AP opens voltage gated Ca®" channels, associated
with  dihydropyridine receptors, on the sarcolemma of myocardial cells, starting an
influx of Ca®* from the extracellular fluid (ECF). This produces a local increase in
cytosolic Ca?* which, in turn, triggers the opening of ligand-gated, ryanodine- sensitive
Ca?* channels in the sarcoplasmic reticulum, where the Ca?" is stored. The influx of

Ca”" into the cytosol results in electromechanical coupling and myocardial contraction.

30



The cytosolic Ca?* is also determined by active transport of Ca?* ions back into the Ca**
stores via a Ca®*-ATPase, which is stimulated by phospholamban, and to the ECF. This
is achieved with the aid of a Ca?**-ATPase and a 3Na */ Ca** exchange carrier that is
driven by the electrochemical Na+ gradient established by Na+-K+-ATPase.

Contraction activity diagram is given in Figure 2.17 in details.

Although the heart beats autonomously, efferent cardiac nerves are mainly responsible
for modulating heart action according to changing needs. The autonomic nervous

system (and epinephrine in plasma) can alter the following aspects of heart action:

(a) rate of impulse generation by the pacemaker and, thus, the heart rate
(b) velocity of impulse conduction, especially in the AV node
(c) contractility of the heart, i.e., the force of cardiac muscle contraction at a given initial

fiber length.

These changes in heart action are induced by acetylcholine released by
parasympathetic fibers of the vagus nerve. The firing frequency of the SA node is
increased by norepinephrine (NE) and epinephrine (E) and decreased by acetylcholine
(ACh). ACh (left branch of vagus nerve) decreases the velocity of impulse conduction
in the AV node, whereas NE and E increase it due to their negative and positive
dromotropic effects, respectively. This is mainly achieved through changes in the

amplitude and slope of the upstroke of the AP, gk and gca.

In positive inotropism, NE and E have a direct effect on the working myocardium. The
resulting increase in contractility is based on an increased influx of Ca* ions from the
ECF triggered by adrenoceptors, resulting in an increased cytosolic Ca**. This Ca®*
influx can be inhibited by administering Ca®* channel blockers (Ca*" antagonists). Other
factors that increase cardiac contractility are an increase in AP duration, resulting in a

longer duration of Ca®" influx, and inhibition of Na+-K+-ATPase [44].
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Figure 2.17 Work cycle of sliding filaments [44]
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Figure 2.18 Length-force curve (a) for skeletal muscle, (b) for cardiac muscle [44]

The length (L) and force (F) or “tension” of a muscle are closely related. The relation
between force and the muscle length is presented in Figure 2.18, both for striated,
skeletal muscles and cardiac muscles. The total force of a muscle is the sum of its
active force and its extension force at rest. Since the active force is determined by the
magnitude of all potential actin-myosin interactions, it varies in accordance with the
initial sarcomere length [33, 44]. In Figure 2.19 sarcomere length in ym and
corresponding tension percentage is given for systole and diastole, according to the cat

papillary muscle experimental studies.

Skeletal muscle can develop maximum active (isometric) force (Fo) from its resting
length (Lnax; sarcomere length ca. 2 to 2.2 ym). When the sarcomeres get shorten
(L<Lmax), part of the thin filaments overlap, allowing only forces smaller than F, to
develop. When L is 70% of L. (sarcomere length: 1.65 um), the thick filaments make
contact with the Z disks, and F becomes even smaller. In addition, a greatly pre-
extended muscle (L>L..x) can develop only restricted force, because the number of
potentially available actin-myosin bridges is reduced. When extended to 130% or more
of the Linax, the extension force at rest becomes a major part of the total muscle force.

The length—force curve corresponds to the cardiac pressure—volume diagram in which
ventricular filling volume corresponds to muscle length, and ventricular pressure
corresponds to muscle force. Changes in the cytosolic Ca?* concentration can modify

the pressure—volume relationship by causing a change in contractility.
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Figure 2.19 Length-Tension curve. Average sarcomere lengths in diastole and systole[33]

Since skeletal muscle is more extensible than the cardiac muscle, the passive
extension force of cardiac muscle at rest is greater than that of skeletal muscle. Skeletal
muscle normally functions in the plateau region of its length—force curve, whereas
cardiac muscle tends to operate in the ascending limb (below L) of its length—force
curve without a plateau. Hence, the ventricle responds to increased diastolic filling
loads by increasing its force development, which is called: Frank—Starling mechanism.
In cardiac muscle, extension also affects troponin’s sensitivity to Ca®*, resulting in a

steeper curve.

Action potentials in cardiac muscle are of much longer duration than those in skeletal
muscle because gk temporarily decreases and gc, increases for 200 to 500ms after
rapid inactivation of Na® channels. This allows the slow influx of Ca?, causing the
action potential to reach a plateau. As a result, the refractory period does not end until a
contraction has almost subsided. Therefore, tetanus cannot be evoked in cardiac

muscle.

Unlike skeletal muscle, cardiac muscle has no motor units. Instead, the stimulus
spreads across all myocardial fibers of the atria and subsequently of the ventricles

generating an all-or-none contraction of both atria and, thereafter, both ventricles.

In cardiac muscle but not in skeletal muscle, the duration of an action potential can

change the force of contraction, which is controlled by the variable influx of Ca®* into the
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cell. The greater the force (load) is, the lower the velocity of an (isotonic) contraction will
be. Maximal force and a small amount of heat will develop if shortening does not occur.
The maximal velocity and a lot of heat will develop in muscle without a stress load. Light
loads can therefore be picked up more quickly than heavy loads. The total amount of
energy consumed for work and heat is greater in isotonic contractions than in isometric
ones [33, 44].

2.4. Cardiac Diseases

Cardiovascular disease affects both the heart itself and/or the blood vessel system.
Research on disease show that, women who suffer cardiovascular disease usually
suffer from the blood vessel diseases and men usually suffer from diseases that directly
affect the heart muscle itself. In this part of, some of the most commonly seen heart

diseases are presented and investigation methods are given. [53-55]

Heart failure is the inability of the heart to supply necessary blood flow and therefore
oxygen delivery to peripheral tissues and organs. If the oxygen delivery of organs is not
enough, this will lead to reduced exercise capacity, fatigue, and shortness of breath. It

can also lead to organ dysfunction in some patients, even death in some. [54]

Heart failure causes can be listed as: myocardial infarction, coronary artery diseases,
valve disease, cardiomyopathy, myocarditis, pericarditis, arrhythmias, chronic
hypertension and also some other diseases which are not directly related to

cardiovascular system: thyroid disease, pregnancy and/or septic shock [55]

Coronary artery disease refers to the failure of the coronary circulation of cardiac
muscle itself and surrounding tissue. Coronary artery disease (CAD) causes changes in
both structure and function of the blood vessels and cause an abnormal deposition of
lipids in the vessel wall, vascular inflammation, plaque formation and accumulation of
them within the arteries and thickening of the vessel wall may cause the clog up of the
artery and therefore decrease in supply the myocardium. The disease called
atherosclerosis is narrowing and “hardening of the arteries”, which has no known cure.
The hardening and thickening of the arteries causes a decrease in the blood circulation
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through the affected vessel and affects the organs it serves. When CAD restricts blood
flow to the myocardium (ischemia) there is an imbalance between oxygen supply and
oxygen demand. Furthermore, acute or chronic ischemia caused by CAD can impair
cardiac electro-mechanical activities leading to heart failure and arrhythmias. Angina
pectoris (chest pain) and myocardial infarction (heart attack) are the main symptoms

of coronary heart disease [54].

Angina, also known as angina pectoris, refers to pain originating from the heart. Chest
pain or pressure in the chest or in other words “tightness in the chest”, which may
spread to some other organs (the neck, jaw, shoulders, both arms, hands) are the
commonly seen symptoms of angina pectoris. The painful condition occurs when the
heart muscle tissue does not receive enough oxygen, especially during periods of

exercise or excitement [54].

Cardiomyopathy means "heart muscle disease". The tissue can either be enlarged,
abnormally thick, rigid, or replaced with scar tissue. It is the deterioration of the function
of the myocardium for any reason. Coronary artery disease and heart attacks cause
ischemic cardiomyopathy. Scars in the heart muscle from heart attacks leave areas of
the heart which are unable to contribute to the pumping. People with cardiomyopathy

are often at risk of arrhythmia and/or sudden cardiac death [2, 54].

Cardiomyopathies represent the second largest group of patients who experience
sudden cardiac death. Sustained ventricular tachycardia and left ventricular
hypertrophy are the strongest risk factors for sudden cardiac death. The left ventricle
is the largest, strongest chamber of the heart because it pumps oxygenated blood out
to the body. When the body does not get enough blood, the heart muscle may respond
by dilating. The inside area of this ventricle enlarges as the muscle surrounding it
stretches and thins (dilates). A dilated ventricle pumps with less force than a healthy
ventricle. Often, the heart muscle will continue to stretch in an effort to compensate for
the reduced pumping action. Thus, the atria and right ventricle may also dilate as this

disease progresses.
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Arrhythmias, abnormal heart rates or rhythms, may occur as cardiomyopathy interferes
with the heart’s electrical signaling system. Arrhythmias may result in the loss of a

heart beat (cardiac arrest).

Patients with primary electrophysiological abnormalities represent the disease
where the mechanical function of the myocardium is normal and an electrophysiological
disorder represents the primary cardiac problem, which includes patients with the
diseases of the conduction system. A frequent cause of arrhythmia is coronary artery

disease because this condition results in myocardial ischemia or infarction.

Cardiac arrhythmias are pathological changes in cardiac impulse generation or
conduction. Disturbances of impulse generation change the sinus rhythm. Sinus
tachycardia is called to the abnormal rise in the sinus rhythm up to 120 beats per
minute in resting measurements while the sinus bradycardia is the heart rate fall below
60 beats per minute. In both cases the rhythm is regular whereas in sinus arrhythmias
the rate varies. Ectopic pacemakers can be initiated by foci in the atrium, AV node or
ventricles, even when normal stimulus generation by the SA node is taking place. The
rapid discharge of impulses from an atrial focus can induce atrial tachycardia, which
triggers a ventricular response rate of up to 200 beats/min. Purkinje fibers act as
impulse frequency filters, because they transmit stimulus to the ventricles only every

second or third due to their long AP durations and refractory period. [54]

Ventricular tachycardia is a rapid train of impulses originating from a ventricular
(ectopic) focus, starting with an extra-systole (ES). The heart therefore fails to fill, and
the stroke volume decreases. Because of failure of the ventricle to transport blood, the

results can be fatal [44].
Fibrillation is a rapid, irregular twitching of the heart muscle tissue. In order to function
as a pump, the muscle tissue if the heart must contract and relax in a smooth,

coordinated manner [54-56].

This condition may affect either of the two sets of chambers of the heart: atria and

ventricles.
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o Atrial fibrillation is the extremely rapid twitching of the upper chambers (atria) of
the heart. When the atria starts to contract non-rhythmically, the ventricles do
not receive a regular stimulus to contract. This results in an inefficient pumping
of the blood and irregular pulse. In Figure 2.20 rhythm changes due to atrial
fibrillation can be seen. Representative action potentials are shown from the SA
node, atrium, AV node and ventricles. The vertical line on each action potential
recording corresponds to a common time reference. LA, left atrium; LV, left

ventricle; RA, right atrium; RV, right ventricle.
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Figure 2.20 Diagram of electrical activity during atrial fibrillation. a, Normal rhythm; b,
atrial fibrillation [57]

e Ventricular fibrillation is similar to atrial fibrillation; however, it affects the lower
chambers of the heart. This condition may have fatal results within minutes
because the rapid, “fluttering” of the ventricles pumps little or no blood through

the circulatory system of the body.
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Ventricular fibrillation mainly occurs when an ectopic focus fires during the relative
refractory period of the previous AP. The APs generated during this period have smaller
slopes, lower propagation velocities, and shorter durations. This leads to re-excitation of
myocardial areas that have already been stimulated (re-entry cycles). Ventricular

fibrillation can be corrected by a controlled electrical shock with a defibrillator [53-58].

Congenital heart defects (CHD) are problems with the heart’'s structure that
developed in the embryonic heart or early development and are present at birth or
shortly thereafter. Congenital heart defects are often thought to be genetic, but they
can also be caused by iliness or behavioral factors in the mother such as viral infections
like German measles, certain prescription drugs and over-the-counter medicines,
alcohol, or illegal drugs. Some conditions like Down syndrome and Turner syndrome
are associated with CHDs [54].

Valvular disease is a chronic disease process is responsible for defective valves in
older individuals. Sometimes, the disease results from a triggering event many years
earlier, such as rheumatic fever. Bacterial infection, viral infection and inflammation of
valves can trigger changes in valve structure and function. Normally, valve leaflets are
very thin and flexible, but they can become thickened and rigid in response to a disease
processes. When this occurs to a valve, it may not be able to fully open or to
completely close. Valve disease found in younger individuals is usually due to a
congenital defect in the embryologic development of the heart. Valve dysfunction can
occur secondarily to other cardiac diseases, such as coronary artery disease, cardiac

hypertrophy and cardiac dilation [56].

There are two general types of cardiac valve defects: stenosis (narrowing) and
insufficiency, and combination of those may also occur. The disease can have serious
cardiac consequences, and produce the following clinical symptoms: shortness of
breath, fatigue, reduced exercise capacity, heart failure, hypertension, edema, chest

pain, arrhythmias and stroke [54].

Investigation methods of cardiac diseases can be listed as: electrocardiogram (EKG or

ECG), holter monitor, implantable loop recorders, chest X-ray, echocardiogram,
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transesophageal echocardiography (TEE), exercise stress tests, phonocardiography
(PCG), radionuclide tests, positron emission tomography (PET) scanning, magnetic
resonance imaging (MRI), blood/cardiac enzyme tests, cardiac catheterization,

coronary angiography, and myocardial biopsy [56].

Each of the disease given above have some different features that is different from

normal tissue and can be detected by the diagnostic techniques.
Valvular heart diseases can be detected using: PCG, ECG, echocardiogram, and chest
X-rays, while atherosclerosis and heart attack can be detected using cardiac related

blood tests, angiography, and ECG.

Even though each of the techniques gives different diagnostic investigations as a result,

the most commonly used start point of cardiac diagnosis is ECG.
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CHAPTER 3

THEORY

3.1. Modeling the Electro-Mechanical Activity of the Heart

Modeling of cardiac electromechanics provides knowledge of physiological and
pathological phenomena. The model parameters are based on measurement data of
protein, cell, tissue, or organ properties for the heart tissue. Detailed studies carried out
for the cardiac tissue and physiological properties have been presented in the
background information section. Model of the human heart provides a tool to investigate
the dynamical behavior in a detailed way that cannot be achieved experimentally. On
the other hand, models are always simplified descriptions of the real process and thus

the results need to be validated.

The modeling of cardiac electromechanics includes several different research topics,
i.e. anatomy, electrophysiology, conduction, force development and shape change. The
anatomical model builds the basis to describe the individual heart. The
electrophysiological model reproduces the electrical activity of macroscopic cardiac
tissue. Models of the electrical current flow in tissue determine the conduction. The

mechanical model describes the displacement process in the contractile unit.

The focus of this work is directed to mathematical modeling of left ventricle anatomy,
electrophysiology and contraction in the human heart. A main objective is to reconstruct
human electromechanical inhomogeneity in schematic anatomical models. The fiber

orientation is inserted in the ventricular model with angular based placed layers.
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Furthermore, several different pathological states were modeled to see the capacity of
the models reconstructing cardiac dysfunction. A special focus is given on ectopic beats

and reentry for pathological cases.

Models of biological tissues combine concepts of space, time, and interaction. Interest
in macroscopic approaches, has lately grown due to the recent availability of measured
anatomical data and has triggered the development of new mathematical models, such
as cellular automata. Such models allow us to follow and analyze spatio-temporal

dynamics at the individual nodes on tissue.

The model results should be relatively robust with respect to the chosen space-time-
state framework. In specifying the interactions, namely the rules of the physiological
states, one can choose several levels of description involving different resolutions of
spatial detail, ranging from microscopic to macroscopic perspectives. Transitions from
one level to the other involve approximations with regards to the spatio-temporal nature

of the underlying interactions.

Table 3.1 Mathematical modeling approaches to spatio-temporal pattern formation
(ODE:ordinary differential equation, PDE: partial differential equation [59]

Model approach Space variable Time variable State variable
Ie'qF;DES’ integro-differential Continuous Continuous Continuous
II. Spatial point process, Continuous Continuous Discrete
set of rules

lll. Integro-difference eqn. Continuous Discrete Continuous
IV. Set of rules Continuous Discrete Discrete
V. Coupled ODEs Discrete Continuous Continuous
VI. Interacting particle Discrete Continuous Discrete
systems

Vil. Coupleq map lattices, Discrete Discrete Continuous
system of difference eqgns.,

VIll. Cellular automata, Discrete Discrete Discrete
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One way to classify approaches to modeling spatially extended dynamical systems is to
distinguish between continuous and discrete state, time and space variables. A

classification of different approaches is presented in Table 3.1.

3.2. Cellular Automata

A cellular automaton is the simplest model of a spatially distributed process that can be
used to simulate various real-world processes. They consist of a two-dimensional array
of cells that evolve step-by-step according to the state of neighboring cells and certain
rules that depend on the simulation. Cellular automata (CA) are an idealization of a
physical system, which takes only place in the discrete world [60]. CA can be explained
in terms of discrete dynamical systems: discrete in space, time, and state. Spatial and
temporal discreteness are also inherent in the numerical analysis of approximate
solutions, e.g., partial differential equations. As long as a stable discretization scheme is
applied, the exact continuum results can be approximated. The results are getting
closer to original results, as the number of nodes and the number of time steps is

increased, i.e. the numerical scheme is convergent.

The discreteness of cellular automata with respect to the limited number of possible
states is not typical of numerical analysis, where a small number of states would
correspond to an extreme round-off error. It is possible to devise cellular automaton

rules that provide approximations to partial differential equations [61].

Cellular automata can act as good models for physical, biological and sociological
phenomena. It is a commonly used method in explaining many physical systems; e.g.
traffic flow [62], biology, neurobiology, population biology, predator, prey models, an
activator—inhibitor circuit that corresponds to a reaction—diffusion process [63]. The
reason for this is that each person, or cell, or small region of space "updates" itself
independently (parallelism), basing its new state on the appearance of its immediate
surroundings (locality) and on some generally shared laws of change (homogeneity).
The remarkable thing about CAs is their ability to produce interesting and logically deep

patterns on the basis of very simply stated preconditions. In both physics and in CAs,
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i) the world is happening in many different places at once, ii) there is no action at a
distance, and iii) the laws of nature are the same everywhere.

CA provides a theoretical framework on which to build a rigorous mathematical model
that can be analyzed and further refined [64]. Although the physical world really is not
an exact cellular automaton, CAs are rich enough to describe physiological and
pathological conditions of tissues. The cell models provide an exact description of the
electrophysiology of a single cardiac cell as well as of parts of the heart. Still the
simulation of a depolarization and repolarization cycle for the whole heart with their

means is a non-trivial task requiring a huge computational power.

In the heart modeling many research groups use CA to explain the structures of
following anatomical and physiological features of the heart: beats in fibrillation
phenomena, excitable and reaction-diffusion media [65, 66], excitation propagation with
simplified action potentials, diffusion and speed of the electrical wave [67, 68],
biventricular excitation propagation system [69], anisotropic canine heart model for
electrical wave propagation, arrhythmia and fibrillation in the heart [70], approximation
to cardiac pacemaker [71], and basic features in both normal and pathological cases
like hypertrophy and dilatation [60].

The cellular automaton is a convenient mathematical model to describe the excitation
propagation through the heart macroscopically. If the transmembrane voltage of a
myocardial cell exceeds the threshold potential, the cell gets excited and triggers the

excitation of the neighboring cells.

The CA based cardiac model is able to simulate various cardiac diseases. For example,
decreasing the action potential amplitude and excitation propagation velocity in some

regions of the myocardium represents an ischemia or an infraction.

3.2.1 Neighbors

A cellular automaton (CA) is a mechanism for modeling systems with local interactions.
A CA is a regular lattice of cells with local state, which interact with their neighbors

subject to a uniform rule which governs all cells. The neighborhood in a CA is the set of
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nodes whose state can affect a given cell at one instant. Neighbors can be classified by
the dimensionality of the automaton (most experimentation is done with one- or two-
dimensional automata), and by the geometric fashion in which cells are interconnected
[61-72].

In Figure 3.1, three different algorithms used in one-dimensional CA studies were
shown. Periodic, reflecting and fixed end points can be used in different algorithms. In
the proposed algorithm, fibers are represented in one dimensional fixed cellular
automaton (Figure 3.1(c)). In one dimensional case, the propagation to both sides is at

the same velocity.

(a) periodic

(b) reflecting

(¢) fixed

0 1 2 3 4 5 6 7 8 9

Figure 3.1 One-dimensional Cellular Automata: (a) periodic, (b) reflecting and (c) fixed
[59]

The tissue and some of the disease cases were represented by two dimensional
cellular automata. Also three-dimensional geometry has its basis from two dimensions;

only layered based geometry was set for a realistic three-dimensional application.

Two-dimensional propagation, propagation on a sheet, also uses “fixed” (Figure 3.1(c))
cellular automata approximation, while “periodic” (Figure 3.1(a)) cellular automata
neighborhood is used in implementation of the proposed algorithm in three-dimensional

ventricular electrical excitation propagation.
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Figure 3.2 Two-dimensional Cellular Automata: (a) 3 neighbors, (b) 4 neighbors, (c) 6
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Using two dimensions, many different numbers of neighbors can be taken in

consideration. Figure 3.2 shows the possible neighboring techniques: b

order neighbors are given.
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(d) 2-axial neighborhood

(c) 2-radial neighborhood

Figure 3.3 Examples of interaction neighborhoods (gray and black cells) for the black cell

in a two-dimensional square lattice [59]

In the proposed algorithm two dimensional cellular automata geometries were prepared

for rectangular neighborhoods. As it is seen in Figure 3.2 (b), for rectangular geometry,
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each node has 8 first neighboring cells. However, in cellular automata, choosing the
number of neighbor and their locations are also a part of computation [73].

Figure 3.3 represents the possible neighborhood scenarios that can be taken into
consideration, as Cellular Automaton geometry is prepared. Although in proposed
algorithm Moore neighborhood approximation is used (Figure 3.3 (b)), the rules of each

neighbor are not the same.

Also 2- and more-axial neighborhood is used in some cases, especially for modeling
the fiber angles. The CA based algorithm is highly affected by the different scale of time
step of model and different number of neighborhoods and the number of nodes in the

model geometry.

Figure 3.4 Cellular automaton-neighbors in (a) two-dimensions and (b) three-dimensions
in proposed algorithm

Figure 3.4 illustrates the proposed algorithms’ neighborhood pattern, in 2D and 3D. The
black node represents the active node and gray ones represent the neighboring cells.
According to gray level of the neighbor, the rule of propagation changes through this
neighbor.

3.2.2 Rules

The rule is the "program" that governs the behavior of the system. All cells apply the
rule, over and over, and it is the recursive application of the rule that leads to the
remarkable behavior exhibited by many cellular automata. When experimenting with
cellular automata, one is primarily engaged in defining new rules which lead to

interesting or useful behavior.

47



Most of the programs in Cellular Automata are two-dimensional cellular automata. In
these programs the computer screen is divided up into "cells" which are colored
rectangles or dots. Each cell is repeatedly "updated" by changing its old color to a new

color.

3.3. Implementation of the Model

3.3.1. Electrical Activity of the Heart

In the proposed algorithm, the complex ionic phenomena are represented in terms of
changes of state of each model unit. Each state is assigned a physiological significance
and specific rules govern the state transitions and propagation of the activation from
one element to its neighbors. In different approximations, the action potential is
simulated in different shapes. The membrane potential change in time presented in
Figure 3.5(a), can be simulated as a single step function [68] or a ramp following a step
function [67], or a function step by step decrease like a ladder [9]. It has been shown in
Gharpure’s PhD. thesis work [9] that an anatomically accurate cellular automaton model
incorporating anisotropy of propagation based on recorded fiber orientations can be
quantitatively shown to achieve the activation and propagation phenomena comparable

to those in normal heart.

(a) (b)
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Figure 3.5 Implementation of Cellular Automata: State transitions in electrical part (a) The
membrane potential change in time [52], (b) cellular automata implementation of
membrane potential change
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The complex electrical ionic changes can be described as state transitions in our
model, as it is presented in Figure 3.5 (b). This model will be used to generate

activation, recovery and propagation of the electrical behavior of the cardiac tissue.

Table 3.2 Implementation of Cellular Automata: State transitions in electrical part

STATE VOLTAGE DURATION
(in mvV) (in ms)

State1 +20 50

State2 0 80

State3 -25 80

State4 -50 50

State5 -90 - (in rest state)

A stimulated action potential, which is equivalent to the state diagram of the model, is

given in Figure 3.5 and the parameters are given in Table 3.2.

The resting potential is given as -90 mV, in which state a node can be stimulated. It can
either be stimulated by an external force or by an activated neighbor. External forces
represent the “ectopic beats”. Normally, a ventricular muscle can only be excited by the

Purkinje fibers, which trigger the simultaneous excitation of both and full ventricles.

Once a node gets excited, it changes its resting state to State 1 (S1), Figure 3.5 (b),
which represents “Phase 07, in Figure 3.5 (a), during which the quick Na+ channels
open and due to depolarization, membrane potential rises up to +20 mV. Then slower
K" channels open, “Phase 1” of Figure 3.5 (a) represented by State 2 (S2) in Figure 3.5
(b) and the outward flow of K™ stops the rising potential due to Na*. After a while, Na*
channels close while K™ channels are still open. Those sliding changes in membrane
potential are represented also by State 2 (S2). “Phase 3” in Figure 3.5 (a) is
represented by State 3 in Figure 3.5 (b), during which the slow Ca*™ channels open and

stay opened for approximately 20 sec causing the plateau in the membrane potential
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due to the inward flow of Ca*™. At State 4 (S4) in Figure 3.5 (b), Ca’™ channels close
and repolarization occurs and membrane voltage returns to its resting value of -90 mV
in State 5 (S5) in Figure 3.5 (b), which is the cellular automata representation of “Phase
4” in Figure 3.5 (a). As described above, each of the states represent a different
physiological condition of the cell, and membrane voltage changes due to the ion

movements.

Once a cell begins to develop its action potential, the procedure never stops in the
middle and goes on until the cell reaches its resting potential. Unless a node is in its
resting value, it cannot be re-excited under normal conditions (absolute refractory
period). Only a stimulation higher in magnitude than a stimulus normally required for AP
generation can excite a cell if it is in State 4 (S4) (relative refractory period). The
absolute and relative refractory periods were also added to the model. Due to its
refractory periods, the electrical wave has its own propagation pattern as a result of

excitation from 2 or more points.

Cross-Sheet

Figure 3.6 Fiber direction representations of the model: fiber, sheet, and cross-sheet
directions [9]

Also the fiber orientation can be taken into account in the model via the change of
velocity of the propagation. In the proposed algorithm, three main directions are taken
into account: fiber, sheet and cross-sheet directions which are presented in Figure 3.6.
Not only the propagation velocity but also the mechanical behavior of the tissue change
through these directions. The delay of each neighbor lying on the given direction is
considered and the delay values vary in those directions, which are used to determine
the velocity of excitation propagation.
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3.3.2. Mechanical Behavior of the Heart Muscle

The major mechanical properties of myocardium can be listed as three main terms;
nonlinearity, anisotropy and viscoelasticity [7, 31-33]. To be able to analyze the
mechanical properties of a material, the stress; "force per area" or “intensity of force”,
and the strain; “measurement of deformation” are considered. Deformation and force
relationship are studied by the stress-strain curves of materials. The stress and strain
relationship for non-linearity and anisotropy properties has been illustrated in
Figure 3.7. As it has been considered in electrical properties of the cardiac tissue

section, the mechanical properties also vary in fiber, sheet and sheet normal axis.

axial tension fibre sheet sheet-normal
axis  axis axis

/I

axial strain

ai ar as

Figure 3.7 Typical nonlinear stress-strain properties of ventricular myocardium: fiber,
sheet, and cross-sheet directions [32]

The main concepts of material mechanical behavior can be explained by stress, strain

and relation between them. Stress and strain can be calculated using following

equations;
Stress;

(3.1)
Strain;

(3.2)
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Stress can be calculated by the ratio between force applied to the body and the area it
has applied. And the strain can be found by the ratio between elongations of the
material over initial length of the material. Since the interaction between applied force
and the elongation, in other words interaction between the stress and the strain is not a
straight line for smooth tissues, the cardiac tissue is said to be a non-linear material.
However; it is not the only property comes out while the tissue is examined for stress
and strain analysis done. Loading and unloading paths are not equal to each other,
which brings the viscoelacticity of the material. Figure 3.8 represents the stress-strain
curve of a non-linear viscoelastic material while loading and unloading paths are

applied to the material.

nonlinear viscoelastic material

siress

extension

relaxation

strain

Figure 3.8 The stress-strain curve, nonlinear viscoelastic material behavior, loading and
unloading paths [88]

Other analyses done to determine the viscoelasticity of a material are creep (Figure 3.9
(a) - (b)) and relaxation (Figure 3.9 (c) - (d)) tests [88]. If a constant stress is applied to
the material, the strain-curve is recorded in the creep analysis, and we see the result for
viscoelastic material in Figure 3.9 (b). Alternatively by subjecting the material to
constant strain, stress required to maintain this length varied in viscoelastic materials,
which is presented in Figure 3.9 (d). Those tests are used to determine the magnitude

of the viscous response for a viscoelastic material.
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Figure 3.9 The stress and strain versus time curves of viscoelastic material, a) applied
stress for creep, b) deformation in creep, c) applied strain for relaxation, d)stress value in
relaxation [88]

As a simplification, in the proposed algorithm, it has been assumed that the cardiac
tissue is linear, elastic and anisotropic material, instead of a non-linear, viscoelastic
anisotropic tissue.

linear elastic material

EXIEV

siress

relaxation

strain

Figure 3.10 The stress-strain curve, linear elastic material behavior, loading and
unloading paths [88]

The stress-strain of linear elastic material is presented in Figure 3.10. Hooke’s law
should be introduced to explain the approximation used for the cardiac tissue [88]. The
ratio between stress and strain in linear systems is called Young’s modulus and is

calculated by equation (3.3):
(3.3)
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And substituting the stress and strain formulas, equations (3.1) and (3.2) into this

equation we obtain:

F_gl=h) (3.4)
A I
We can simplify this formulation as follows:
F=a(l-1,) (3.5)
where;
AE (3.6)

Fibers and fiber-like structures (fiber reinforcement) play an important role in the
mechanical properties of biological structures. Fibers are long slender bodies that have
load bearing capacities along the direction of the fiber only. The simplest approximation
of the complicated mechanical behavior of muscles is to assume that they behave
elastically.

For the mechanical part, contraction of the muscle has been modeled by using a

relation between the force in the fiber and change in length of a fiber.

Assuming the fiber can be represented by an ideal spring that is attached to the wall

from the left end and on the right end, a certain force acts (F).
If no load has been applied to the fiber, the length of the fiber is ¢, initial length of the
fiber. After loading the spring, the length changes to ¢, which is called current length. It

is assumed that there exists a linear relationship between the change in length and the

applied force. Such relation is called constitutive model [74]:

F=a(®—+¢y) (3.7)
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The constant a reflects the stiffness properties of the spring. It depends on a material; it

is specific for cardiac tissue as well.

The fibers in cardiac tissue consist of muscle fibers and myofibrils, whose interaction
leads to the contraction of the muscle. In activation; the actin-myosin proteins moves
towards each-other and the sarcomere shortens. Upon de-activation, the proteins move
back to their original positions due to elasticity. In terms of modeling, the change of
sarcomere length implies that the initial, unloaded length of the muscle changes. In this
case; the state where the muscle is in a non-active state is called 4, and the contracted

state is called ¢.. The schematic view of the spring is given in Figure 3.11.
£
F=c(s-1) (3.8)
te
Contraction of the spring can be explained by equation (3.8). The activated length can

be expressed in terms of non-activated length using an activation/contraction stretch as

follows.

Typically 1. <1 since it represents the contractile action. For simplicity it is assumed that

1. is known for different degrees of activation of the muscle.

lo
"Lﬂ g unloaded, non-activated
Ic
[ — unloaded, activated
ot ! o F
.:" N —» loaded, activated

Figure 3.11 Muscle lengths for different states [74]
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Force-stretch relation in equation (3.8) can be written as follows;

F=c (% - 1) (3.9)
Where
£
A= " (3.10)

This model is the simplest model that represents the muscle contraction, represented in
[74]. We used this simplified linear elastic model in our electromechanical heart tissue

model.

To implement the mechanical behavior, a one-dimensional finite element model was
designed. A fiber, fixed from left end gave the expected results in one-dimensional fiber
behavior. However, the sarcomere behavior has a small difference than the observed
result: the fiber is not fixed from one end, and the muscle contraction behavior is
towards the midpoint of the contracting element. Thus, the deformation calculated
through the force developed during the contraction is distributed such that the
movement of the fiber after contraction will be directed into the inside of the element.

Both ends will be moving due to the contraction of the fiber.

Experimental studies showed that a single sarcomere contracts almost the same in
every cardiac cycle and its length changes from 2.08 ym-mean (diastole) to 1.81 ym-
mean (systole) [33]. The change is approximately 12.5% for each contraction and
relaxation couple. This information is used to calculate the activation stretch in this

study.

In two-dimensional studies, contraction will be only in one direction, which is also called
as the fiber direction. Shortening from both ends can also be monitored in 2D results of
mechanical behavior, according to the fiber orientation angle of the tissue. And in
normal ventricular geometry, which can be modeled like an ellipsoid, the contraction
would cause the decrease in volume of the chambers. Thus, in a cardiac tissue, the
deformation occurs not only due to scaling of the element but also translation

(movement from one location to another) and rotation of the element.
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Figure 3.12 Membrane potential (red) and force (blue) curves (a) physiological values,
(b) cellular automaton based states used in this work [41]

The basic contraction-relaxation is combined with the electrical activation of the muscle.
Time-mechanical event coupling scheme is presented in Figure 3.12. In the proposed
algorithm the mechanical behavior was not studied individually. It starts and ends with
electrical excitation. As it can be seen in Figure 3.12, the force change is modeled as a
step function, which begins at the second electrical step (State 2) and ends after the AP
ends, which also makes the mechanical modeling part partially cellular automaton
based. Mechano-electrical effects and individual stress-strain calculations are not taken

into account in this thesis work.

In the proposed algorithm, for each node following information are taken into account:
e node number,
e node’s coordinates
e neighbors of the node
e delays to its neighbors
o state of the node
e counter for the state change
e inner-force due to contraction and relaxation

e node’s ischemic state

Initial settings are done for given node parameters, and after choosing the initial
excitation points, the time and spatial loops are started in the program. Delays were set
according to the distance between two nodes and the fiber direction of the tissue model.
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3.3.3. Modeling the Left Ventricle Geometry

The proposed algorithm is tested in one-, two- and three- dimensional basic tissue

models and also in a more realistic model of the left ventricle.

Some of the studies were done on a cylinder as a simplified geometry of the heart [81],
however, a truncated ellipsoid is used as simplified left ventricle geometry in the
proposed algorithm. The ventricle geometry, fiber directions and size of this ellipsoid
was chosen in such a manner that it is similar to an adult left ventricle geometry and
size. This ellipsoid has electrical and mechanical properties similar to the two-
dimensional studies. Only the three-dimensional coordinates were set using cylinder

and logarithm functions using MATLAB, is given in Figure 3.13.
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Figure 3.13 Simplified left ventricle model from 2-D to cylinder, and truncated ellipsoid

To have a more realistic tissue model, the fiber orientation change across layers was
also added to the simplified left ventricle. In two different models the fiber orientations
are set from epicardium to endocardium as -70°+70° degrees and -45°/+90° degrees

respectively, reflecting knowledge from anatomical studies, in Figure 3.14.

For the sake of simplicity the following assumptions are used:

1. The myocardial fibers of the ventricles have a layered structure, characterized by a
family of nested like ellipsoids extending from endocardium to the epicardium.

2. All fiber orientations are parallel to each other within one layer.

3. The fiber orientations change about 140 degrees, from outermost layer -45 degrees
(the epicardium) to the innermost layer (the endocardium) +90 degrees.

4. A second set of fiber change was chosen as from -70 degrees +70 degrees.
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Figure 3.14 Fiber angle studies for simplified left ventricle [51]
3.3.4. Modeling the Failing Heart

To model the pathological conditions, we have assumed that both the electrical and
mechanical properties and/or wave propagation characteristics have changes according
to physiological knowledge.

Ectopic beats and ischemia are modeled using the proposed algorithm. Initial
stimulation reactions of the ectopic beats were chosen by the user and the effects on
electrical and mechanical propagation were shown in Results and Discussion section.
In Figure 3.15 an action potential is given, which shows the bidirectional conductivity

and the block and absolute and relative refractory period phenomena.

Voltage

Bidirectional

Conduction

Bidirectional

Block

Time or Space

Figure 3.15 Action Potential in myocardium: bidirectional conduction and block [75]
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Bidirectional block can be observed in two ectopic foci results. If a node is already
excited, the action potential begins and the node cannot be excited again until it returns
back to its resting state. If the node is stimulated before the normal heart beat
excitation, the node will complete its AP, and it will not answer to normal excitation
conductivity, since the nodes are busy. Thus the asynchrony in electrical wave
propagation will be observed. In our model, absolute refractory period was taken as the
whole AP duration. And for a node to reach the threshold value, the neighbors should
be in their 1°' or 2" states. The results of failing heart due to one and more ectopic

beats are analyzed in results part.

Ischemia was modeled by choosing some part of the tissue as totally or partially
ischemic. In Figure 3.16, the electrical and the mechanical behaviors of the failing heart
tissue are presented. According to this knowledge, we can say that the activation of a
failing cardiac tissue takes longer, and the potential change in membrane voltage is

shorter.
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Figure 3.16 (a) Electrical behavior and (b) mechanical behavior of failing heart tissue (F)
comparing to the normal tissue (N) [6, 33]

Ischemic tissue studies were done in many cardiac excitation models; ECG, ST-
segment comparison for effect of conductivity changes due to ischemia [76], cardiac
impulse propagation and re-entry [75], turbulence in the heart [77], cellular level

ischemic conductivity changes [78, 79], and mechano-electrical feedback [80]. Each of
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the studies shows that a block in normally propagating wave may cause a circular
formed re-excitation electrical wave. Implementation of the failing heart parameters is
done by changing the state values and durations in the model. Potential change in

ischemic tissue based on proposed cellular automata model is given in Figure 3.17.
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Figure 3.17 Action potential in normal and ischemic tissue
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CHAPTER 4

RESULTS AND DISCUSSION

In this chapter, the results of the simulations of the cellular automaton based model are
presented. The studies done can be listed as: electrical excitation in a single cell,
propagation on one-dimensional (fiber long), two-dimensional (sheet) and three-
dimensional (a truncated ellipsoid model which represents the simplified left ventricle
muscle) model excitation results and mechanical contraction and relaxation due to the

electrical excitation.

After seeing the excitation of one-dimensional and two-dimensional isotropic electrical
propagation, fiber directions will be included to consider the anisotropy of the heart

tissue.

Besides propagation on normal/healthy tissue, ischemic region electrical activity and

propagation was also modeled using cellular automaton model.

The ventricle geometry set as simple, layered, anisotropic model is used to model

ectopic focus and ischemic region electrical and mechanical effects on heart beat.

The results were presented in three main headings:
e one-dimensional studies,
e two-dimensional studies,
e three-dimensional studies,
Each of them includes studies done on electrical and electromechanical behavior,

isotropic and anisotropic propagation, normal and ischemic tissue properties.
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4.1. One-Dimensional Studies
4.1.1. Electrical Wave Propagation in 1D
As it is given in theory, the potential change due to excitation of a single myocardial cell

is simplified as state changes. Membrane potential versus time graph is given in Figure

4.1 for a single cell.
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Figure 4.1 Simplified cardiac potential: state changes in cellular automaton model

Each node has this state/potential change with time presented in Figure 4.1. While the
excitation occurs, it also affects the neighboring cells. Once the node is excited, the

action potential generation begins and cannot seize to exist until the end.

Figure 4.2 shows the result of one dimensional propagation of electrical activity in 20
nodes. The code generates the results for 10 ms time intervals. 5" node was chosen as
the initial excitation point. As it is expected, the node excites its neighboring cells in
both directions, after a delay of 20 ms. How long a node stays in a potential level is
presented in Figure 4.1. Propagation in time is given in Figure 4.2 and Figure 4.3 (a)
and (b).
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Figure 4.2 Electrical excitation propagation in 1D. Colors represent the voltage changes:

Blue nodes are in resting voltage (-90mV), new excited points are dark red (+20mV).
(t=ms)

Propagation for t=400 ms yields the results in Figure 4.3. The first excited point reaches
its resting value in the first instance. Beginning from 5" node, from 5" to 20" node and
from 5" and 1% node the propagation occurs with constant velocity. Each of the nodes
has the same AP length and after their excitation, each point reaches the end of its
action potential with the same delay with which it was excited.
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Figure 4.3 Propagation in 1D: (a) mesh (b) contour plots of potential changes (mV) of
each node in time, in MATLAB.
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4.1.2. Electro-Mechanical Simulation in 1D

In mechanical part, force curve of the response of Ca®* changes in a single sarcomere
has been modeled in steps, like the potential curve. In one-dimensional mechanical

behavior studies, the curve was discretized as it is presented in Figure 4.4.

Simplified Force Curve

0.4
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Figure 4.4 Simplified force curve: state changes in cellular automaton model

Results of the change in mechanical behavior of a single fiber in one dimensions for 6
time intervals is given in Figure 4.5. The model was generated for 9 nodes and 8
intervals. Beginning from the midpoint, (5" point), mechanical response propagates as
it is in the electrical wave to simulate the electro-mechanical behavior. The light gray
nodes are 2/3 of the initial length and dark gray nodes are 1/3 of the initial length of the
interval between two nodes. The nodes are fixed from the midpoint, which is also set as

the initial excitation point.

=k =1 I I I I [ =

Figure 4.5 Propagation of contraction in 1D, shortening of the fiber: Colored areas
representing contraction of the interval
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In the combination of the electrical wave propagation and the contraction of the fiber,
the states are modeled based on the timing given in Figure 4.6 (b) graph. A simple step
function describes the contraction changes in a node, which begins and the S2 state of

the electrical wave and ends after the node reaches its resting state S5.
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Figure 4.6 Discrete membrane potential (red) and force (blue) curves (a) physiological
values, (b) cellular automaton based states [41]

The electromechanical simulation results for the excitation of a 20 node-long fiber are
presented in Figure 4.7 and Figure 4.8. In Figure 4.7, excitation begins from the mid-
node of the model and both electrical excitation and mechanical contraction propagates
to both left and right sides. The results of propagation to both sides can be seen in

Figure 4.8, where the initial excitation point has been chosen as the midpoint.

In Figure 4.7, the shortening of the fiber can be seen. Each different color represent a
different time of electro-mechanical behavior of the fiber. For 50 different time
instances, and for 20 nodes, change in both the length of each element and action
potentials can be seen in “ribbon” figures using MATLAB.
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Figure 4.7 Electromechanical propagation of contraction, in 1D for 20 nodes, 500 ms (50
time steps), excited from mid-node. Each color represent different time instance
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Figure 4.8 Electromechanical propagation of contraction in 1D for 20 nodes, 500 ms (50
time steps), excited from mid-node. Each color represent different time instance



4.2. Two-Dimensional Studies

4.2.1. Electrical Wave Propagation in 2D

The states and the simplified electrical activity of a single cell in two dimensions is the
same as those used in the one dimensional studies. The changing factors in 2D
modeling are the geometry, neighbors of each node and the propagation delay in

normal tissue simulations.

If the anisotropy is neglected for the tissue as a first step, the propagation velocity from
one node to any direction should be the same. Thus, the resulting view of propagation

we are expecting to see is in a circular form.

a)

Figure 4.9 Cellular automaton-neighbors in (a) two-dimensions and (b) three-dimensions

Even in isotropic case, the propagation delays of the neighbors are not the same.
Figure 4.9 shows the neighbors of a node in 2D and 3D. The midpoint (black), is the
node itself, dark gray ones are its 4-adjacency neighbors, and light gray ones are the 8-
adjacency neighbors. In the proposed algorithm, both the 4- and 8-adjacency neighbors
were used (that is also called m-adjacency); however, propagation reaches to the 4-
and 8-adjacency neighbors with a delay, which is proportional to the distance between

two nodes.

Isotropic wave propagation results are presented in Figure 4.10. Similar to excitation
propagation in 1D resting potential is shown in blue color and early excited points are in
dark red. 24x24 points were used as 2D model and midpoint has been chosen as the

initial excitation point.
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Figure 4.10 Electrical excitation propagation in 2D. Colors represent the voltage changes:

Blue nodes are in resting voltage (-90mV), new excited points are dark red (+20mV).
(propagation at t=1, 20, 70,100, 150, 200, 300, 400 msec)

However, in the heart tissue the propagation is not uniformly distributed in all directions.
As it has been mentioned in Chapter 2, anatomy of the heart, the heart muscle is
striated and conducts the electrical activity faster in one direction than the other

directions.

a. Anisotropy
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Figure 4.11 Electrical propagation in 0°, 45°, and 90° fiber directions
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Anisotropy of the tissue has been modeled using fiber directions at 0°, 45°, and 90°
degrees, represented in Figure 4.11. Those three directions (and negative values of
them) can be modeled just by delays calculated using only the first neighbors of the

node.
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To have simulation of anisotropic propagation of arbitrary angle, except 0°, 45°, and 90°
degrees, degree of neighborhood must be greater than one. In the proposed algorithm,
for the propagation trough the arbitrary angle chosen as fiber direction, we need to find
the neighbors which stays in this direction. Since 0°, 45°, and 90° fiber directions can be
found in 1% neighborhood, they are the easiest angles. For other degrees we need to
check the neighbors in 2" 3™ and other orders of neighborhoods. And if the exact
angle does not exist in the neighborhood, we need to find the closest approximation

angle to be able to perform the algorithm in the approximated fiber direction.

For a given angle, the closest angle for chosen number of neighbor rank has been

calculated as follows:

1. The fiber direction chosen is converted into equivalent fiber angle between +90
degrees.

2. Number of neighbors that will be used for the neighborhood of each node is
chosen.

3. Closest fiber angle will be calculated according to the closest value that can be
calculated from number of chosen neighbors,

4. Delay values will be calculated for neighbors

3 different fiber directions have been chosen to demonstrate the fiber orientation
application: 20, 55 and -30 degrees were analyzed for 2 different orders of

neighborhood results.

20 degrees

Closest angle values found using maximum 5 neighbors and 10 neighbors’ results were

given in Figure 4.12 and 4.13.

In Figure 4.12 the chosen, calculated and perpendicular to calculated fiber angle plots
are presented. Although in these graphs both of the calculated angles seem quite close
to initially chosen angle (20 degrees), one of them uses 3™ order neighbors and the

other one uses 8" order neighbors to set the delays for propagation. The propagation
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pattern shown in Figure 4.13, has great differences, when only the neighbors lying on
the line passes through the initially excited point in the fiber direction are excited.

To compare the angles calculated using 3 and 8 order neighborhood, relative error

calculations are used.

E = 4.1)

Where x is the exact degree chosen as the fiber angle, x, is the approximation of this

angle. The relative error percentages will be used to compare the results.

In the first example, to simulate the 20 degrees fiber orientation, 3 closest neighbors
were used, and the line passing from x=3, y=1 with 18.4349 degrees gives the result in
Figure 4.14 (a) with 7.83% angle error and with a more spread propagation pattern. On
the other hand, using 8 closest neighbors, the line passes through x=8, y=3, gives
20.5560 degrees with 2.78% error.
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Figure 4.12 (a) Fiber angle using 3 neighbors, (b) 8 neighbors, for 20 degrees (given-blue),
18.44 degrees and 20.56 degrees calculated (red) and perpendicular directions for
calculated values(green)
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Figure 4.13 Propagation in 20 degrees, using (a) 3 neighbors, (b) using 8 neighbors for
each node

55 degrees

Another example is given for the closest angle values found using maximum 3
neighbors and 7 neighbors’ results for 55 degrees were given in Figure 4.14 and 4.15.
In Figure 4.14, we see the 3 and 7 neighbor used angles for 55 degrees. Comparing to

previous example, this time the error difference is smaller down to 1.40%.
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Figure 4.14 (a) fiber angle using 3 neighbors, (b) 7 neighbors, for 55 degrees (given-blue),
56.31 degrees and 54.46 degrees calculated (red) and perpendicular degrees for
calculated values(green)
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Using 3 neighbors, the line passes through x=2, y=3 only with 2.38% errors, and the
calculated angle is 56.3099 degrees. Using up to 7 neighbors, error decreases to
0.97% for 54.4623 degrees, according to line x=5 and y=7.

Figure 4.15 Propagation in 55 degrees, using (a) 3 neighbors, (b) using 7 neighbors for
each node

As we see in Figure 4.15, although the difference is almost 1% the change is quite
important, which can be seen from outputs. The difference between two outputs is due
to the neighborhood information used for excitation propagation. Only the neighbors in
the fiber direction and 1% order neighbors were used for each node to reduce the

complexity.

-30 Degrees

The angular change is valid also for negative angles. Results for -30 degrees, using 2
neighbors give -26,5651 degrees, using the line that passes through x=2, y=-1 point.
And using 7 nearest neighbors that passes through x=7, y=-4 point gives -29.7449

degrees.

The highest error value is seen in this example between 2 neighbors used example and
7 neighbors used example. The first example gives 11.45% error, while 7 neighbors
used one gives only 0.85% error, thus the difference error in is 10.6%. The results of

propagation are shown in Figure 4.17.
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Figure 4.16 (a) fiber angle using 2 neighbors, (b) 7 neighbors, for -30 degrees (given-blue),
-26.57 degrees and -29.75 degrees calculated (red) and perpendicular degrees for
calculated values(green)

Figure 4.17 Propagation in -30 degrees, using (a) 2 neighbors, (b) using 7 neighbors for
each node.

Only the neighbors in the fiber direction and 1 order neighbors were used for each
node to reduce the complexity. For 7" order neighborhood, if all the 15x15 neighbors of
each node would be excited, since the algorithm includes many loops go over the
neighborhood and check, the computational time would increase dramatically. To be
able to have an automatic and fast algorithm only the neighbors lying through the fiber

angles are used to do all calculations for each node. Comparing the error in angle
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calculated versus computational complexity due to the number of neighbors used for
excitation propagation, the propagation using smaller than 5" order neighbors is

preferred in the proposed algorithm.

b. Two ectopic beats

Once excitation begins, the node cannot be stimulated until it returns to its resting
value. Following examples show results of both the absolute refractory phenomena

and propagation of more than one ectopic beats.

If the anisotropy is neglected, the propagation for two ectopic beats will be as it is
illustrated in Figure 4.18. As it is seen in these plots, first two beats begin to excite its
neighboring nodes and when the propagating waves reaches to each other the waves

cannot cross to the other side, and two waves appeared like merged.

Figure 4.18 Two ectopic beats, located in y direction, propagation of the electrical activity
in t=90, 180, 250, 450, 530 and 580 msec

For a closer point chosen in x direction, two excitations will merge earlier in time than in

Figure 4.18. The wave would propagate as in Figure 4.19. Since we neglect the

75



anisotropy, points chosen in x and y directions have no major differences in terms of

wave shape. Only the time it takes for the two waves to meet each other decreases if

we chose closer points.

Figure 4.19 Two ectopic beats, located in x direction, propagation of the electrical activity
in t=80, 140, 250, 340, 400 and 500 msec

If we reconsider the anisotropy, more than one ectopic beat will be propagated as it is
given in Figure 4.20. In the figure, four different foci were chosen to stimulate and

results for four different fiber angles were shown.

As it is expected, if two points are closer, the ectopic beats will combine and appears as
a single ectopic beat, centered from the midpoint of two ectopic foci. Waves resulting
from ectopic foci always merge however merge time and the propagation pattern

changes due to the spatial positions of foci and the fiber orientation of the tissue.
For 90 degrees — two points chosen in y direction seems like one
For O degrees — two points in x direction seems like one

For 45 degrees - except points chosen on its direction, we always see two beats
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For arbitrary angle — like in 45 degrees, if the points are in its fiber direction, the waves
will seem like one as they get together.

Fiber 90° 45

Arbitrary angle (30 °)

angle
X1

X2

Y1

Y2

Figure 4.20 Two ectopic beats for different fiber directions, 0°, 45°, 90 ° and arbitrary(30°)
angle, electrical wave propagation results for X1- two points in x direction, X2 - two closer
points in x direction, Y1 - two points in y direction, Y2 - two closer points in y direction is
given

Due to the difference between merging time and position, the propagation may lead an
ectopic beat of the ventricle. If the foci merge earlier in time, it may seem like only one
ectopic focus, which may also cause a pathological situation since it blocks the normal
pattern of the excitation propagation. And if it reaches the conduction system it may

even cause an ectopic beat of the ventricle as well.
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c. Reentry

Ischemia is one of the cardiomyopathy diseases, which is caused by coronary artery
disease. It affects the cardiac electro-mechanical activities and APs generated in these
tissues have smaller slopes, lower propagation velocities, and shorter durations, which

may lead to re-excitation of the tissue.
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Figure 4.21 Ischemic tissue model: geometry, rules and action potential approximation
for normal and ischemic tissue.

Only by choosing a region as ischemic tissue, and applying the given properties of the

tissue to the CA rules, following results are gained.

If the tissue is totally ischemic, the tissue does not respond to electrical excitation, and it
will not transfer the electrical activity to its neighboring cells. If the tissue is only partially
ischemic, the tissue is not dead, it respond to excitation; however, it has an AP unlike

the normal one, as it is shown in Figure 4.21 (b).

If a normal excitation is applied to a totally ischemic tissue; the propagation will be seen
as if in Figure 4.22. When the wave reaches to ischemic region, this part of the tissue
will not be excited and also it will not conduct the wave to its neighbors. Thus, the
electrical propagating wave will be blocked in this region, and the wave will propagate
around this part.
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Figure 4.22 Totally ischemic tissue, electrical wave propagation, isotropic tissue model

also excites its neighbors that are in their resting states, ischemic tissue is re-excited
before the normal wave passes through this section. Even if only a single node gets
excited in this manner, all its neighbors and their neighbors are triggered by this

excitation, and the circling waves begin due to the unhealthy tissue (Figure 4.23).

Figure 4.23 Ischemic tissue electrical wave propagation, isotropic tissue model

Ischemic tissue also has a property that causes reentry; which is called electric

accumulation. An electrical activation originates in ischemic tissue and begins to
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propagate (Figure 4.24). Because of the difference in action potential of normal and
ischemic tissue, excitation of the nodes in resting states again forms re-entrant

electrical waves.

Figure 4.24 Self-initiated ischemic electrical wave propagation, isotropic tissue model

Reentry can cause fibrillation that can even lead to death. As we see the totally
ischemic tissue causes no such diseases, thus less dangerous. That's why patients

with ischemic tissue disease are treated by the ablation of the ischemic tissue.

The results for ischemic tissue model when we add the anisotropy has some
differences compared to the homogeneous tissue model results. The totally ischemic
tissue, in other words the dead tissue, has no effect on electrical propagation in
homogeneous wave propagation; however, it results as it is given in Figure 4.25 and

4.26, if we add the fiber orientation to the model.

Stimulus coming from any direction propagates faster in fiber direction and slower in
other directions. Thus, the infracted tissue blocks the fast propagating wave, the wave
wraps around the totally ischemic tissue, thus the wave is separated into two parts

because of this block.
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Figure 4.26 Totally ischemic tissue, electrical wave propagation, the 45° fiber direction

If the tissue is not totally ischemic, the wave also propagates in this tissue and the
following results are obtained if the angular change of fibers is added to the ischemic

tissue results.

Figure 4.27 Ischemic tissue electrical wave propagation, for 90° fiber angle

81



In Figure 4.27 we see the ischemic electrical wave propagation and reentry caused by
ischemic tissue for 90° fiber angle and in Figure 4.28 the 45 ° fiber angle results. We
observe that the wave propagates in ischemic tissue slower than in normal. And at the
boundary of ischemic-normal tissue, reentry can be seen in both angles due to the fast

recovery of the ischemic tissue.

Figure 4.28 Ischemic tissue electrical wave propagation, for 45° fiber angle

For the same angles, 90° and 45 °, self-produced ectopic beats due to ischemic tissue

are also modeled. Results can be seen in Figure 4.28 and 4.29.

Each reentry model result shows that the abnormalities in cardiac tissue cause
remarkable changes in electrical wave propagation. Even though the electrical wave
propagates slower in ischemic tissue, the recovery after excitation is much faster than
in normal tissue. After an electrical activation begins in the failing heart tissue node, due
to its potential curve length, it becomes a potentially active node again. The propagation
pattern changes because of the following parameters: the fiber orientation of the tissue,

initial excited point and ischemic tissue distance, and the degree of the ischemia.
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Figure 4.29 Self-initiated ischemic tissue, 90° fiber angle electrical wave propagation

Figure 4.30 Self-initiated ischemic electrical wave propagation, 45° fiber angle
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4.2.2. Electro-Mechanical Simulation in 2D

The simplest electrical propagation model was established by neglecting the fiber
directions and assuming spread of the electrical activity to be homogeneous in each
direction. Mechanical behavior is applied to homogeneous tissue model as a first step

of electromechanical behavior model.

The contraction of each element, consisting from 4 nodes, causes shortening of the
tissue from every direction. Contraction begins from the mid point of the tissue model,

and we see the step by step contraction in Figure 4.31.
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Figure 4.31 Mechanical behavior of the isotropic tissue model
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If we combine the electrical wave propagation and the mechanical contraction and
relaxation we have the following results. As it is given in one-dimensional studies, the
mechanical activation begins after electrical excitation and also ends after the
repolarization. After the electrical activity begins to propagate, the two nodes at state 2

should contract, and after state 4, each element should get back to its initial length.

For the isotropic case illustrated in Figure 4.32, the electrical wave propagation is in
circular form and the resulting mechanical contraction begins in state 2, and ends in
state 4. The colors in this figure represent the electrical activation, while the mechanical

response can be seen as deformation, i.e. changes in coordinates.

As it is used in one-dimensional case, the model was fixed from excitation point, mainly

used as the mid-point of the region.
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Figure 4.32 Electromechanical behavior of the isotropic tissue model

Although the simplest electrical model is the isotropic one, it is not the realistic case in
the actual mechanical behavior of the heart. The contraction and relaxation should be
calculated in every direction the neighboring cell lie. As the element achieves the
second electrical state (S2), according to the neighborhood direction, it will cause
deformation in this direction. Each node has neighbors lying in 0, 45, 90 and -45
degrees, and for each contraction the direction and other effected nodes should be

taken into account.

Since the contraction occurs due to filament slides in each sarcomere, taking the
contraction and relaxation in only one direction is not a simplification but a correction for
the model. However, as a simplification, the angular fiber direction change is assumed
to be the same in one layer, and the fibers are taken parallel to each-other. Figure 4.33

shows the one directional contraction of the sheet.
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Figure 4.33 Electromechanical behavior of the anisotropic tissue model

It has been considered that, the electrical propagation in the heart tissue is not
uniformly distributed in each direction, the electrical activity faster to one direction than
the other directions, because of the fibers. If we add the anisotropy both for electrical

and mechanical properties, the results will be as it is illustrated in Figure 4.34.

Figure 4.34 Electro-mechanical propagation in fiber directions, 0° ,45° ,90° degrees

For arbitrary fiber direction, if two nodes, lying along the fiber direction is in the same
activation state, (S2), contraction occurs for all the nodes lying along this fiber direction,
as it was shown in one-dimensional studies. Couples of fiber directions, which are used

in electromechanical wave propagation directions, were presented in Figure 4. 35.
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Figure 4.35 Electro-mechanical propagation in fiber directions in 2D matrices, 0°, 45°,
90°, 20 °, 55°, 60° degrees fiber orientated neighborhood

a. Two ectopic beats

The effects of electrical behavior resulting from two ectopic beats applied to the two-
dimensional sheet were given in Figure 4.18. Adding the mechanical response to that
gives following results. In Figure 4.36 and 4.37, the homogeneous case was illustrated.
Only the initial stimulus points and distances between two foci have changed and the
propagation was monitored. The direction of the two points does not matter because of

the isotropy of the sheet.

As it has been considered in electrical part, if two points are closer, the ectopic beats
will combine and look like as it is in one ectopic beat, centered from one point, midpoint

of two ectopic foci.

When the propagating electrical waves reach each other both the electrical wave and
the contraction will be added to each other and summation of the waves seems like
merged.
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Figure 4.36 Two ectopic beats, located in y direction, propagation of the
electromechanical activity in time

Figure 4.37 Two ectopic beats, located closer in y direction, propagation of the
electromechanical activity in time



If two foci are not exactly along a single line along the x or y axes, the propagation and
the contraction patterns can be seen for two different foci separately. Abnormal shrivels
can be seen in Figure 4.37. One can also say that adding the mechanical response,
the pathological behavior of two ectopic beats is more visible than only electrical wave

results.
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Figure 4.38 Two ectopic beats for different fiber directions, 0 °, -45°, and 90 ° fiber angle,
electromechanical wave propagation results for X1- two points in x direction, X2 - two
closer points in x direction, Y1 - two points in y direction, Y2 - two closer points in y
direction is given

In Figure 4.38, results of four different fiber angles and four different locations for

ectopic foci were given. After each sheet is stimulated from the same focal points, the
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results for four different fiber angles are different as expected. According to fiber
direction of the tissue, waves resulting from ectopic foci merge earlier with respect to
each other. Also according to their fiber direction and the line passes from two focus
points the result changes.

For 90 degrees — two points chosen in y direction appear as one

For 0 degrees — two points in x direction appear as one

For 45 degrees - except points chosen along the fiber direction, we always see two

beats

It is obvious that the contraction caused by more than one focus results in a larger
deformation than the deformation of one stimulation point. Larger area is affected and if

the area is the same, the contraction is added to each other.

b. Reentry

In this section, mechanical response to re-excitation of the tissue due to a partially or

totally ischemic tissue is given.

Figure 4.39 Totally ischemic tissue, electromechanical wave propagation, isotropic
tissue model
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Only by choosing a region as ischemic tissue, and applying the given properties of the
tissue to the CA rules, following results are obtained. If the tissue is totally ischemic the
tissue does not respond to electrical excitation, and it will not transfer the electrical
activity to its neighboring cells. This unhealthy tissue will also not give any mechanical

response.

For isotropic case, the totally ischemic tissue is excited from one node and the

response is monitored as presented in Figure 4.39.

The electrically blocks are changes both electrical propagation and mechanical

contraction pattern.

If the tissue is only partially deformed due to a cardiomyopathic disease, it will not block
the electrical activity or contraction: however the response will not be the same with the
normal tissue. We saw the electrical behavior of the sheet in electrical part, now we see

the mechanical response of reentry in Figure 4.40.

Figure 4.40 Ischemic tissue electromechanical wave propagation, isotropic tissue model
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It was also mentioned that the ischemic tissue may also initiate an ectopic beat,

because of its electrical accumulation property.

We can say that the reentry is seen on the edge of normal and ischemic tissue. The
ectopic wave propagates in both normal and ischemic tissue, and each time, the
ischemic tissue recovers earlier than normal tissue. Thus, once a reentry begins it will
never end. Each excitation triggers the next excitation because of the propagation

pattern.

The self initiated electrical wave propagation and the mechanical response to the

electrical excitation for isotropic tissue is given in Figure 4.41.

Figure 4.41 Self-initiated ischemic electromechanical wave propagation, isotropic tissue
model

Adding the fiber directions to the model, the totally ischemic tissue block effects are
shown in Figure 4. 42 for 90 degrees fiber direction and in Figure 4.43 for -45 degrees.
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Figure 4.42 Totally ischemic tissue, electromechanical wave propagation, the 90° fiber
direction

Figure 4.43 Totally ischemic tissue, electromechanical wave propagation, the -45° fiber
direction

If the cardiomyopathic tissue is totally dead, it will cause the separation of the electrical
wave. Pathological circumstances not only are caused by non-contractile profile of the

tissue, but also change in propagation pattern.

Figure 4.44 Ischemic tissue electromechanical wave propagation, for 90° fiber angle.
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If the tissue is only partially affected from cardiomyopathic diseases, the electrical
propagation and mechanical response is as it is given in Figure 4.44 for 90 degrees
fiber direction. Changes occur both in electrical and mechanical properties; the
electrical wave recovers earlier; and contraction force is less than normal and it is

slower, so the deformation also gets smaller in this region.

For a different angle (-45 degrees) we see a similar response to reentry, Figure 4.45.

The point chosen to apply the stimulation also changes the reentry pattern.

Although the electrical propagation in ischemic tissue is slower than normal, we can still

see the fiber direction effect in the figures.

Figure 4.45 Ischemic tissue electromechanical wave propagation, for 45° fiber angle

For these two different fiber angle examples, the self-initiated ectopic beats are also

modeled by choosing the first excited point in the damaged tissue.

The fiber direction effect to self-initiated electrical wave propagation in ischemic tissue

is given in Figure 4.46 and Figure 4.47.
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As it is expected, after the depolarization of the ischemic tissue, surrounding normal
tissue is still in high repolarization potential that can re-excite the ischemic tissue. And
unstoppable circulation of the electrical wave begins. Due to state changes, mechanical
response to electrical behavior also seems like “unstoppable”. One can say that the
ischemic tissue is a potentially active node for fibrillation. By adding the mechanical
response of the tissue, the pathological effects of the reentry became more visible. The
asymmetric propagation pattern can be explained by changes in following parameters:
the fiber orientation of the tissue, initial excited point and ischemic tissue distance, and
the degree of the ischemia.
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Figure 4.46 Self-initiated ischemic tissue, 90° fiber angle electromechanical wave
propagation.
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Figure 4.47 Self-initiated ischemic electromechanical wave propagation, 45° fiber angle

4.3. Three-Dimensional Studies

4.3.1. Electrical Wave Propagation in 3D

First studies done in three dimensions are generated using a simple cube. Stimulating
from midpoint of mid-layer of the cube, the electrical wave propagation can be
monitored as it is given in Figure 4.48. In the figure, expected results for isotropic
condition, and anisotropic conditions were given. In the anisotropic propagation, fiber
directional propagation in only one angle and changing angular fiber directional

propagation results are considered.

According to the physiological knowledge about the cardiac muscle, the geometry of the
ventricular myocardium can be modeled in layered manner. If we neglect anisotropy
due to the fiber orientation, the propagation of the electrical wave should be at the same

velocity in every direction on the tissue.
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Figure 4.48 Isotropic electrical wave propagation in 3D layers; (a) isotropic tissue model,
(b) model of one fiber direction for each layer, (c) changing fiber directions from
epicardium to endocardium [13], (d) model of different fiber directions

In Chapter 2, it was considered that fiber orientation is the most important factor that
should be taken into account in modeling the electromechanical properties of the tissue.
The ratio of the velocity changes were given as (1:3:5); if the velocity is 1 along the fiber
direction in one sheet, along the direction perpendicular to the fiber direction the
velocity is 1/3™ of normal fiber directional velocity and the velocity of propagation across

other sheets decreases even more; it becomes 1/5™ of normal fiber directional velocity

9.

The studies done in 3D, multilayered cube-like geometry, show that the delays are main
parameters in simulating the electrical wave propagation. Effects of fiber direction and
the wave propagation across different sheets are all related to neighborhood and wave

propagation velocity, which is defined in terms of delays in the proposed algorithm.

In Figure 4.49 (a) and (b), layers from 1 to 4 are tissue simulation geometry layers,
while 0™ and 5" layers are the total electrical wave distribution of the layers measured
from uppermost and lowermost layers. Summation from upper layer is performed as

follows; the layers were multiplied by a scalar which presents the distance between the

97



layer and uppermost layer. The closest layer was multiplied by the highest value and
the scalar decreases as the distance between uppermost layer and current layer
increases. Than each layer was added to each other and divided by the number of

layers. Using the same approach, summation from the lower layer was also calculated.

If we neglect the anisotropy, no matter how many layers are taken into consideration,
the total electrical activity distribution will be in circular form. In Figure 4.49 (b), the fiber
direction is also taken in consideration; however, the layers not only are affected by the
delays in its own sheet direction but also the delays coming from the upper and lower
sheets may also trigger the action potential generation in a node.

Figure 4.49 Isotropic and anisotropic electrical wave propagation in cube, sheets are
24x24 node 2D layers, summation of electrical waves are given as 0™ and 5" layer, from
lowermost and uppermost electrical distribution respectively.

In Figure 4.50 and 4.51, separate layers of electrical wave distributions and summation
of the layers were given. In Figure 4.50 the fiber angles chosen are more spread; the
fiber angles are -45, 0 and 90 degrees, while the example in Figure 4.51 shows the
summation of the electrical activation waves for fiber orientations at 45, 30 and O

degrees in a three-layer model.

Calculated summation in Figure 4.50 is more scattered than the summation in Figure

4.51, because the chosen fiber directions’ difference is greater than that of the letter.
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Figure 4.50 Three layer electrical activation propagation, summation of -45°, 0°, 90° fiber
angles propagation wave

Figure 4.51 Three layer electrical activation propagation, summation of 0°, 30°, 45° fiber
angles propagation wave

When the epicardial and endocardial fiber directions are fixed, according to the number
of layers, chosen fiber directions will vary. The more layers are used in the model, the

well-organized electrical wave propagation will be observed.

4.3.2. Mechanical Contraction Model in 3D

In multi-layered 3D tissue model, we have analyzed the mechanical contraction
response of the tissue as well. The one directional contraction phenomena is used to

model the mechanical activity in 3D studies.

In Figure 4.52 we see the fiber directional propagation in only one angle, 0 degrees.
Each of the layers only contract due to its own sheets electrical wave propagation;
however, it should also contain the interactions between layers which are also affected

by the deformation of upper and lower sheer neighbors.
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Figure 4.52 Five layer electromechanical activation and contraction in 0° fiber angle
isotropic electrical propagation model

As it has been considered in electrical activation propagation studies the fiber angle
changes for each layer. Effect of fiber change is shown in Figures 4.52 and 4.53.
However, it is assumed that the contraction and deformation occurs only in one layer
and it does not affect the nodes in other layers in multi layered model studies. We can
see total deformation in the cube like figure, and the deformation in each layer is given
in Figure 4.53.

Figure 4.53 Electromechanical activation and contraction in each layer due to its fiber
direction, each layer contracts separately

4.3.3. 3D Studies with a Simple Left Ventricle Model

a. Electromechanical Studies with Single Layer Simple LV Model

Single layer simple left ventricle model is generated by cylinder and logarithm functions
and the neighborhoods were set as it is in the two dimensional studies, but one edge is
set as the wave propagates through to the other edge, by changing the neighboring

algorithm from “fixed” to “periodic”, which was explained in Chapter 3, in Figure 3.1.
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Figure 4.54 Electrical wave propagation in one layer simple LV

In Figure 4.54 the electrical wave propagation in single layer simple LV can be seen for
an ectopic excitation point. Normally the wave runs through the Purkinje fibers and

excites the whole ventricle synchronously.

To model the normal contraction behavior of the ventricle, initial excitation point has
been chosen as the apex of the ventricle. When the cells reach ‘State-2’ the contraction
begins. As the electrical excitation wave propagates from apex to base, the contraction
can also be observed in those excited regions. The contraction of the ventricle model is

presented in Figure 4.55.

Figure 4.55 Electromechanical wave propagation in one layer simple LV: normal heart
beat, from apex to base

If two or more ectopic foci initiate electrical excitation waves in the ventricle, according
to the location of ectopic foci, the merging of the waves can be observed. In Figure 4.56

waves are chosen from two different points close to the base and close to each other,
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and in Figure 4.57, points chosen from left and right parts of the base to initiate the
ectopic action potential. As the waves merge in Figure 4.56, we can see the waves in

Figure 4.57 separately, surrounding the entire ventricle model.

Figure 4.56 Electrical wave propagation in one layer simple LV, two ectopic foci, closer
points

Figure 4.57 Electrical wave propagation in one layer simple LV, two ectopic foci, two
separate foci chosen

The mechanical response to ectopic beat is shown in Figure 4.48. Whole ventricle does
not contract, only effected region responds to the ectopic electrical activation. And
these excited regions will not be able to respond to the normal heart excitation wave,
because they will be in the refractory period at the time the normal wave reaches to

those nodes.
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Figure 4.58 Electromechanical wave propagation in one layer simple LV, ectopic focus

As it has been shown in 2D studies, cardiomyopathy may cause reentry of electrical

excitation. 3D distribution of the reentry is shown in the following examples.

In single layered simplified LV, chosen ischemic region is shown in Figure 4.59. And the
electrical wave states for normal and ischemic tissue are same as the ones we used for
2D studies. The same three cases were realized in 3D studies: totally ischemic tissue,

partially ischemic tissue and self-initiated ectopic beat caused by the ischemic tissue.
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Figure 4.59 Ischemic tissue model: geometry, rules and action potential approximation
for normal and ischemic tissue

In totally ischemic tissue, the wave will propagate around the ischemic region and the

dead region would not respond to electrical excitation, as it has presented in Figure
4.60.
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Figure 4.60 Ischemic tissue model: electrical wave propagation in totally ischemic tissue

In totally ischemic tissue re-entry does not observed, on the other hand, partial ischemic
tissue causes re-entry. Results of re-entry model are presented in Figure 4.60 and
Figure 4.61. the partially ischemic tissue will respond to the excitation, but in a different
way compared to the normal tissue, and the shortened action potential cycle will cause
the re-excitation of the tissue, whenever it gets back to its resting state, in Figure 4.61.

Figure 4.61 Electrical wave propagation in one layer simple LV, ischemic tissue, reentry
model

As it has been presented in the 2D studies, the tissue may also create self-initiated
ectopic beats. Reentry wave is also observed in this phenomenon. Three dimensional
distribution of the wave propagation is given on single layered simplified LV model, in

Figure 4.61.
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Figure 4.62 Electrical wave propagation in one layer simple LV, self-initiated, ectopic
wave propagation in ischemic tissue, reentry model

b. Electrical Studies with Multiple Layer Simple LV Model

It has been mentioned that the left ventricle can be modeled as a multi-layered structure
and the electrical wave propagates through these layers with a low velocity compared

to the activation along the fiber direction in one layer.

The multi-layer model is given in Figure 4.63. Four layered simple model is used to
observe the fiber direction, electrical wave propagation and mechanical contraction

simulation studies.

Figure 4.63 Multi-layered simplified LV model

As the excitation begins from a single point, the electrical wave propagation in multi-
layer model is given in Figure 4.64. Four layered simple model has different fiber
rotations in each layer. And the electrical wave distribution in the outermost layer can

be seen in the figure with -45 degrees fiber angle.
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Figure 4.64 Electrical wave propagation in multi-layer simple LV model

Electrical excitation propagation in each layer and summation of the potential of the
multi-layer model is presented in Figure 4.65.

Figure 4.65 Electrical wave propagation in each layer: summation of total electrical
distribution

In Figure 4.65, we can see that the total electrical activity has no direct fiber oriented
distribution, but as the wave reaches the base of the ventricle in one layer (-45 degree
fiber oriented outermost layer), almost whole left ventricle is affected by the excitation of
a single node. And we cannot define the fiber directions of each layer, since each of

the layer also affected by its neighboring layers.
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CHAPTER 5

CONCLUSION

The design of computational models of human organs is a new research field, which
opens new possibilities for medical analysis, therapy, and understanding of the
biological phenomena. In heart modeling studies, many researchers limit their study
either the mechanical or electrical aspects. This thesis work is the combination of those
alternations, and is the first step to understand the electrical and mechanical properties
of cardiac tissue in normal and cardiomyopathic conditions in macroscopic scale. The
goal of this study was to develop an anisotropic electromechanical model of the heart
left ventricle. The model we presented was designed at a macroscopic level with a
limited number of nodes and rule based interactions of the parameters. Left ventricular
excitation and motion is modeled by an easy to use, simple model that explains the
ventricular electrical activity, excitation and propagation, and the mechanical respond of
the tissue to this excitation. The simulations represent a single cardiac cycle including
electrical depolarization and repolarization as well as mechanical contraction and
relaxation, in a fiber, on a sheet and finally on a truncated ellipsoid, which represents

simplified left ventricle geometry.

Cellular automaton model was chosen to study electrical propagation, which can be
used to better understand physiology and pathophysiology of the heart without using
complex differential equations. The thesis work does not include complex ionic
differential equations from the electrical point of view or the non-linear, viscoelastic
properties of the tissue from a mechanical point of view. However, the conduction of
electrical wave and the deformation can still be seen by using rule based cellular
automaton model, which is accepted as the easiest and fastest approach in modeling

the heart functions.
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In mechanical simulation part, electrical excitation and force development are related to
each other by the anatomical knowledge of ionic changes, and timing. The simplest
approximation of the complicated mechanical behavior of muscles is to assume that
they behave elastically. For the mechanical part, contraction of the muscle has been
modeled by using an elastic relation between the force in the fiber and change in length
of a fiber. We assumed that the contraction happens only along the fiber direction and
the developed source is always the same if the node is excited. And relaxation occurs

after the electrical wave is attenuated.

The results were given in three main titles: one-dimensional, two-dimensional and
three-dimensional studies. In each part and for each different geometry, following major
problems were focused on: (1) electrical propagation in anisotropic normal tissue, (2)
effect of fiber directions to electrical excitation, the anisotropy, (3) electromechanical
interactions, contraction due to electrical excitation in isotropic and anisotropic normal
tissue, (4) electrical excitation disorders, effects of two ectopic excitation foci, (5)
mechanical respond of the tissue to two ectopic beats, (6) electrical propagation in
ischemic tissue models: totally and partially cardiomyopathic tissue models, (7)

mechanical respond of the tissue to ischemia.

The results obtained in the current study are summarized as follows:

In one dimensional study results, one cannot talk about the isotropy; what is observed
in electrical excitation and propagation is that the wave spreads in both directions with
the same velocity, and early excited node gets back to its resting value first and the
others are following it with a delay. In two dimensional studies, the effect of
homogeneity and heterogeneity of the tissue can be observed directly. While the
propagating wave is in circular form in isotropic model, the fiber directional wave
propagation is faster along the fiber direction. Results were shown for many different

angles. For 0, 45, 90, -45, and -90 degrees, the propagation can be modeled by using
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the first order neighbors, while the remaining angles should include at least second
order neighbors to yield the appropriate fiber direction.

Delays for directions were chosen such that the propagation velocity in the fiber
direction is V, and perpendicular to the fiber direction is 0.3V, according to the studies
done in biological studies. It is also considered that the propagation velocity also
decreases across different sheets, and the velocity across sheets is chosen as 0.2V in

multilayered models.

Electromechanical interactions are best explained in one-dimensional studies, which
can be assumed as a single fiber. Fiber orientation has an important role both in
electrical and in the mechanical properties of biological structures. The contraction and
relaxation of each element is modeled as a consequence of electrical state changes.
After two nodes in the given fiber direction gets excited contraction happens, and after
the electrical wave gets to resting state the relaxation happens. In two and three-
dimensional studies, the fiber long contraction and relaxation could still be observed. In
truncated ellipsoid the deformation due to electrical excitation causes the ejection of the
blood. The decrease of ventricular volume and contraction of the simple model has
observed in the results.

Two ectopic excitation foci have different effects in isotropic and anisotropic tissue
models. Due to the propagation velocity differences models that took fiber orientation
into account, the locations of foci have different effects on electrical and mechanical
responses of the myocardial models. By modeling two ectopic beats, the absolute
refractory period phenomenon has also been explained. Once a node begins to
generate its own action potential, it cannot be excited by its neighboring cells. Thus, an
unwanted, early ectopic beat may cause asynchrony in cardiac excitation and
contraction. The studies done in simplified ventricle obviously show this result,

especially in mechanical studies.
The ultimate aim of our modeling method is to explain the functions of the damaged
tissue which produces pathological conditions. Beside the electrical excitation

disorders, we have also considered the effects of cardiomyopathic disorders, diseases
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in myocardial tissue, in this thesis work. Electrical propagation in ischemic tissue
models were considered using totally and partially ischemic tissue models. In the
literature, the re-entry phenomena was explained in only two-dimensional studies and
mostly in isotropic tissue models. In our study, the ischemia results both in electrical
and electro-mechanical simulations were given in two and three dimensional studies.
The unstoppable electrical wave re-excitation is observed in partially damaged tissue.
Totally dead region also causes disorders in contraction, which is caused by separation
of the electrical wave. The reentry results for homogeneous tissue model and fiber
orientation added tissue model are observed both in normally initiated excitation
propagation, and ectopic beat formed within this damaged region.

The ventricle geometry is modeled in a layered structure to analyze the 3D distributions
of the results. The fiber orientation is set using knowledge from anatomical studies with
a 140 degrees change from epicardium to endocardium. As the number of fiber oriented
layers increase, the approximated electrical wave distribution in model become well-

organized.

This thesis work includes the studies carried out to model the coupling of electrical and
mechanical properties in normal and some pathological conditions, which can be
considered as a simple “Beating Heart Model”. The validation of this study has only
been done with the cardiac anatomy and physiology basis. Comparing to the
knowledge of the anatomy and physiology of the real tissue, the complex
electromechanical phenomenon has been modeled by using a simple, but an efficient

model.

5.1. Future Work

As a further research, it is needed to quantify the results illustrated in this study. More
realistic geometries should be used to see the effectiveness and to validate the
proposed algorithm. To be able to compare our results with that form the literature, the
geometry used should be the same. Many studies in the literature were performed on
the geometry obtained from the “visible human data”. The algorithm can be compared
with existing studies by a more realistic geometry. The first study as a future work
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should be to change the geometry. Anatomically detailed models of the ventricles,
including fiber orientations and sheet structure, will be used to analyze the electrical
and mechanical behavior of the whole organ. Also real/original electrical propagation

and mechanical response should be compared with biological studies.

Although the straightforward, time efficient model explains many properties of the tissue
we know that many important simplifications were done in modeling. In the mechanical
part, we used the simplest model to analyze the contraction. We neglected the non-
linearity and also viscoelasticity. A more realistic mechanical model can be applied and
combined with the electrical excitation of the tissue. Stress and strain relationship can
be calculated for each node, which is assumed constant in the proposed algorithm, as

the tissue gets excited.

Also the electrical model accepted here is the simplest model to study the electrical
excitation in the literature. Another macroscopic, tissue based model can be used to

simulate the electrical activation.

The clinical motivation of this work is the quantitative measurement of important
ventricular function parameters from cardiac images, like the ejection fraction, the
myocardium thickness and the local strain and stress. Those parameters are useful to
detect ischemic zones, measure the pathology extent and control the therapy
effectiveness. The long-term objective is to build a procedure that automatically adjusts

all those electrical and mechanical parameters to the dataset of the patient.

Another long term goal is to use this model to extract quantitative parameters of the
ventricular function from cardiac images. We believe that this beating heart model could
help understand the consequences of local electrical or mechanical failures on the

global motion.

The required electrical propagation can be related to ECG simulation. This would also

be the step for body surface potential simulation studies.
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The model can be used to better understand physiology and pathophysiology of the
heart, to improve diagnostics of infarction and arrhythmia and to enable quantitative
therapy planning. It can also be used as a regularization tool to gain better solutions of

the ill-posed inverse problem of ECG.
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